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ABSTRACT 

HiPIMS (High Power Impulse Magnetron Sputtering) is a relatively new highly ionised 

sputtering technique used to deposit engineering quality thin films, with the advantage that the 

deposition flux can be guided to the substrate through the electrical biasing. As the technique is 

on the verge of being adopted by the industries, it is necessary to understand its physics very 

well so that thin films with tailored properties can be deposited. Therefore, time-resolved 

diagnostic studies have been carried out to get better physical insight of the HiPIMS processes. 

This thesis focuses on time resolved diagnostic study of HiPIMS discharges. 

Ion energy distribution function (IEDF) is an important discharge parameter, responsible for the 

properties of deposited thin films. Therefore, a technique to get IEDF with very high temporal 

resolution (Ills) has been developed for the HiPIMS discharges. The excellent agreement 

between the summation of all the time-resolved lEDFs at different times during the pulse and a 

time-averaged IEDF recorded by mass spectrometer demonstrated that this technique is quite 

suitable for very high time-resolved measurements oflEDFs in the HiPIMS discharges. 

Plasma potential (Vp) is crucial parameter that determines the plasma dynamics. Therefore, 

using an emissive probe the temporal evolution of Vp has been investigated in the HiPIMS 

discharge pulsed at 100 Hz. The 20 ns time-resolution of the probe allowed us to observe the 

highly dynamic nature of Vp. The emissive probe results show that for over 50 % of the 100 Ils 

plasma "on-time" the spatial structure of Vp provides a large potential barrier for the sputtered 

ionised species so impeding their transport and lowering the deposition at the substrate. 

The experiments were also carried out to investigate how the deposition rates in HiPIMS, DC 

and pulsed DC magnetron discharges depend upon the magnetic field strength of the magnetron. 

A deposition rate monitor has been used to measure the deposition rate at four magnetic field 
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strengths. For HiPIMS discharges, the results show that the deposition rate increases by a factor 

of 2 as the magnetic field strength at the cathode is reduced by only - 45%. However, in DC 

and pulsed DC discharges the deposition rates decreased by - 35% for the same reduction in the 

magnetic field strength. 

A simple computational model of the sputter rates based on the voltage and current waveforms 

and energy dependent sputter yields predicts decreasing deposition rates for reduced B-fie\ds, 

in-line with the DC and pulsed DC mode results. However, it shows the opposite trends to the 

measurements in the HiPIMS mode. This discrepancy between predicted and experiment for 

HiPIMS has been explained on the basis that the transport of the post-ionised sputtered atoms, 

which form the deposit, are affected by the potential structure in the discharge, itself modified 

by the magnetic field strength. 
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Chapter 1 

INTRODUCTION 

plasma discharges are extensively used to deposit engineering quality thin-films and 

to modify the surface properties such as optical, mechanical, electrical and 

chemical [1-4]. For instance, corrosive properties of tools can be altered by the 

application of thin- films having very high level of wear resistance and hardness [5]. 

One important approach to produce optical films is depositing multiple layers having 

different optical frequency response offilms. This can be used in the solar panels. 

1.1 Depositional Techniques 

There are numerous ways to deposit the thin-films such as:-

1.1.1 Chemical deposition 

1.1.1.1 Electroplating [6] 

1.1.1.2 Chemical Solution Deposition (CSD) [7] 

1.1.1.3 Chemical Vapour Deposition (CVD) [8] 

1.1.1.4 Plasma Enhanced Chemical Vapour Deposition (PECVD) [8] 

1.1.2 Physical Deposition 

1.1.2.1 Thermal Evaporation [9] 

1.1.2.2. Pulsed Laser Deposition [10] 

1.1.2.3 Cathodic Arc Deposition (arc-PVD) [9] 

1.1.2.4 Sputtering [8] 
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Sputtering is the most important method and widely used in industries to deposit 

engineering quality thin-films. It is a phenomenon whereby the atoms of a material are 

ejected by the bombardment of energetic particles. In the basic sputtering process, a 

target (or cathode) plate is bombarded by energetic ions generated in glow discharge 

plasma, situated in front of the target. The bombardment process causes the removal, 

Le., sputtering', of target atoms, which may then condense on a substrate as a thin film 

[11]. Further efficiency of the sputtering process can be greatly enhanced by applying a 

magnetic field. This modified technique is known as Magnetron Sputtering [12]. The 

efficiency and applicability of this technique in the production of insulating films can be 

further enhanced by using this technique in pulsed mode [13-15]. Pulsing the applied 

vo ltage removes the problem of arcing and produces the better quality thin films. 

Energy input per depositing species on the substrate is a crucial parameter that 

determines properties of thin films deposited. A relatively new magnetron technique 

that utilizes an application of short and intense voltage pulses on cathode greatly 

enhances the proportion ofthe ionized sputtered metal flux. This technique is known as 

High Power Impulse Magnetron Sputtering (HiPIMS). The details of this technique 

will be discussed in later chapter. 
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1.1.3 Present Research Study and its Context 

Functional thin films are finding many applications in modern technology from 

integrated circuits to thermal barrier coatings, electronic and opto-electronic devices, 

flat panel displays, electro-chromatic coatings, Organic Light Emitting Diodes 

(OLEDs), image sensors and thin- film photovoltaic solar cells etc [16, 17]. Moreover, 

flexible polymers substrates are being increasingly used in the place of rigid glass 

substrates due to their reduced weight, reduced cost and increased durability. In all the 

thin-film deposition, device performance is directly linked to the quality of individual 

layers deposited. However, the thin films deposited onto polymeric webs pose many 

significant technological challenges; one of them is relatively more thermal sensitivity 

of polymeric web compared to that of rigid glass substrate. This fact of thermal 

sensitivity, poses a significant problem because it is generally necessary to perform a 

post deposition annealing process (typically 5000q in order to optimize the optical and 

electrical properties and to reduce the stress of the thin- films. The high power impulse 

magnetron sputtering (HiPIMS), a relatively new ionized physical vapour deposition 

(IPVD) technique introduced by Kouznetsov et. al. [18] in 1999 and might be a 

potential solution to this problem as it shows to have less heating effect on the substrate. 

As HiPIMS technology is above its adolescence and about to be adopted by industries, 

it is timely to understand better the physical processes occurring inside the discharge so 

that the discharge properties can be optimized. This can be accomplished by a systemic 

study of the spatial and the temporal evolution of various plasma parameters and their 

dependence on different operational conditions such as average 
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and peak power density, pressure, average and peak discharge current density, pulse 

frequency, pulse width, magnetic field strength and the cathode material etc. All these 

parameters, known as global parameters, determine the discharge properties that, in 

tum, determines the properties of thin-film deposited. As, the ability to produce and 

maintain a plasma is essential to the operation of a magnetron, substantial research has 

also been carried out investigating intrinsic properties of such plasmas, and how these 

are affected by global parameters [19-25]. Further investigations have also been 

attempted to link the properties ofthin-film deposited to the plasma parameters [26]. 

The present experimental study is an attempt to provide in-depth and better 

understanding of physical processes occurring in the discharge. To accomplish this, 

several detailed experimental studies have been carried out such as temporal evolution 

of ion bombarding energy on the substrate, spatial temporal investigation of the plasma 

potential, deposition rate measurements and magnetic field effects on the substrate 

heating. The various aspect of this experimental study such designing the diagnostics 

and interpreting of various experiments findings will be discussed in the later chapters. 

1.2 Plasmas 

This section discusses the fundamental properties of the plasma state, describes some 

basic phenomena occurring within it, and, then, addresses those, which are relevant to 

magnetron sputtering operations. A more detailed description of plasmas can be found 
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in text books such as Chen [27], Liebermann and Lichtenberg [8], Konuma [28], 

Huddlestone and Leonard [29] and Chapman [30]. 

Plasma, an ionized state of matter, is essential for any depositional process such as 

magnetron sputtering deposition. The fluid like properties of the plasmas is derived 

from the long range interaction among the charged particles. Plasma, composed of 

charged particles, interacts with the electric and the magnetic fields and support flows, 

waves, self-organization and instabilities. 

Plasma can be ignited by the application of a potential difference across a low-pressure 

gas. This applied potential difference exerts an electrical force on the free electrons 

(produced due to interaction of cosmic rays with the gas) present in the gas. These 

electrons travel through the gas volume, collide with the gas atoms and ionize them. If 

the gas becomes sufficiently ionized, plasma may form, and current can flow between 

the electrodes. Plasmas consist of ions (either positively or negatively charged), 

electrons, neutrals, free radicals, molecules and photons. For a simple description of the 

plasmas, in the absence of electro-negative gases, it can be assumed that the plasmas are 

made only of the positive ions, electrons and neutrals. Based on an assumption of large 

number of electron-electron collisions and other interactions, and very efficient energy 

sharing among the electrons, a Maxwell-Boltzmann distribution seems quite reasonable 

to describe the plasmas and, then, an electron temperature Te can be associated with 

each electron. The energy of these constituent electrons often expressed as a 

temperature [30, 31, 32] by assuming: 
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kTe = eV eq (2.1) 

where k is Boltzmann's constant (1.38 x to,23 JK ,I), Te is temperature (Kelvin), e is the 

electronic charge (1.6 x 10,19 Coulomb) and V is voltage (V). Applying this formula, 

energy of 1 eV is equivalent to a temperature -11600 K. The gas neutrals, in the 

magnetron discharges, are usually close to or above room temperature (290 K) and 

therefore have the effective energy equivalent to 0.025 eV. The plasma ions, due to their 

heavier mass than electrons, are less influenced by the electric fields and therefore may 

have a temperature, Tj, equivalent to energies from the fraction of e V to several e V and 

temperature different from electrons' temperature [30, 32], It essentially means that the 

electrons and ions in the magnetron plasmas may not be in thermal equilibrium (Le, Ti"* 

Te). 

The typical range of plasma densities during the conventional magnetron sputtering 

ranges from 1015 to 1017 m,3 [33, 34]. Depending upon the pressure regime of the 

magnetron operation that is typically between 0.1 and 10 Pa, the neutral gas density 

varies from 1019 to 1021 m,3 [18]. This results in ionization fractions between 10'2 and 

to,s. However, in HiPIMS, a relatively new PVD technique, plasma densities up-to t019 

m,3 are achieved. Therefore, the ionization fraction obtained during the HiPIMS 

processes is significantly higher compared to conventional magnetron sputtering, These 

facts present in the magnetron discharges make it categorized as typically cold, low

density, non-thermal equilibrium plasmas, when compared to, for instance, those 

produced within a Tokamak - a fusion reactor [27], 
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1.2.1 Basic of Plasmas 

Every ionized gas is not plasma. For an ionized gas to be in plasma state, the number of 

charged particles in a Debye sphere should be very large compared to 1 and the 

following conditions must be satisfied: 

1.2.1.1 Quasi-neutrality 

Quasi-neutrality means that the electrical nature of the bulk discharge should be neutral, 

meaning that the electron and ion densities should be approximately the same. 

Typically, it differs by 1 in 106 particles. The electron plasma density is denoted by ne 

and called as plasma density [27]. The departure from this quasi-neutrality condition 

produces the short-range electric fields within the plasmas that occur over the short 

distances, known as Debye length (A.D), which is given [27], 

eq. (2) 

where k is the Boltzmann constant (1.38 x 10-23 JK-t) and Te IS the electron 

temperature (K). 

1.2.1.2 Collective behavior 

The charged particles within the plasma must be close enough together so that each 

particle influences many nearby charged particles, rather than just interacting with the 
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closest. This characteristic of plasma is known as the collective behavior and it is valid 

when the number of charge particles within the sphere of influence (known as the Debye 

sphere whose radius is the Debye length) of a particular particle are higher than unity. 

The average number of particles in the Debye sphere is given by the plasma parameter, 

"A" - a dimensionless quantity, which is equal to the typical number of plasma particles 

in a Debye sphere [8], 

A = 4 Tr n).i eq. (2.3) 

where A.o is the Debye length. An alternative definition of the plasma parameter is given 

by the average number of electrons in plasma contained within a Debye sphere No. 

Therefore [27], 

eq. (2.4) 

where n is plasma density For plasmas to exist, No must be very greater than unity i.e. 

No »>1. 

1.2.1.3 Plasma frequency 

The electron plasma frequency (the natural frequency of electrons) should be large 

compared to the electron-neutral collision frequency (frequency of collisions between 

electrons and neutral particles). When this condition is valid, electrostatic interactions 

dominate over the processes of ordinary gas kinetics. 

8 



Introduction 

1.2.1.4 Plasma and Floating potential 

When an electrically floating probe is suspended into the plasma, it will start to be 

charged negatively, due to the higher mobility of electrons than that of ions (1le»lli) -

provided by the higher temperature and lower mass of the electron (Tc > Ti and I11e< mi) 

- compared with those of the ions. Therefore, the substrate gets a negative potential with 

respect to the plasma. Further accumulation of negative charge leads to a reduction in 

the flux of electrons, and the development of a region adjacent to the body that is no 

longer quasi-neutral. This accumulation of the negative charge onto the body continues 

until sufficient negative charge has been built up so that the flux of ions and electrons to 

the body are equal i.e. net charge flux to the substrate becomes zero. At this point the 

body will be at the floating potential, labeled in the figure 1.1 as floating potential. 

If an external negative bias is applied that makes the body more negative than the 

floating potential, the flux of electrons will be reduced further. This will continue as the 

magnitude of the negative bias is increased, until it is only the ions that arrive at the 

body. At this point the current measured flowing through the body will consist purely of 

that carried by the ions, and is referred to as ion saturation current lion sat I. Conversely, 

if the bias is increased above the floating potential, then the body will be subject to an 

excess arrival of negative charge due to the increasing flux of electrons, and the flow of 

current will change direction. The current will continue to increase until the total current 

reaching to the body is made of the electrons only. This current is known as electron 

1 Assuming no emission of secondary electrons 
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saturation current. The potential acquired by the body at the beginning of electron 

saturation is known as plasma potential. At this location the density of electrons and 

ions surrounding the body are equal, but due to their higher mobility, the current 

measured by the probe consists mostly of that carried by the electrons. Increasing the 

bias above this value will lead to the ions being repelled and the body taking purely 

electrons current, as indicated by Ielectron sat in figure 1.1. 
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Figure 1.1: Current-Voltage (I-V) Characteristics o/plasma sampled Langmuir Probe 
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This behavior may be observed when using a Langmuir probe, which can be employed 

to determine the values of Ne, N;, Te, Vp and l-J. The details of the Langmuir probe 

technique will be discussed in later chapter. 

1.2.2 Sheaths in Plasmas 

When an isolated substrate is immersed into the plasma, the electrons and the ions move 

towards the substrate. Due to the higher mobility of the electrons, the electron flux to 

the substrate is greater than the ion flux. It results in the accumulation of negative 

charge onto the substrate and starts to repel electrons and attract ions. Eventually, it 

forms a thin layer of positive space charge next to the substrate. This thin layer in 

the plasma has a greater density of positive ions, and hence an overall excess positive 

charge, that balances an opposite negative charge on the substrate with which it is in 

contact. This thin layer is known as plasma sheath as shown in the figure 1.2, where the 

quasi-neutrality condition breaks down. The thickness of the plasma sheath equals to 

several Debye lengths, a value whose size depends on plasma parameters such as 

temperature and density. The structure of the sheath depends upon the potential 

difference between the substrate and plasma potential and is given by Poisson equation: 

eq. (2.5) 

Where Eo is the permittivity of space, ni and ne are the ion and electron plasma density 

respectively. 
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Floating Potential .. 

Pres Math Pla$mabulk 

Figure 1.2: The plot of sheath and pre-sheath formed in-front of the floating substrate. 

The term ni - ne creates a space charge that results in the establishment of an electric 

field. This electric field balances the flow of the positive and negative charge across the 

sheath [35]. The ions reaching the sheath boundary from the bulk plasma get accelerated 

towards the immersed substrate, however most of the electrons are reflected back due to 

the negative charge build up onto the substrate. Only the highly energetic electrons can 

overcome this potential barrier created by the negative and the positive charge 

imbalance near to the substrate. 

For a plasma sheath to exist , the Bohm sheath criterion must be satisfied. According to 

the Bohm Sheath criterion, ions of mass Mi, must enter into the sheath at an ion 

velocity, VB [19] , 
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eq. (2.6) 

where VB is the Bohm velocity, Mi is the ion mass and Te is electron plasma 

temperature. This Bohm velocity is greater than the ion acoustic velocity (natural 

velocity of ions). The energy required to accelerate the ions to VB is provided by an 

electric field present between the plasma bulk and the sheath in an area known as the 

pre-sheath. The potential difference across this pre-sheath region is given by [30], 

Mv~ kTe 
0=-=-

2e 2e 
eq. (2.7) 

Therefore, the plasma density at the sheath edge can be expressed as [30], 

eq. (2.8) 

where n is the bulk plasma density. 

The thermal velocity ofthe electrons is 

eq. (2.9) 

where me is the mass of the electron and T. is the electron plasma temperature. 
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Considering the sheath thickness as the Debye length "'D, the electron transit time 

through the sheath can be expressed as [8], 

eq. (2.10) 

and the ion transit time [8], 

eq. (2.11) 

These equations are roughly used to determine the frequency response of the electric 

probes. 

Assuming the potential drop outside the sheath is much smaller than the potential drop 

inside the sheath, Child Law describes the space charge limited current density to the 

cathode as [30], 

eq. (2.12) 

Where Ji is the ion current density to the target, Mi is the mass of the ion and Sch is the 

Child sheath thickness. 

Using the Poisson's law and continuity equations, the Child Langmuir Law can describe 

the sheath thickness adjacent to the target in the magnetron plasmas as [8], 
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eq. (2.13) 

where Vo is the vo ltage across the sheath. 

To assess the location of the cathode sheath edge, Gu and Lieberman [36] carried out 

measurements of the axial distribution in optical emission in a planar magnetron 

discharge. 

Through a model of the motion of electrons, they predicted that the location of the peak 

in optical emission would coincide with the edge of the cathode sheath. They then 

compared trends in the thickness of the sheath to those predicted both by the Child-

Langmuir Law and their own model, which was a version of the Child- Langmuir law 

adapted so as to include the effect of a magnetic field on the motion of electrons. Based 

on this model developed by Gu and Libermann [36], the sheath for a DC magnetron 

discharge can given as 

eq. (2.14) 

where SouL is the sheath thickness, a is the measure of radius of curvature of the 

magnetic field lines tangent to the plane r = ro, B is the magnetic field strength. 

In an investigation into the structure of a DC magnetron discharge, Rossnagel and 

Kaufman [37] measured the variation in electron temperatures, electron densities and 
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plasma potentials, over a range of axial distances from the cathode. They observed a 

decrease in the value of V p as the cathode was approached, which they associated with 

the edge of the cathode sheath. They calculated the sheath thickness using the Child-

Langmuir law and found that values were between 50% and 90% of those determined 

experimentally. 

1.2.3 Guiding Centre Drifts 

The motion of plasma electrons and ions in an electric and magnetic field can be treated 

as the superposition of a relatively fast circular motion around a point called 

the guiding center and a relatively slow drift of this point. The drift speeds may differ 

for various species depending on their charge states, masses, or temperatures, possibly 

resulting in electric currents or chemical separation. 

Consider a charge particle of charge q travelling in a uniform electric field E and 

magnetic field B respectively. The equation of motion of that charged particle can be 

described by the Lorentz's Force Law: 

dv 
m dt = q(E + v x B) eq. (2.15) 

where v the is the velocity of the charged particle, E is is the electric field intensity and 

B is the magnetic field strength. 

If there is only magnetic field and it is uniform, the particle velocity is perpendicular to 

the field and other forces and fields are absent, then the magnetic force is perpendicular 
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to both the velocity and the magnetic field and is constant in magnitude, resulting in 

particle motion at constant speed on a circular path. This is known as 

the gyration around the magnetic field. For mass m, charge q, and magnetic field B, the 

frequency of the circular motion, the gyro-frequency or cyclotron frequency [27], is 

qB 
we= -m 

eq. (2.16) 

For speed v, the radius of the orbit, called the gyro-radius or Larmor radius [27], is 

V 
PL=

We 
eq. (2.17) 

If both the electric and magnetic field are present and they are uniform, the charged 

particles experience a drift motion. This drift motion is called the E x B (E-cross-B) 

drift. As a result, ions (of whatever mass and charge) and electrons both move in the 

same direction at the same speed, so there is no net current (assuming quasi-neutrality). 

In the context of special relativity, in the frame moving with this velocity, the electric 

field vanishes. The value of the drift velocity is given by [27], 

ExB 
VE = HZ'""" eq. (2.18) 
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E ... 

08 

Ion Electron 

Figure 1.3: Schematic diagram of E X B drift speeds for electron and ion (taken from F F 
Chen (28J). 

In the magnetron deposition system, due to the presence of magnetic and electric field 

electrons experience a significant E x B drift that results in different physical processes 

occurring in the discharge. Figure 1.3 shows the particle drifts in the crossed electric 

and magnetic field. It is important to see that the particle drift is independent from the 

charge q, mass m and velocity v [27]. 

1.3 Sputtering 

This section describes the basics of the sputtering mechanism, particularly magnetron 

sputtering. Sputtering is a physical ballistic phenomenon which physically removes 

atoms from the coating material called the target, and deposits a thin, firmly bonded 

film onto an adjacent surface called the substrate. The process occurs by bombarding 
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the surface of the sputtering target with gaseous ions under high voltage acceleration. 

This high voltage acceleration is provided by the sheath voltage that is typically similar 

to the applied cathode voltage in glow discharge plasmas. The incident ions set off 

collision cascade in the target. When such cascades recoil and reach the target surface 

with energy above the surface binding energy, an atom can be ejected. If the target is 

thin on an atomic scale the collision cascade can reach the back side of the target and 

atoms can escape the surface binding energy 'in transmission'. The average number of 

atoms ejected from the target per incident ion is called the sputtering yield. These 

sputtered atoms collide with the plasma electrons and get ionized and propelled against 

the substrate, where they form a very tight bond. However, most of the depositing 

species are neutrals (gas and sputtered flux). The resulting coating is held firmly to the 

surface by mechanical forces, although, in some cases, chemical bonds may result. 

Sputtering has proven to be a successful method of coating a variety of substrates with 

thin films of electrically conductive or non-conductive materials. One of the most 

striking characteristics of sputtering is its universality. Since the coating material is 

passed into the vapour phase by a mechanical rather than a chemical or thermal process, 

virtually any material can be deposited. Direct current can be used to sputter conductive 

materials, while pulsed DC or RF is used for non-conductive materials to alleviate 

target arcing [38]. In the sputtering process, the interaction between the incident ions 

and the target can be treated as a series of binary collisions as shown in figure 1.4. The 

sputtering target kinetics can be understood in the terms of the energy transfer function 

in binary collisions and the sputtering yield. When an incident ion of mass M\ collides 

with the 
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target of mass M2, it transfers a fraction of its incident energy to the target and it can be 

described as [30] 
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Figure 1.4: Schematic representation of various processes occurring on the surface when 
energetic particle incidents, taken from Mattox [41 J 

Substituting the mass of sputtering atom of argon (40 amu) and the mass of target atom 

of Titanium (48 amu), the energy transfer fraction K comes out to 0.992. As the 

interaction between the incident ions and the target is very complex, the magnitude of 

the energy transferred to the target is often calculated by using computational 
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techniques such as SRIM (Stopping Range of Ions in Material) [39]. The sputtering 

yield is defmed as [40] 

r = number of the incident ions on the target 
number of the sputtered atoms 

eq. (3.2) 

The magnitude of the sputtering yield depends on incident angle of ions, the energy of 

the ions and material of the target as every target material has its own physical 

properties such as masses of target atoms, surface binding energy of atoms in the target. 

For a crystalline target the orientation of the crystal axes with respect to the target 

surface is relevant [41,42,43]. As the sputtering atoms can only come from the surface 

layers of the target, this energy should be transferred to the surface layers only. 

Therefore the sputtering yield should be proportional to the energy deposited to the 

surface layers only and it is expressed as nuclear stopping power. Keeping this point in 

consideration, Sigmund (1969) predicted the sputtering yield [30] as 

3a M1M2 E 
S = 4rr2 (M1 + M2)2 Uo 

eq. (3.3) 

where a is a monotonic increasing function of M21M1 which has the values of 0.17 for 

M21M1=0.1, increasing upto 1.4 for M21M1 =10 and Uo is the surface binding energy. 

The probability of an atom to be sputtered by the incident ion of energy of several 

hundred e V can be expressed as [44] as 
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eq. (3.4) 

The simulated plot of this probability distribution against the energy of incident ion is 

shown in the figure 1.5. Here Uo = 4.85 eV as for titanium target. 
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Figure 1.5: A plot illustrating the probability distribution of an atom to be sputtered against the 

energy of incident ion. 

1.3.1 Conventional DC Sputtering 

In a conventional DC diode sputtering, sputtering species are gas ions. A gas is 

introduced at specified pressure between 10 and 100 m Torr [41, 43]. Then a high 

potential of several hundred volts is applied between the two electrodes. This applied 
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potential difference results in an electric field between the electrodes that exerts a force 

on the free electrons, caused by the cosmic rays and already available in the gas, and 

accelerates them. These accelerated electrons collide with gas atoms and ionise them. 

The ions, thus produced, are accelerated by the field towards the target and sputter the 

target material. The impact of the gas ions on the target may also release some electrons 

from the target. These released electrons known as secondary electrons play an 

important role in sustaining the discharge. This DC sputtering technique suffers from a 

serious drawback of low ionization efficiency that can be improved by the various ways 

such applying higher voltage between the electrodes and increasing the average pressure 

etc [30]. Application of higher voltage between the electrodes results significant target 

heating and arcing that cause the damaged coatings. Increasing the pressure enhances 

the ionization efficiency, though the energy of the bombarding particles onto the 

substrate significantly reduces due to the higher collisions among the particles in the 

space between the target and the substrate. This, in tum, results in poor quality coatings. 

A possible method to increase the ionization efficiency is to confine the electrons in the 

vicinity of the cathode by using a magnetic field. This technique is known as 

magnetron sputtering. 

1.3.2 Magnetron Sputtering 

The magnetron discharges incorporate a specially shaped magnetic field to a diode 

sputtering. The principle is that the cathode surface is immersed in a magnetic field such 

that electron traps are created so that E x B drift currents close in on themselves. The 
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principle was discovered as far back as the 1930s by Penning [44] and has been used in 

the magnetron coating context for many years. In essence, the operation of a magnetron 

source relies on the fact that primary and secondary electrons are trapped in a localized 

region close to the cathode in an endless 'racetrack'. In this manner their chance of 

experiencing an ionizing collision with a gas atom is vastly increased and so the 

ionization efficiency is increased too. This causes the impedance of the plasma to drop 

and the magnetron source operates at much lower voltages than diode systems (500 -

600 V as compared with several kV). This greater ionization efficiency leads directly to 

an increase in ion current density onto the target which is proportional to the erosion 

rate of the target. 

Therefore magnetron sputtering is a magnetically enhanced DC sputtering technique in 

which magnetic field together with the electric field produced in the sheath is used to 

trap the electrons near the target that results in higher ionization efficiency. Figure 1.5 

shows the enhanced sputtering zone due to the application of magnetic field. 

A conventional DC magnetron system consists of planar cathode (sputtering source or 

target) with permanent magnets placed directly behind the cathode in such a way so that 

magnetic field lines make a closed loop starting from and ending on the cathode surface. 

The anode is usually grounded and serves as the plasma boundaries (chamber walls). 

Magnetrons can be used in two modes of operations i.e. balanced and unbalanced, 

depending on the magnetic configurations. In the balanced magnetron, the magnetic 

flux through the outer and inner magnets is identical. 
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Magnetic FIeld Racetrack Region 

Figure 1.6: Schematic view of the target f ace of a circular planar magnetron, showing the 
enhanced sputtering zone under the racetrack region and the motion of an electron in the E x B 
drift [taken from 1 SWINDLE THESIS (University of Liverpool), plasma diagnostics and 
characterization of magnetron sputtering discharges} 

By strengthening and weakening one of the poles, an unbalanced magnetron can be 

achieved. Unbalanced magnetron can further be divided into two modes namely type I 

and type II depending on the location of the null zone as shown in the figure 1.6. 

In type I unbalanced magnetron, null zone is far to the target as compared to type II. In 

the unbalanced magnetron, the energetic electrons can escape the magnetic trap to reach 

the substrate. 
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Figure 1.7: Schematic of balanced and unbalanced magnetron (Type II) (taken from 1 Swindle. 
December 2007 (Department of Electrical Engineering and Electronics. University of 
Liverpool) . plasma diagnostics and characterization of magnetron sputtering discharges) 

1.3.3 Magnetron operation 

Magnetrons can be operated in a number of ways depending on the application [15] . In 

the simplest case, a negative voltage is applied to a single (conducting) target that 

develops DC glow discharge. Most of the externally applied potential at the cathode 

drops within a thin layer of few mm known as the cathode sheath. Due to their heavier 

mass (40 x 1856 x electronic mass), argon ions are not magnetized (ion Larmor radii > 

chamber dimensions) therefore are not confined by the magnetic field. These 

unconfined ions are accelerated towards the cathode sheath via a weaker electric field 

produced in the pre-sheath region. When these ions enter into the sheath region, the 

strong electric field present there accelerates ions to high energy. These highly energetic 

ions strike the target cause the target sputtering that occurs in small localized area 

known as ' race-track ' . 

26 



Introduction 

It is also possible to use multiple magnetrons of different target materials to produce 

compound coatings. Alternatively a pure metal target combination with a reactive gas 

can also be used for this purpose. Reactions between the sputtered material and the 

reactive gas can now take place at the film surface and a compound film can be grown. 

In this way, for example, Ti-AI-N can be reactively grown by using a single Ti-Al 

target, or by using separate Ti and Al targets, in a N2 environment. 

Since the charged particles follow magnetic field lines, therefore the magnetic field 

geometry present in the magnetron plays an important role in the distribution and 

transport of the plasma to the substrate. This fact leads to improve the.efficiency, such 

as higher ionization efficiency. In un-balanced magnetrons (UM), in which outer 

magnetic field is stronger that inner magnetic field and therefore a fraction of the 

magnetic field lines closes at the substrate instead of the cathode. This magnetic field 

geometry allows the discharge to reach onto the substrate. This results in a plasma 

column which leaves the magnetic trap region and transports towards the substrate. The 

original work on this subject has been carried out by B. Window and N. Savvides 

[45-47] at CSIRO Institute of Sydney. 

1.3.4 Pulsed Magnetron Sputtering 

Many industrial applications involve deposition of thin films in a reactive environment 

(nitrogen, oxygen and carbon) [15]. DC sputtering from a ceramic or compound target 

is not possible, if the desired coating is electrically non-conducting. When a DC voltage 

is applied to the insulating target, the target surface is charged up and it results in 
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ceasing of the sputtering process. Similar problems also occur when a metallic target is 

sputtered in a reactive environment. DC magnetron sputtering in reactive environment 

results in arcing and target poisoning that in turn, makes the discharge unstable and 

therefore it is impossible to deposit dense layers of the materials. A sputtering of non

conducting target materials could only be possible after introducing the radio frequency 

(RF) power supplies for powering the target. However, this process suffers from the 

various drawbacks such as lower deposition rate, lower ionization efficiency and high 

substrate heat loading [48]. These various drawbacks can be overcome by using the 

modulated alternating current (AC) supplies. These power supplies generally generate 

quasi-rectangular voltage waveforms in the mid frequency range 20-350 kHz. These 

waveforms may be in unipolar or bipolar in nature. In both of these cases, sputtering 

takes places in the 'on-time' phase of the pulse when a very high negative voltage is 

applied to the target. In the bipolar mode a positive voltage (10-20% of the 'on-time' 

Voltage) is applied during the 'off-time' phase of the pulse. Introduction of the positive 

voltage in 'off-time' attracts plasma electrons to the target that in turn, discharges 

positive charge build-up on the target [34]. 

For the reactive sputtering, one must keep a very good control over the partial pressure 

of the reactive gas because excess gas causes the poisoning of the cathode surface and 

the sputtering becomes very inefficient (low rate, or a lot of arcing). On the other hand, 

in the absence of enough reactive gas, the compound will not form with the right 

stoichiometry. The partial pressure must, therefore, be controlled so that it keeps the 

pressure at a level where the target is kept relatively "clean" by the sputtering, but there 
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is enough gas to form the desired stoichiometry. This can be a quite complicated and 

unstable process. The right partial gas pressure depends upon the various parameters 

such as system geometry, target material and average discharge powers etc and it can be 

found only by iterative experiments. 

1.3.5 High Power Impulse Magnetron Sputtering (HiPIMS) 

In some applications, high concentration of metallic ions at the substrate is beneficial. 

DC and pulsed DC magnetron sputtering techniques suffer from a drawback of lower 

ionization of the sputtered metal flux (20-30 %) [18]. The quest of getting higher 

fraction of the ionized metal flux and guided deposition of metal flux to substrate has 

led to the development of high power impulse magnetron sputtering technique 

(HiPIMS) introduced by Kouznetsov et al. [49] in 1999, in which the deposit is formed 

from the bombardment of metal ions rather than neutrals. HiPIMS is a low-duty cycle, 

low frequency pulsed plasma technique that is characterized by very high peak currents 

and power densities at the sputter target, for instance reaching values up to several Acm-

2 and kWcm-2 at the target respectively. These values are typically only limited by 

requirements not to overheat the target. Since the duty cycles are typically only a few 

percentage, the mean applied powers are similar to those in conventional DC or pulsed 

DC sputtering. The typical target voltage and current pulse waveforms are shown in 

figure 2.5 (Chapter 2). 

The application of this short and intense power pulse to the magnetron can lead to 

charged particle densities (Ile) in the vicinity of the target in excess of 1018 m-3
• This in 
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turn enhances the probability of ionization of both the background Ar gas and 

importantly the sputtered neutral metal (M) flux, leading to metal ion fractions, M+ 1M at 

the substrate typically between 30 and 90 %, depending on the target material and 

process parameters [18]. 

The ability to produce a copious number of deposition ions that can be attracted and 

thus directed by an electrical bias on the substrate has meant HiPIMS discharges are 

now fmding uses in a number of technological areas. These include the directional 

deposition of metals such as Cu into the high-aspect ratio Si trenches in micro

electronics [50], the Cr and Nb ion pre-treatment of 304 stainless steel and M2 high 

speed steel substrates [51] and the controlled ion-assisted growth of Cr-N films on 

engineering steels [26]. Despite many useful properties, it is often reported that HiPIMS 

discharges suffer from lower deposition rates compared to conventional DC and pulsed 

DC magnetron sputtering. This reduction is typically between 30 - 70 % for metals, 

oxides and nitrides given for same nominal applied powers, as reported in [51]. 

1.3.6 Purpose of this study 

The purpose of this study is to get a better physical insight of the processes occurring in 

a HiPIMS discharges. To accomplish this, time-resolved studies of HiPIMS discharges 

have been carried out with various diagnostic tools such as emissive probes, Langmuir 

probes, power probes, deposition rate monitor and mass spectrometry. The emissive 

probe allowed us to measure the spatial and temporal evolution of the plasma potential 

with very high time resolution « 20 ns). Time-resolved Langmuir probe 
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measurements provided the information about the evolution of plasma parameters. 

Magnetic field effect on the heating of the substrate and deposition rates has been 

carried out by using the power probe and the deposition rate monitor respectively. The 

mass spectroscopic measurements provided a picture of time evolution of various 

species in the discharge. 

The experiments carried out and their findings will be discussed in the later chapters. 
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Chapter 2 

EXPERIMENTAL SET-UP 

This chapter details the experimental set-up used in this study, including vacuum 

chamber, the magnetron source, pumping system and the power supplies. 

2.1 Vacuum Chamber and Pumping System 

All the experiments were carried out in a purpose built cylindrical stainless steel 

vacuum chamber having internal dimensions of 40 cm in diameter and 70 cm in length. 

The chamber was evacuated by a Leybold Vacuum pump of pumping speed 1000 IS·I 

backed by a Leybold TRIV AC D 40 B rotary pump of pumping speed 40 m3 min-I. 

This vacuum chamber has been supplied by Gencoa Ltd and known as Genlab. The 

schematic of experimental set-up is shown in the figure 2.1. During this entire study, the 

vacuum chamber was pumped down up to a base pressure of 7 x 10-4 Pa as measured by 

a penning gauge PR26 Penningvac coupled by a read out PM31 Penningvacsupplied by 

Leybold Vacuum. After getting the base pressure, pumping speed can be reduced using 

a butterfly valve and the chamber was backfilled with the sputtering gas Ar (99.95% 

pure) to the operating pressure that is typically 0.54 Pa as monitored by Baratron 

capacitance manometer pressure gauge coupled with a type 250 MKS Instruments 

pressure control unit. The gas flow into the chamber was controlled by the mass flow 

controller supplied by MKS Instruments type 1179 A. 
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Figure 2.1 : Schematic of the experimental set-up. For the diagnostic of different discharge 
parameters. different probes were used. Therefore probe and probe acquisition system is 
different each lime. 

The cylindrical vacuum chamber was oriented with the axis of symmetry parallel to the 

floor. The chamber is equipped with two O-ring sealed doors at the both ends. The left 

end door is equipped with a cylindrical magnetron and the right end door has several 

access ports for mounting THE substrate holder, different probes and viewing ports. 

Many other ports are also available on the cylindrical surface of the chamber for the 

induction of additional diagnostic equipments or view ports. All these diagnostic 

equipments were fitted to the vacuum chamber by the Wilson vacuum Feed-through and 

hence could be pushed in or pulled back without breaking the vacuum that, in tum, 

provides the facility to diagnose the entire discharge volume. 
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The planar and cylindrical magnetron was mounted on a barrel which could be moved 

axially inside the chamber without breaking vacuum. 

2.2 The Magnetron Sputter Source 

In this study a planar circular magnetron cathode (supplied by Gencoa Ltd, Liverpool, 

UK and known as V-Tech 150 ) and equipped with titanium target (99.995 % pure, 

supplied by the Kurt J. Lesker Company Ltd.) was used. The cathode was 150 mm in 

diameter and mounted along the central axis of the chamber. The V-Tech 150 

magnetron has the facility to alter externally the magnetic field strength and 

configuration of the magnetron's magnetic field configuration. It is achieved by pulling 

back the inner and outer magnetic poles relative to the cathode surface by using two 

external screw gauges mounted on the rear of magnetron assembly. Due to the 

movement restriction of magnetic poles, the magnetron could only be operated in type 

II mode of unbalance. The schematic of the magnetron with the magnetic field lines, 

emissive probe and deposition rate monitor is shown in figure 2.2. During the course of 

this study, four ditTerent magnetic field configurations have been used. However, most 

of the work was carried out in magnetic field configuration I as described in table 2.1. 
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Figure 2.2: A schematic diagram of the magnetron source, the B-jield lines, the emissive 
probe, the deposition rate monitor and the line along which the deposition rate Pd 
measurements were carried out. On this line the trap entends from 0 to 50 mm. 

Table 2.1: The location of magnets and their respective field strength 

Magnets (Inner, Name ofthe magnetic field B- field strength (G) 

Outer) (mm) (Radial = 45, Axial = 0 mm) 

0,0 S-field Configuration I (SFI) 380 

5, 5 8-field Configuration 2 (8F2) 320 

10, 10 8-field Configuration 3 (SF3) 260 

IS, IS S-field Configuration 4 (SF4) 190 
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The axial distribution of the magnetic field strength as measured by Hirst GM04 Hand 

Held Gauss meter parallel to discharge center line and above the racetrack with a 

transverse Hall Probe in all the four magnetic field configurations is shown in the figure 

2.3. 

A spatial map of the magnetic field measured in the B-field configurationl is shown in 

the figure 2.4. This spatial map was achieved by measuring the magnetic field at 

discrete locations relative to the cathode surface with spatial resolution of 5 mm. 
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Figure 2.3: The measured magnetic field strength IBI = ~ B; + B; for the 4 different magnet 

positions behind the cathode. Magnetic field shown in the figure have been measured parallel to 

discharge center line and above the racetrack. 
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Figure 2.4. The measured magnetic field (flux density B) and field line directions for magnetic 
field configuration 1 (magnets were situated at 0 mm behind the cathode) . Normalized arrows 
indicate the B-jield direction, gray scale is the magnitude of magnetic field B. 

From the figure 2.4, it can be seen that the magnetic null point (Br = Bz = 0) is situated 

at 75 mm away from the cathode and along the center line of the target (Z = 75 mm, R = 

o mm). 

2.3 Power Supplies 

The experimental measurements in this study have been carried out in HiPIMS, pulsed 

DC at 100 kHz and 350 kHz of repetition frequency and DC. However, most of the 

work has been performed in HiPIMS mode. The DC and pulsed DC modes of operation 

have been operated only for 'comparison' purposes between plasma parameters of 

HiPlMS mode and pulsed DC modes. 
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The HiPIMS power supply unit used during this work was SINEX 3.0 supplied by 

Chemfilt Ion Sputtering. This power supply has been designed for HiPIMS applications 

and is capable of producing waveforms of peak voltage of 3.0 kV and peak current of 

2.0 kAmps. Therefore, it produces very high peak power density (-several kW cm-2
), 

essential for HiPIMS applications. The pulse frequency ranges from 25 to 600 Hz and 

pulsed width 50 to 500 J.1s. These power supplies can be operated in voltage and power 

regulation modes of control. However, the pulse frequency and the pulse width were 

kept constant at 100 Hz and 100 J.1S during the entire study. Therefore, 'duty factors' 

defined as the ratio of 'pulse-on' time and time period of pulse is kept constant at 1%. 

A typical cathode voltage and current waveforms produced by the SINEX 3.0 HiPIMS 

supply mode is shown in figure 2.5. The pulse cycle proceeds as follows. The pulse 

begins at t = 0 J.1S defined as a zero crossing line from positive to negative discharge 

voltage. Then it reaches a maximum negative voltage of -650 V within 200 ns. Then 

stabilizes for 15 J.1S and decays by almost half of the discharge voltage (250 V) up to 

100 J.1s. It, then, settles at 0 V during entire pulse 'off-time'. The exact shape of the 

cathode current waveform depends upon the various operational parameters such as 

average pressure, average power and target material; however general features remain 

same for all operational parameters. The cathode current pulse always comes few (- 10) 

J.1S after the initiation of the discharge voltage pulse and then starts to develop. The peak 

discharge current occurs around 40 J.1S after the initiation of discharge is then fully 

developed. 

38 



Experimental Set-Up 

100 
25 

0 0 

\ -100 -25 
\ 
\ 

~ \ -50 (') 

-200 \ II) 

-75 -Q) \ ::r 
C> 0 co \ -100 tt - -300 0 

\ 0 > 
-125 ~ Q) '. '0 -400 \ CD 

0 -150 a .c i - \ -175~ co 
-500 -(.) • 

-600 -200 

-225 
-700 

-25 0 25 50 75 100 125 150 
Time (~s) 

Figure 2.5. The cathode voltage (Vet> and current (IrJ waveforms produced by the SINEX 3.0 
HiPIMS power supply for an average discharge power of650 Wand a gas pressure of 0.54 Pa. 

The exact time of occurrence of peak discharge current depends upon the operational 

parameters such as average power, average pressure and the cathode material. 

For operation in DC and pulsed DC modes, the discharge was driven by a Pinnacle 

Plus+ power supply unit supplied by Advanced Energy Incorporated. This is an 

asymmetric bipolar DC pulsed supply capable of producing output waveforms in the 

frequency range between 0 to 350 kHz. The pulse off time can be adjusted therefore 

capable for various duty factors. In this present study, two frequencies were used 

namely 100 and 350 kHz with 50% duty factors i.e. the 'on-time' were 5 and 1.43 IlS 

respectively. 
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This power supply can be operated in voltage, current and power regulation modes. 

However, in this study, power supply was used only in power regulation mode. 

A typical cathode voltage and current pulse waveforms in 100 kHz are shown in the 

figure 2.6. The pulse waveform can be divided in following sections: (I) the pulse 

begins at t=0 J..lS defined as zero crossing voltage from positive to negative voltage. (II) 

It, then, reaches maximum positive values known as overshoot. (ill) The cathode 

voltage stabilizes. (IV) Then it achieves it maximum negative values (V) then cathode 

voltage oscillates until it settles at positive value. The pulse 'on-time' and 'off-time' 

have been mentioned on the \vaveforms. 
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Figure 2. 6: Typical cathode voltage and current pulse waveforms in pulsed DC of 1 00 kHz. 
Duty factor was 50% and average power was 680 W 
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A typical pulse waveform of350 kHz is shown in the figure 2.7. Comparison of figure 

2.6 and 2.7, the pulse waveform changes with frequency and the different phases were 

identified as described earlier. During the pulsed DC mode the average power was 680 

Wand duty factor was 500/0 in both 100 and 350 kHz modes of operation. 
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Figure 2.7: Typical cathode voltage and current pulse waveforms in pulsed DC of 350 kHz. 
Duty factor was 50% and average power was 680 W 
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Chapter 3 

DIAGNOSTIC TOOLS 

This chapter details the diagnostic tools used to investigate the plasma parameters 

during the study. 

3.1 The Emissive Probe 

The emissive probe is an electron emitting probe described by Langmuir [52]. These 

probes are used to measure the plasma potential and have distinct advantages over the 

Langmuir probes such as the ability to obtain the time evolution of the plasma potential 

with very high temporal resolution (-20 ns) and reliable plasma potential measurements 

in magnetic fields, in drifting plasmas and in the presence of electron and ion-beams 

[49]. However, while using the emissive probe in magnetic fields, the probe plane 

orientation with respect to the magnetic field lines should be taken into account. The 

emissive probes also produce accurate measurements of plasma potential even in 

contaminated plasmas as the heated surface of the emitting probe stays clean, whereas 

the Langmuir probes are subject to contamination [49]. However, emissive probes don't 

provide information about electron temperature and plasma density. 

3.1.1 Principle of Operation 

The fundamentals of the emissive probe technique have been described by Kemp et.al. 

[53]. Many of the details for their operation in magnetrons and other technological 

plasmas have been described [54-57]. We will outline here the main issues. The caused 

by the cosmic rays working principle of the emissive probe is as follows 
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the emissive probe consists of a thin, thoriated tungsten wire, which is heated (by 

passing current through it), up to a temperature until significant thermionic emission of 

electrons occurs. When the probe biasing voltage Vb, is more negative than the plasma 

potential V p, the emitted electrons flow from the probe to the plasma, so reducing the 

effective net electron flux arriving at the probe. With strong emission this naturally 

pushes the probe floating potential to more positive values with Vr ~ Vp as the net 

electron flux balances the ion flux. This method provides an uncertainty in the 

measurement ofVp with a voltage equivalent to the wire temperature, kT wle, which is 

typically 0.1 V. However, as noted in [58] for measurements in a pulsed DC 

magnetron, the error in V p is better given by the voltage equivalent of the local electron 

temperature (kT et'e), typically - 1- 3 V during the pulse "on-time" and < 1 V in the 

"off-time". 

Three proposed methods to use the emissive probe are found in the literature as 

follows: 

1. Saturating floating potential method: - In this method, floating potential 

approaches to the plasma potential when the probe is in strong emission 

condition i.e. voltage at zero probe current is identified as plasma potential 

when the probe is in strong emission condition. 

2. Divergence point method: - In this method, the point of divergence between 

the I-V characteristics obtained by the emissive in hot and cold condition is 

identified as the plasma potential. 
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3. Inflection point method: - In this method, the point of inflection in the hot 

probe I-V characteristics is identified as the plasma potential. 

The saturated floating potential method provides good results with an accuracy of 1 V. 

It is also suitable to measure the time-resolved plasma potential with very high time 

resolution (- few tens of ns) and therefore has been used in the present study to 

measure the time-resolved plasma potential. 

3.1.2 Emissive Probe in Magnetron Plasmas 

The presence of complex magnetic field geometry in the magnetron discharge makes 

the emissive probe measurements particularly challenging. If the electron Larmor 

radius (rL = mV.L/eB where V.L is the velocity perpendicular to magnetic field B) of the 

emitted electrons from the probe is smaller than the probe wire radius rp (rL < rp), they 

may return to the probe surface after one gyration. This restricts cross-field transport of 

electrons from the probe, forming a space charge region. The resulting reduced 

emission current yields an inaccurate determination ofthe plasma potential (V p). In this 

present study, the probe radius (rp) is 1.25 x 10-4 m and over the positions of 

measurement (2 to 100 mm), the B-field varies from 375 to 20 G. Assuming at these 

positions Te - 2 eV [59], it yields ratios of Larmor radii to probe radii rurp of 0.99 and 

18 at z = 2 and 100 mm respectively. Therefore, the effect of space charge limited 

emission was expected only near the target, and this indeed was observed through 

changing the probe orientation relative the B-field as described later. The error in V p 

near the target was estimated to be around 5 %. 
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3.1.3 Time Response of Emissive Probe 

The time response of the emissive probe depends upon the impedance of the sheath 

around the probe and the probe capacitance to the ground. When the probe is cold, it is 

irresponsive to the fast plasma dynamics because sheath around the probe has finite 

impedance and therefore offers a large time constant ("t - RsCs). 

The typical plasma potential waveform obtained by the emISSive probe in strong 

emission condition, sampled at 100 mm away from the cathode surface and just above 

the race-track (Z = 100 mm and R = 45 mm) is shown in the figure 3.1. When the 

probe is in strongly emitting condition, the sheath around the probe collapses and 

therefore, in principle, "t - R..Cs - 0 as R.. - 0. 
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Figure 3.1.: A plOl 0/ plasma potential waveform in HiPIMS discharge together with the 
cathode vollage. This waveform has been obtained at 100 mm away from the cathode and 
above the racetrack (Z - 100 and R == 45 mm). 
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If the negative space charge is present around the probe, it provides low impedances. 

Therefore effective sheath impedance becomes very low and t time response very high. 

3.1.4 Probe Construction and Calibration 

The schematic diagram of the emissive probe is shown in figure 3.2. The emissive 

probe itself was made of a thoriated tungsten wire of diameter 125 11m, looped in a 

semicircle of 2 mm diameter and push-fitted into a ceramic stem, housing with 

enameled copper connecting wires of 250 11m diameter that carry the external heating 

current. The probe loop was heated by passing through it a 50 Hz AC current supplied 

by two separate transformers. The heating current in the probe loop was varied by the 

variable transformer. 

Connecting 

r~:~_~~~=f=:::~R~\ ~... 3
m 'y 

Outer Probe tip 
Probe stem 

Figure 3.2: The schematic diagram of the emissive probe. The probe tip is semicircular loop 
of a Ihoriated tungsten wire. 

The electrical arrangement and measurement circuitry of the emissive probe is shown 

in figure 3.3. 
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AC Main (50 Hz) 

Figure 3.3: The schematic of electrical and measuring circuitry of the emissive probe. 

The centre tap of the second transformer was connected to a fast oscilloscope (TDS 

3014, 10 Mfl input impedance, Tektronix Ltd model) via a single strand wire (used to 

minimize the capacitance to ground) to obtain the mean voltage (floating potential) 

across the loop and hence a good estimate of V p. This floating potential data was stored 

over 128 discharges pulses and then averaged to minimize the random error in the 

electrical signal. It was found that a current of 2.5 A was sufficient to achieve strong 

electron emission during the entire cathode voltage pulse, however a higher current 

(3.75 A) is needed to achieve strong emission in the vicinity of the target (z < 10 mm). 
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3.2 Thermal Probe 

Plasma surface interactions are very important mechanism in depositional and etching 

processes that determines the thin film properties. It supplies the energy flux that 

enhances the substrate temperature. This temperature rise is a very crucial parameter as 

atomic process such as ion implantation, etching, sputtering, diffusion and chemical 

processes, are all temperature dependent [30]. Moreover, manufactures are moving 

away from the rigid glass substrate to the polymeric web. These polymeric webs are 

relatively more sensitive to the temperature. Energy flux - a product of particle flux and 

the energy of incident particles written as average power per unit area - to the substrate 

changes with operational parameters and therefore, the properties of thin films such as 

optical, mechanical and electrical can be tailored by controlling the total energy flux to 

the substrate. This fact demonstrates the necessity for investigation of total energy flux 

to the substrate and its relationship with operational parameters. 

3.2.1 Techniques to measure Energy Flux on Substrate 

Energy flux onto the substrate can be measured by two different techniques. First 

technique used by Steffen and Kersten [60, 61] employs two copper discs connected by 

a stainless steel tube. One disc acts as a substrate while other one is kept at a constant 

temperature via water cooling. When the copper disc that acts as a substrate is in 

thermal equilibrium with environment (discharge), then the temperature gradient 

produced on the connecting stainless steel tube gives the information about the energy 

flux deposited at the substrate. 
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Second technique proposed by Thornton et. al. [62] uses a copper disc as a substrate. 

When plasma particles incident onto this disc, it 's temperature rises. The temporal 

evolution of the temperature onto the substrate can be used in deriving the total energy 

flux onto the substrate. Due to simplicity of the technique proposed by Thornton, it has 

been used in this study. 

3.2.2 Energy Flux Balance onto Substrate 

The total energy flux on to the substrate is the summation of kinetic contributions of 

from the films via condensation, adsorption and chemical reactions and is shown in the 

figure 3.4. 
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Figure 3.4: The schematic of various contents of the power incident onto the substrate when it 
is exposed to plasma 
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It can be described as 

eq. (3.1) 

where Pt is the total energy flux to the substrate, Pel Pi and P n are the contributions by 

the plasma electrons, ions and neutrals, Prad is the contribution due to photons and the 

Psurface due to energy release at the surface. 

3.2.3 Calorimetric Method - A way to determine Energy Flux 

The method to calculate incoming energy flux is based upon the temporal evolution of 

temperature onto the test substrate. It essentially means to measure the temperature rise 

of the test substrate when it is exposed to the discharge and temperature fall of the 

substrate when the substrate is cooling. The change in energy flux to the substrate can 

be described as 

dH dT -=cdt S dt 
eq. (3.2) 

where H is the incoming power onto the substrate, Cs is the specific heat capacity of the 

substrate including all the connecting circuitry and interaction of the holder. T is the 

temperature of the substrate at a particular time. 

The balance of the thermal flux onto the substrate during the measurement process can 

described as 

eq. (3.3) 
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where subscript 'h' and 'c' stand for heating and coo ling processes of the substrate. 

During the heating process, the energy flux balance equation can be written as 

and 

dHc -=-p d dt ra _c 

eq. (3.4) 

eq. (3.5) 

where Pin is the incoming thennal flux and Prad_h and Prad_c are the losses due to the 

temperature of the substrate and are the functions of the substrate temperature. 

Therefore, the total energy flux onto the substrate can be written as 

dH = C (dTh _ dTc) 
dt S dt dt 

eq. (3.6) 

This equation has been used for calculation of energy flux onto the substrate in this 

study. 

3.2.4 Design and Calibration of Thermal Probe 

For measuring the energy flux, a thermal probe has been used. The schematic diagram 

of the thennal probe used has been shown in the figure 3.5. 

The probe was made of a copper disc of 24 mm in diameter and 2 mm in thickness. The 

copper disc was then attached via a spherical junction of 0.5 mm in diameter to a k-type 

thermo-couple at the rear. The junction was connected to two wires of Chrome I and 
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Alumel. The whole assembly was inserted into a groove of 25 mm in diameter on a 

square ceramic block of 150 mm in length. The groove was recessed at 45 mrn away 

from the centre of the ceramic holder. This location of the probe was chosen so that it 

was in-front of the racetrack. The whole surface (except of the thermal probe) was 

covered with a stainless steel sheet to mimic the surface of the substrate holder. The 

thermo-couple attached to the thermal probe was connected to the digital temperature 

readout via a vacuum feed through Digtron Ltd 2741-k. The whole of the measurement 

circuitry was kept electrically isolated to the ground so that the thermal probe must be in 

electrically floating condition. 

T'hermocoupl. \ 
Cenmlctub. 

SUbstrata mc>unt 

C.ntl1ll axis of 
e:h&mb.r 

To .I.ctrleal F .. d 
throuch 
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5Uiinless steel 

F=='? - plate 
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Figure 3.5: The schematic oj the power probe. It consists oj a copper disc oj diameter 24 mm 
mounted onto the rectangular ceramic block. A k-type thermocouple is attached to the back oj 
copper disc. The probe is m01lnted s1Ich that it Jaces the racetrack. This assembly also consists 
of planar T,angmuir probe that has not been used in the present study. 
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To ensure that the probe should be exposed by discharge during the heating process 

only, a metallic shutter has been mounted with probe and it was found that the there is 

no temperature change of the thermal probe when the shutter was closed during the 

sputtering process. 

To ensure that the measured energy flux by the probe should be accurate, the probe has 

been calibrated by a method described by Wendt et al [63]. The probe was exposed to a 

known heat source and biased to the voltage equal to the plasma potential. The heat 

capacity of the probe measured by this was found to be 2.9 J K"I. The heat capacity of 

the probe also has been calculated theoretically according to the following formula 

eq. (3.7) 

where Cp is the heat capacity, V is the volume of the disc and cp is the specific heat 

capacity of the copper. Given the values for the copper and disc dimension, the 

calculated heat capacity was 3.1 JK- t
, Therefore the mean value of theoretically 

calculated and experimentally measured values was 3.0 JK"t and has been used for this 

study. 

3.3. Energy Resolved Mass Spectrometry 

The properties of thin films deposited are determined by the energy distribution and 

composition of incident flux onto the substrate [64-66]. Therefore, it becomes necessary 

to know the accurate values of energy distribution and mass of incident flux to produce 

the engineering quality thin films with tailored properties. 
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3.3.1 Principle of Operation 

Energy resolved mass spectrometry is a technique that can be used to get such 

information. This technique comprises of extraction and detection of plasma species 

such as neutrals, positive and negative ions according to their energy and mass. It gives 

the information in terms of ' energy distribution function ' with their mass. 

Plasma particles are extracted from the plasma via a very small orifice. Then these 

particles enter into the insertion probe. If the entering particles are neutrals then they are 

ionized first. Then these particles travel through a series of energy and mass filters 

where they are binned according to their energy and mass. In-between various filters, 

particles are collimated by various electrostatic lenses. These collimated ionized 

particles are detected by the detector that is photo-multiplier tube. This scheme is 

illustrated in the figure 3.6. 
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Figure 3.6: Principle o/plasma mass spectrometry with electrostatic gate to get high time
resolved measurements. 
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In the present study, for energy resolve mass spectrometric measurements, energy and 

mass analyzer EQP-300 supplied by Hiden Analytical Ltd has been used. Here EQP 

stands for 'Electrostatic Quadrupole Plasma' and 300 stands for the atomic masses in 

amu (atomic mass unit, 1 amu = 1.67 x 10.27 kg) that can be detected by the analyzer. 

This instrument can measure the energy of the plasma particles in the range of ± 100 

eV. The absolute value of energy range to be measured can be changed by applying 

external voltage on the 'reference potential Vrej situated on the analyzer control unit. 

For example, by the application of 500 V on the V ref W ill allow measuring the energy of 

the plasma particles in the energy range of 400 to 600 eV. 

The operation of mass and energy analyzer is controlled by a software MASsoft 

supplied by the Hiden Ltd. It provided total flexibility for the user to control the mass 

spectrometer. 

The mass and energy analyzer can be operated in one of four modes. Residual gas 

analysis (RGA) mode detects the neutral particles, where an internal ionizing source is 

used to provide the positive ions for mass and energy analysis. In RGA negative ion 

mode, negatively charged ions are detected. In secondary ions mass spectroscopy 

(SIMS) positive ion mode, where externally generated positive ions are analyzed and in 

SIMS negative ion mode, externally generated negative ions are generated. Here 

external source of ion generation is the plasma itself. 

The plasma particles can be sampled in two modes such as time-averaged, where ions 

are sampled by the instrument for whole ofthe pulse cycle and IEDFs are averaged 
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over the entire pulse period. In time-resolved modes of operation, ions are sampled at a 

specified point of time during pulse. 

3.3.2 Electrostatic Ion Shuttering Technique 

An electrostatic ion shuttering technique - to stop ions entering into the orifice of the 

instrument - has been fabricated and used in association with the commercially available 

mass spectrometer to get very high time-resolved IEDFs. 

The electrostatic shutter was made of stainless steel mesh having 57 wires/inch and 45% 

geometrical transparency. The schematic diagram of the electrostatic shutter is shown 

in figure 3.7. 
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Figure 3.7: A schematic of the electrostatic ion shuttering technique that has been utilized 
while collection very high time-resolved IEDFs during the present study. 
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This electrostatic shutter was situated 0.5 mm in between the orifice and extractor. The 

electrostatic pulse to the shutter was supplied by the external pulse generator via a 

sealed pin. Both the grid and the detector have been gated by an external delay 

generator at a prescribed time delay. The time t=O was the zero cutting edge of target 

voltage in off-on transition. 

The schematic of the pulse scheme applied on the ion shutter and the on the detector of 

mass spectrometer together with cathode discharge voltage pulse is shown in the figure 

3.8 

Cathode 
pulse 

Sample ~ 
pulse 

Detector 
pulse 

.. 

--------------

, .. ... 
I IGO~ I --------------I 

I 
I 
I 
I 

.... I 
II :Z1JS2fs 
II I ..--------------: I 

• I I 
I I 
I I 
I I 
I : I 2501J!l: r 

I 

l1me(ps) ---~ ..... 

Figure 3.8: A schematic plot a/the pulsing scheme applied to ion shutter while collecting the 
time-resolved IEDFs 
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During the non ion collecting region of pulse, the voltage at grid was held at 158V to 

repel all positive ions and during the ion collection region, the voltage at the grid was 

kept at -20 V for a time duration -tg , time resolution window, allowing the ions to reach 

the spectrometer optics and SEM. It was found experimentally the best setting of grid 

and extractor voltage was -20 and -25 V for the highest counts. Falling and rising time 

of gate pulse was 40 and 70 ns and these are considerably shorter than the shuttering 

window width of 5 J.ls used in these experiments. After 2 J.ls from the end of the 

extractor gating pulse, shown in figure 3.8, the detector enabling pulse was sent by the 

EQP signal board allowing the digital ion counting pulses to be counted within this 

pulse. Duration of detector gating pulse was chosen 250 J.ls so that all the ions up to 300 

amu passing through the optics could be detected at the detector. 

IE OF for AIl' far 0 ttl 30 U:OE with 2 uoec lima l'E,"ulutiarr 

o 
:IJ 

Tlma(microsaconds) 

· .. · .... ·-f .. · 
" . ..... ::... .. ..... : .... .. 

-"- .. : 
.. " ~"" -:" .. .. 

o -50 
Energy(eV) 

' . . -. 

Figure 3.9: A plot of Ar+ IEDFs collected by utilizing the electrostatic ion shuttering technique 
with 2 liS time resolution. A titanium target has been sputtered in Argon gas environment 
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This time delay between the electrostatic shuttering pulse (pulse used for ion collection) 

and detector enabling pulse allowed us to avoid the false ion detection at the detector 

due to EM interference generated by large rapid change in amplitude at the grid voltage. 

A typical IEDFs sampled by utilizing this technique has been shown in the figure 

3.9.This electrostatic shuttering in conjunction with energy resolved mass spectrometer 

has been used to obtain time-resolved IEDFs with time-resolution more than 2 f.ls. 

3.4 Thin Film Deposition Monitor 

The deposition rates have been measured by using quartz crystal microbalance Maxtek 

thin film deposition monitor TM400. 

Figure 3.10: A picture of the deposition rate monitors TM400 from Inficon Ltd. The sensor 
used during the present study was of silver coated quartz. 
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The pictures of deposition rate monitor and its readout are shown in the figures 3.10 and 

3.11. 

Figure 3.1 I : A picture of the deposition rate monitors TM400 read out from Inficon Ltd. 

A quartz crystal has a well defined resonant frequency which depends upon on its cut 

and geometrical dimension. For a quartz crystal, frequency of oscillations depends on 

its thickness. The monitor therefore consists of a crystal placed adjacent to a substrate 

onto which the film is deposited and the electrical equipment for measuring the change 

in the frequency. These are based on the principle that the oscillating frequency of a 

quartz crystal is changed by the mass of a deposited film on its upper face and the 

change in frequency is given by the following equation [taken from Inficon 

(manufactures) website]. 

eq. (3.8) 
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where td is thickness of the deposited film, p is density of the crystal, t is thickness of 

the crystal, df is the change in frequency, Pd is density of depositing material and f is 

frequency of the oscillator. 

Electronically measuring this effect allows for a determination of the thickness of a 

deposited film. Once the density of the evaporated material is entered into the system, 

the deposited mass is measured to a resolution of 0.375 ng cm-2 and the thickness to a 

resolution of 0.5 nm on a four digit LED display having a range of 0 - 999.9 nano

meters. The crystal and holder are mounted in the vacuum chamber and connected to 

the oscillator of 6 MHz via the supplied BNC cable. The other end of the oscillator is 

connected to the display panel. The methodology used to measure the deposition rates is 

to measure the thickness in a specified time. 

3.5 Langmuir Probe 

A Langmuir probe is simply a wire, which when inserted into the discharge, measures 

the discharge parameters. When it is biased with respect to the discharge, current flows 

through it. Current flowing through the Langmuir probe is measured as a function of the 

applied voltage and the relation between the measured current and applied voltage is 

known as I-V characteristics that provides information about plasma density, plasma 

temperature, plasma potential, floating potential and electron energy (EEDF) functions. 

The beauty of the Langmuir probe is that it provides local measurements contrary to 

other diagnostic tools such as Optical Emission spectroscopy (DES) and mass 

spectroscopy. In this section, various techniques available to extract the plasma 

parameters will be discussed in the following sections. 
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3.5.1 Langmuir Probe Theory 

The classical theory of Langmuir probe has been proposed by Mott and Langmuir in 

1926 [67]. When the probe is biased by a potential Vb with respect to the plasma, 

current Ip flows through the probe. A plot between the measured Ip and applied voltage 

Vb is known as I-V characteristics and reveals the information about the plasma 

parameters such as plasma electron density (ne), plasma ion density (ni), plasma electron 

temperature (Te), plasma potential (V p), floating potential (V r) and electron energy 

distributions (EEDF) functions. 

For the convenience in analyzing, I-V characteristics are divided into three regions. 

When a negative voltage (-Vb) with respect to the plasma potential (Vp) is applied to 

the probe, it attracts the plasma ions and repels the plasma electrons. At sufficiently 

large negative potential (-Vb » Vp), probe collects plasma ions only and the probe 

current comprises only of the ion current and there is no contribution of electron current 

to probe current. The current collected by the probe in this condition is known as ion 

saturation current. This region has been labeled as Iionsat in figure 1.1 (Chapter -1). 

When a positive potential is applied to the probe, it attracts electrons and repels ions. At 

a certain potential, the sheath around the probe collapses and electrons reach the probe 

with their thermal velocities. The potential applied to the probe is known as plasma 

potential and the probe current, in this situation is known as electron saturation current 

labeled as Ielectronsat in figure 1.1 (Chapter 1). In the intermediate region, the probe 

collects both the electron and ion current. 
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For deriving the plasma parameters from the I-V characteristics, it is assumed that the 

sheath around the probe is collision less and electrons follow Maxwellian distribution. 

The ion saturation current to the probe can be expressed [8] as 

eq. (3.9) 

where tsat is ion saturation current, e is the electronic charge, ns is plasma density within 

the collecting area (ns - 0.61 no, where no is the bulk plasma density), A is the current 

collecting area that is bigger than the area of the Debye sphere (A > A.~), Te is the 

electron plasma temperature and Mi is the mass ofthe ion. 

When the probe is biased at the plasma potential, it collects the electrons with their 

thermal velocities. The current collected in this condition is known as electron 

saturation current and can be expressed [8] as 

eq.(3.10) 

where 17; is the mean velocity of the electrons. The factor 114 comes from two factors 

of 112. First 112 accounts for the fact that at the sheath edge the plasma density is half of 

the bulk plasma density i.e. half of the density is heading towards the probe. The second 

factor of 112 accounts for the average if the direction cosines are average over 

hemisphere. 
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When the probe is biased in the electron retarding region (Vb < Vp), the total current to 

the probe will be I=Ie+Ii where Ie can be written as 

eq. (3.11) 

Taking the natural log ofthe above equation yields 

eq. (3.12) 

Therefore, the slope of the plot of In(/e) versus Vb directly gives the electron plasma 

temperature. 

Langmuir probes may be planar, cylindrical and spherical in shape. However cylindrical 

probes are more common due to their simplicity in construction and they can easily 

satisfy the condition where current collecting area of the probe is greater than probe area 

(A » a2
), so that Orbital Motion Limited (OML) current theory can be applied easily. 

Analysis of the Langmuir probes was frrst proposed by Mott and Langmuir [67] where 

the OML theory was frrst utilised. Then theory was later strengthened by Allen, Boyd, 

Reynolds [68] and Laframboise [69]. 

This theory is applicable when the sheath is collision less O.e.i » s) and thick (s»a). In 

this condition all the particles entering into the sheath are collected by the probe because 

of the very less probability of collisions. In this case, the probe current is independent of 

the exact shape of the potential because the conservations laws of energy and 

momentum concern only the initial and final values of energy and angular momentum. 
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Considering the probe length is greater than the radius of the probe (lp > a) and the 

electrons obey the Maxwellian distribution in the bulk plasma, the current collected by 

probe can described as [69], 

..fi ( 1',. )~ ( e¢)~ J. =-Aen ~ 1 +--p 
I,e 1f s m· 1',. 

l,e l,e 

eq. (3.13) 

Where ¢p is (Vb - V p) and the subscripts i and e for the ion and electron current 

respectively. If the ¢p is very large (e¢p » Ti,e)' then equation 3.13 can be written as 

1 1 

..fi ( Ti,e )2 (e¢p)2 ]. =-Aen - -
I,e 7r s m. 1',. 

l,e .. ,e 
eq. (3.14) 

From the above equation, it is clear that in the limits of high potentials, a plot between i 

and Vb is a line and the slop of this line gives directly the density ns
2 

, independent of 

plasma temperature. 

The applicability of Langmuir probe theory can be determined by considering three 

factors 

1. The ratio of De bye length and probe radius a/A.d 

2. The ratio of electron and ion temperature T clfi 

3. The Knusden number Ki,e= /..;.,ela 

The first two conditions are necessary for OML theory to be valid. When ion and 

electron temperatures are comparable, then the plasma density calculated by this method 

will be reduced by a factor of (T/21tTe)ll2. 
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3.5.2 Langmuir Probe in non-Maxwellian Plasmas 

Langmuir probe theory discussed above is only valid for Maxwellian plasmas. In the 

low pressure regime, where the discharges are not Maxwellian, application of the above 

theory yields the error in the calculation of plasma parameters. Processing of different 

parts of I-V characteristics by different probe theory (such as orbital motion and radial 

motion theories of ion current) gives different values of same parameters. Godyak et. al. 

[70] calculated plasma parameters from I-V characteristics when the electron energy 

distribution functions (EEDFs) were not Maxwellian i.e. these were bi-Maxwellian and 

Druyvseteyn EEDFs. Since the magnetron sputtering discharges are also operated at 

low pressure, therefore these types of EEDFs were also observed in magnetron 

sputtering discharges [71-75]. Hence, it is essential to extract plasma parameters from 

the I-V characteristics considering the bi-Maxwellian or Druyvseteyn EEDFs. This 

method is known as Druyvseteyn method and involves the differentiating of the probe 

characteristics to get EEDF and calculating plasma density and effective temperature by 

integrating ofEEDF. The plasma potential is estimated by finding the zero crossing of 

the second derivative ofI-V characteristics. The method can be described as following. 

For an arbitrary and isotropic electron velocity distribution /e(v), the EEDF can written 

as 

Be(e)de = 4nv2 Ie (v)dv eq. (3.15) 

where E = mv2 j2e is the electron energy. Introducing this relation into the above 
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equation results 

eq. (3.16) 

The electron velocity distribution function can directly be calculated from I-V 

characteristics according the following relation 

eq. (3.17) 

Substituting equation in 3.17 into equation 3.16 

2m (2eE)1/Z dZle 
Be(E) = eZA -:;:;- dVz eq. (3.18) 

Above equation 3.18 gives the electron EEDF. The plasma density can be calculated 

from this equation as 

eq. (3.19) 

and effective plasma temperature 

eq. (3.20) 

and plasma potential can be calculated from the point where ::1; = o. 

This method to extract the plasma parameters has several advantages such as (I) it is 
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applicable in low pressure discharges where the EEDF is not Maxwellian. (2) It is free 

from the ratio of probe dimension to Debye length and applicable for any convex probe 

geometry. 

3.5.3 Langmuir Probe in Pulsed Plasma 

Most of the processing plasmas are operated in pulsed mode such as RF, mid frequency 

and HiPIMS mode. In these plasmas, plasma parameters evolve with time. The validity 

of the Langmuir probe theory relies on the robustness of Child sheath around the probe 

against the time. But in the pulsed plasmas, the Child sheath varies with time due to the 

varying potential. The I-V characteristics obtained by Langmuir probe get distorted due 

to the presence of displacement current produced by sheath oscillation and therefore, the 

time averaged Langmuir probe measurements does not yield accurate information 

about the plasma parameters. It makes necessary to diagnose the plasma in the time

resolved mode. 

Time resolved measurements using a Langmuir probe are possible if operating 

frequency is less than the ion plasma frequency (f« fpi). In this condition, the changes 

in plasma parameters are slow enough, so that ions can respond to varying plasma 

parameters on the time scale of inverse ion plasma frequency (t - fpi') and can maintain 

the Child sheath around the probe. In the case of f» fpi, the ions can not respond, but 

the plasma electrons can respond due to fpe » f and electrons and ions are not in 

equilibrium anymore. It produces a distortion in I-V characteristics due to the 

displacement current. It offers a restriction of the time-resolution of the Langmuir probe 

measurements and it is on the time scale on inverse ion plasma frequency t - f/ . 
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Typically, in the processing plasmas '[ is - 100 ns. Therefore, the time-resolution can 

not be higher than 100 ns. Additionally, the circuitry used to measure is also has some 

time response of order of -100 ns. It makes the time resolution higher than 200 ns 

impossible. 

3.5.4 Practical Considerations in Designing Langmuir Probe 

The presence of the probe always perturbs the plasma. Therefore, before using the 

probe, some designing considerations should be taken into account. The probe holder 

should be electrically floating so that it does not extract any current from the plasma. 

The length of the probe holder should be many times greater than the Debye length, so 

that the current collected by the probe holder from the plasma should be very small 

compared to the total plasma current. 

The small radius of the probe offers the small current collecting area and therefore 

draws small current from the discharges and does not perturb the discharge. Moreover, 

the smaller size of the probe radius also reduces the magnetic field effects on the I-V 

characteristics. The length of the probe wire should be many times longer than the probe 

radius to reduce the shadowing effects. 

3.5.5 Designing and Fabrication of the Langmuir Probe 

Using the Langmuir probe in the magnetron plasmas faces difficulties due to deposition 

of thin layer over the probe tip and supporting stem. In the case of insulating oxide 

films, the deposition of the film onto the probe tip reduces the collecting area of the 

probe. 
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This eventually results in the failure of the probe. In case of conducting metallic films, 

deposition of metallic flux onto the probe enhances the area of the probe. Over the long 

time of use, the deposition flux might also deposit onto the probe support stem and 

might provide the connectivity between the probe tip and the much larger probe stem. If 

it happens, it increases the collecting area of the probe drastically (-IOOs times) and, in 

tum, extracts large currents from the plasmas perturbing the plasmas. Therefore, the 

probe must be designed so that these drawbacks produced by the depositing flux could 

be minimized and the probe should be cleaned on regularly to get accurate 

measurements 

I nner sleeve 

[::~--.. -.:=:~~~;~~=~~\ ~~:----prOb-'---! t;p 

Outer sleeve 
Probe tern 

Figure 3. J 2: A schematic of Langmuir probe used in this study. 

The cylindrical Langmuir probe has been used for the present study as shown in the 

figure 3.12. The probe tip was made of tungsten wire of diameter I 00 ~m and length of 

3 mm. This probe was housed in two ceramic tubes named as outer and inner sleeve to 

avoid the probe tip to be deposited by the deposition flux. The length of outer sleeve 

was kept 150 mm to avoid any metallic surface in-front of the cathode. This whole of 

the as embly was fitted in such a stainless steel stem that can be push fitted into a 

stainle s steel probe shaft. This construction of the probe enable to measure I-V 
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characteristics for duration of entire experiment without any measurable change in the I

V characteristics recorded. 

3.5.6 Automated Langmuir Probe System 

The Smart Probe system supplied by Scientific Systems has been used for the present 

study. It has voltage scan range from -95 to +95 V that can be varied depending upon 

the application. The voltage range is divided into 200 equal steps with 25 mV resolution 

for measuring the I-V characteristics. The voltage range is selected by using the 

software control for each measurement. The number of the sampling points for each 

scan and number of the scans for each I-V characteristics can be set by the software. It 

has the current range 0.25 to 250 rnA (@13.56 MHz) with auto current range system 

with 0.1 JlA. For time resolved measurements, the Smart Probe system is used in 

BOXCAR mode with maximum trigger rate of 18 kHz and time resolution of 1 JlS and it 

requires an external negative TTL trigger signal at the external trigger port to trigger the 

Smart Probe system. This external trigger signal is supplied to Smart Probe system by a 

delay generator (Stanford Research Systems DG535). A cathode discharge V d is 

supplied to delay generator by a xlOO voltage probe. At the user defined set point 

during the pulse (zero crossing voltage is t = 0 + delay), the delay generator produces 

the -5 V TTL signal that goes to external trigger port of the Smart Probe system. In the 

time-resolved mode, each time a trigger is received one point on the I-V characteristics 

is measured and 200 points are required for a complete I-V characteristics to be 

acquired. The number of samples per point and the number of sweeps per scan decides 
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the total time required to measure I-V characteristics. Therefore the total time required 

to get one I-V characteristics is 

Total time required = [200 x No. of samples per point x Trigger period] x No. of 

sweeps 

I f the number of sweeps or number of sample per point is increased, that total time also 

increases. 
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Chapter 4 

PLASMA POTENTIAL MEASUREMENTS 

The plasma potential is an important intrinsic parameter as it determines electric field 

structure, transport and the energy distribution of the charged particles incident onto the 

substrate that, in turn, influences thin film properties. Therefore, to gain more 

understanding of the plasma processes, it is necessary to investigate the temporal 

evolution of the plasma potential and how it changes with global parameters such as 

average pressure, average power and magnetic field strength. This chapter describes the 

time evolution of plasma potential in HiPIMS discharges and its relationship with the 

deposition rate. 

4. t Evolution of Plasma Potential in One-dimension 

This section describes the one dimensional spatial-temporal evolution of plasma 

potential along a line parallel to the discharge central line and above the racetrack, the 

effect of magnetic field strength on it and its relationship with deposition rates. 

4. t. t Introduction 

An electron-emitting probe has been used to measure the temporal evolution of the 

plasma potential (Vp) along a line from target (Ti) to substrate above the racetrack in a 

HiPIMS discharge pulsed at 100 Hz with 100 Ils pulse 'on-time'. The 20 ns time-

resolution of the probe allowed us to observe the highly dynamic nature of V p as the 

discharge voltage waveform develops. 
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The ability to produce copious number of deposition ions that can be attracted and thus 

directed by an electrical bias on the substrate has meant HiPIMS discharges are now 

rmding uses in a number of technological areas. These include the directional 

deposition of metals such as Cu into the high-aspect ratio Si trenches in micro

electronics [50], the Cr and Nb ion pre-treatment of 304 stainless steel and M2 high 

speed steel substrates [51] and the controlled ion-assisted growth of CrN films on 

engineering steels [26]. 

Despite many useful properties, it is often reported that HiPIMS discharges suffer from 

lower deposition rates compared to conventional DC and pulsed DC magnetron 

sputtering. This reduction is typically between 30 - 70% for metals, oxides and nitrides 

given for same nominal applied powers, as reported in [50]. 

A number of workers have attempted to explain this observation by considering 

particle balance (ions and neutrals) in the discharge bulk. For instance, a 

phenomenological model, based on a signal flow graph with parameters interpreted as 

gains (adopted from Mason's gain formula) [76], has been developed by Christie et. 

al.[77]. The model predicts a lower deposition rate due to considerable back-scattering 

of metal ions (M+) from gas ions, transporting them back to the target. Experimental 

observations have also been used to help explaining the lower deposition rates in 

HiPIMS. For instance, using a range of target materials, it has been established that the 

deposition rate can be directly related to the self-sputtering yield [50, 78] of the target 

material. Recently, Emmerlich et a!. [79] used TRIM code and experimental results 

with Cu deposition to argue that since the sputtering yield (y) is a non-linear function 
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of the applied target voltage (y - Vd1(2
) and in HiPIMS Vd is significantly higher than in 

conventional sputtering (Le. 500 to 3000 V compared to 400 V), therefore it is 

unreasonable to compare the two types of system for a given applied power. The bulk 

plasma conditions can also influence the deposition rate. Bohlmark et al. [80] showed 

that the magnetic geometry is an important factor and through the use of an additional, 

adjustable magnetic field demonstrated that the depositing ionised metal flux can be 

redirected to the substrate so enhancing the deposition rate. It has also been reported by 

the same group [81] that ions above the racetrack can achieve substantial energies in 

the azimuthal (E x B) direction through electron-ion friction (as a result of anomalous 

transverse resistivity and wave-riding), so deflecting metal ions M+ sideways towards 

the wall and away from the substrate, lowering the deposition rate. Konstantinidis et. 

al. [82] argued that metallic ions are unable to leave the magnetized plasma (trap) due 

to a lack of electrons in the inter-target-substrate space affecting the space charge 

distribution. They suggest that the space charge of ions should be balanced by that of 

electrons for the efficient transport of the metal ions to the substrate. Considering this 

key point, they obtained higher deposition rates by applying an additional inductively 

coupled plasma source, which enhanced the mobility of the ions. 

One area which has received little attention however, is the structure of the plasma 

potential V p between the target and the substrate and how it may affect the deposition 

rate. Since a substantial proportion of the depositing flux in HiPIMS is ionized, any 

rising potential in the bulk may act as a barrier to ionized species reaching the 

substrate. The observation of anomalously large potential gradients (i.e. - 22 V across 

a 4 cm region) in the bulk plasma has already been made in pulsed DC magnetrons 
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[58, 83, 84] using a specially constructed emissive probe and it is not unreasonable to 

expect such electric structures could exist in HiPIMS plasmas. 

It is the aim of this work to apply the methods described in [58] to examine in detail 

the distribution ofVp in a HiPIMS discharge, not only to gain new information on the 

electric field structure of the plasma but also to investigate if V p can have some bearing 

on the ion fluxes at the substrate. Knowledge of V p is generally important in plasmas 

because it reveals the electric field structure in the plasma volume, it defines the 

potential at which ions are generated and hence determines their bombarding energies 

at the substrate and it affects charge particle transport and the overall distribution of 

electron and ion plasma densities in the discharge. 

Measurements of Vp in HiPIMS discharges have already been made using Langmuir 

probes [84-86, 59] for a number of different discharge geometries and operating 

conditions. For instance, time-resolved measurements of Vp at positions in the bulk 

plasma (9 cm from the target) have revealed only positive potentials during the whole 

pulse period with a peak value of V p - + 5 V seen at the end of the "on-time" phase 

(duration of 100 ~s) [85, 86]. The plasma potential then decayed in the afterglow, 

down to +0.5 V after t = 400 ~s. In addition it was found that V p values increase with 

lower working pressure. Spatial measurements of V p have also been made using the 

Langmuir probe [86] at three radial locations (r = 0, 5 and 7 em) for a fixed axial 

distance (9 em) revealing that V p does not change over the chosen positions, i.e. the 

peak in Vp was invariant at + 3.5 V (t = 100 ~s) and always decayed to about + 0.7 V 

(at t = 500 ~s). In a different HiPIMS discharge, with a 200 ~s pulse "on-time", other 
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time-resolved measurements of Vp [59] show two peaks of +2.5 V and +3.5 V, the 

first occurring in the "on-time" at t = 50 Ils and the second in the "off-time" at and t = 

225 IlS. With increased time, V p reduced + 1 V at t = 300 IlS. It was also reported in the 

same publication that higher discharge currents give rise to higher peak values of V p 

(e.g. +2.5 Vat 5 A and +3.5 Vat 50 A) measured in the afterglow, t = 225 IlS. 

Langmuir probe estimates of V p can be problematic particularly in magnetised and 

pulse plasmas (such as HiPIMS), and coupled with usually poor temporal resolution 

(typically - 10 Ils). Therefore emissive probe technique has been used to gain both 

temporal and spatial information of V p' This relatively simple technique, when 

operated in the so-called "saturated floating potential regime" provides V p directly 

without the need for (post-experiment) data derivation, as described in [58,83,84,87, 

88]. Although the emissive probe has not to date been applied to the high density 

HiPIMS environment it has been successfully used in the edge of a tokamak plasmas 

[89] where the values for ne and magnetic field strength B are similar to the maximum 

values in this study. 

4.1.2 The Experimental Arrangement 

A planar circular magnetron (V-TECH 150 supplied by GENCOA Ltd,) equipped with 

a 99.99% pure titanium target of 150 mm diameter was used in this study as detailed in 

chapter 2. 
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The magnetron source was energized by a SINEX 3.0 HiPIMS power supply (from 

Chemfilt Ion Sputtering) operated at fixed frequency of 100 Hz and an "on-time" pulse 

width of 100 Jls. The target was sputtered in an argon gas environment (purity 99.99%) 

at pressures of 0.54 and 1.08 Pa and time-averaged powers of 650 and 950 W. The 

peak target power and current density in this study were -3 kW cm·2 and - 2.7 A cm·2 

respectively. The plasma potential measurements were carried out above the racetrack 

on a line parallel to the discharge axis at a radial position of r = 45 mm. This line 

extends axially from positions close to the target (z = 2 mm) to a typical substrate 

position (z = 100 mm). Emissive probe measurements were made every 5 mm for 

target-probe separations z > 5 mm, however close to the target, in the vicinity of the 

cathode sheath and pre-sheath regions, measurements were made at every 2 mm. The 

probe loop diameter was 2 mm, therefore measurements for z < 5 mm were, to some 

degree, spatially averaged. 

The deposition rates of sputtered titanium were measured along the same line as the V p 

measurements but only from 30 to 100 mm using a Maxtek TM-400 multi film 

deposition monitor (equipped with a 6 MHz quartz crystal oscillator and silver 

sensors). Although the deposition rate varies during the pulse, the slow response of the 

sensor allows only time-averaged values to be determined (in our case from the total 

thickness measured in the fixed chosen deposition time of 120 s). A schematic diagram 

of the magnetron arrangement together with the positions of the emissive probe and 

deposition rate monitor is shown in figure 2.2 (Chapter 2). 
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One important region of the discharge is the magnetic trap, indicated in the figure 2.2 

(Chapter - 2) and defined by a region enclosed by magnetic field lines that intersect the 

target twice. The construction and electrical arrangement of emissive probe has been 

described in section 3.1.4 (Chapter 3). 

To investigate the effect of magnetic field strength (8) on the temporal and spatial 

evolution ofVp and the deposition rate Pd, measurements were carried at three different 

magnetic field configurations (I , 2 and 3) as shown in figure 4.1 - 4 .. 3. 
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Figure 4.1 The measured magnetic field (flux density B) andfield line directions/or magnetic 
field configuration I (magnets were situated at 0 mm behind the cathode). Normalized arrows 
indicate the Bjield direction, gray scale is the magnitude 0/ magnetic field B. 
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Figure 4.1 The measured magnetic field (flux density B) and field line directions for magnetic 
field configuration 2 (magnets were situated at 5 mm behind the cathode) . Normalized arrows 
indicate the B-field direction, gray scale is the magnitude of magnetic field B. 
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Figure 4.3: The measured magnetic field (flux density B) and field line directions for magnetic 
field configuration 3 (magnets 10 mm behind the cathode). Normalized arrows indicate the B
fi eld direction, gray scale is the magnitude of magnetic field B 
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These field strengths and directions have been determined from bench measurements 

of magnetic field taken in the axial (Bz) and radial directions (Br) using a Hall probe. 

By pulling the magnets back behind the target, we were able to progressively lower the 

field strengths. Also we see that the position of the null in the magnetic field on the 

discharge centre line moves by 20 mm towards the target from configuration 1 to 

configuration 3. The magnitude of total B-field (lBi = .jCB} + Bn) along the line of 

v p measurement is shown in figure 4.4. As the magnets were withdrawn B dropped by 

33% at the target. 

400 

350 ---B-1IeId configuration 1 
-+-B-field configuration 2 

6' 
300 -.lor- B-field configuration 3 

...... 
"C 250 (j) 
Ii: 
0 200 :;::; 
Q) 
c 
Cl 

150 (II 

E 
"iii 100 
~ 

50 

0 
0 25 50 75 100 125 

Axial distance from cathode (mm) 

Figure 4.4: The total B-field IBI = J (Bf + B;) for the 3 different magnet positions behind the 
cathode. 

The cathode voltage (Vd) and current (Id) waveforms were measured at an intermediary 

aluminum test box placed between power supply and magnetron source using a x 100 
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voltage probe (P5100 Tektronix Ltd model) and a x 20 current probe (Tektronix Ltd 

Model TCP 04) in conjunction with x 10 current probe (Tektronix Ltd Model TCP 202) 

respectively. The reference time t = 0 was defined as the zero voltage crossing point 

between the 'off' and 'on' phases of the Vd pulse. Example Vd and Id waveforms are 

shown in figure 4.5. In this case, an average discharge power of 650 W, a gas pressure 

of 0.54 Pa and magnetic field configuration 1 was chosen as shown in figure 4.l. 
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Figure 4.5. The cathode voltage (Vq) and current (lq) waveforms produced by the SINEX 3.0 
HiPIMS power supply for an average discharge power of 650 Wand a gas pressure of 0.54 Pa. 

From the figure 4.5 we see that in the initial phase, V d ramps down rapidly from 0 to -

650 V in 200 ns, then relaxes somewhat to reach -600 V in next 20 J1S. After this, V d 

increases up to 0 V in 100 J1s. Id lags V d, having a maximum value of 230 A which 

Occurs 40 J1S after initiation of the discharge pulse. 
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4.1.3 Results and discussion 

4.1.3.1 Loop Current versus Floating Potential 

In a preliminary experiment, the floating potential sampled by the emissive probe was 

measured as a function of heating current Ih up-to and past the point where full electron 

emission was expected. This was done for the probe positioned at z = 100 and for three 

different times during the pulse and these are shown in figure 4.6. The chosen times 

correspond to three structures we name as 'first peak', 'second peak' and the 'stable off 

phase.' 
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Figure 4.6. A plot of the time-evolution of typical plasma potential (Vp), measured at one 
position (z = 100 mm and r = 45), at an average discharge power of 650 Wand a gas pressure 
of 0.54 Pa in B-field configuration 1. Here, we identify the "first peak", "second peak" and 
"off- phase ". At the time oft = 57 )IS Vp goes above the ground as shown by vertical line. 
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As we see in figure 4.7 the floating potential V f saturates above a certain current h 

(-1.75 A) and we can therefore assume full electron emission has been achieved for all 

times during the pulse at this current. 
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Figu,.e 4.7: A plot of measured emissive probe floating potential (V) versus loop heat current 
(liJ at one position (z = 100 mm r = 45 mm) during three identified phases in the Vfwaveform: 
(a) the "first peak" (b) "second peak" and (c) "off-phase ", as described in figure 5.6. It should 
be noted that at I" > 1.75 A. thej/oating potential JJapproaches to the plasma potential Vp- All 
the measurements were performed in B-jield configuration 1 

This gives us confidence that the measured floating potential V f represents well the 

true value ofVp• For currents below 1.75 A, it was found that a considerable amount of 

structure in V p was not revealed, particularly during the "second peak" occurring at 

times between 15 and 18 ~s after the initiation of the pulse. 
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4.1.3.2 Plasma potential versus Probe Plane Orientation 

Another important consideration was the presence of the magnetic field, which as 

already indicated could affect the V p measurements. Generally, in magnetron 

discharges, the electrons are magnetised, but the ions are not which can be written as 

the condition re < rp < rj where re and rj are the electron and ion Larmor radii and rp is 

thr probe radius. Since the emitted cold electrons from the probe have energies typicaly 

only twice of the binding energy (a few eV) they will be magnetised at positions of 

large B in the discharge and therefore the orientation of the probe loop relative to the 

local B field may have an influence on their transport from the probe and hence the 

inferred value ofVp [86]. 

We investigate the emission characteristics of the probe and the V p values for three 

different probe orientations relative to the B-field. To do this, we define the normal 

vector to the probe loop;' and investigate V p for angles e = 0°, 45° and 90°, where 9 is 

the angle between jj and n vectors. Measurements of V p are made at these three 

angles and at two different positions in the discharge, one close to target, Z = 30 mm 

(inside the magnetic trap) where B = 11.54 mT and the second at z == 90 mm (outside 

the magnetic trap) where B = 2.38 mT. These two axial locations were chosen since at 

z == 30 mm the bulk plasma electrons are magnetised (re < rp), however, at z = 90 mm 

they are un-magnetized (re > rp). As we see in figure (4.8) at z = 90 mm rotating the 

probe relative to the B-field has only a small effect (typically - I V) on V p value, 

however there is a significant effect (typically - 12 V) at z = 30 mm. When the B-field 

is normal to n, (9 = 90<) the transport of emitted electrons is restricted, as electrons can 
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not readily cross the field lines and escape into the plasma bulk, however when n is 
parallel to B (9 = 0<) the emitted electrons can be swept away along the fields line to 

the boundaries or bulk plasma. 

Figure 4.8 : The time evolution of the emissive probe floating potential at r = 45 mm versus 

B.n 
probe loop orientation angle 0, (0 = IBI.lnl where fi is normal to the probe loop plane and B is 

the local magnetic field vector as shown in figure 5.1-5.3) for probe positions (1) z = 30 mm 
and (2) z = 90 mm. All measurements were performed in B-field configuration 1. 

We therefore chose to orientate the probe at 9 = 0° in all subsequent measurements of 

4.1.3.3 Evolution of the plasma potential 

This section describes the one dimensional plasma potential evolution and its 

relationship with deposition rate. 
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4.1.3.3.1 Axial distribution in Plasma Potential (V p) 

Figures 4.9 - 4.11 show the spatial distribution of the plasma potential V p (from z = 2 

to 100 mm) at the three chosen times during the pulse, namely at the 'first peak' (t = 6-

8 Jls) the 'second peak' (t = 15 - 18 Jls) and during the 'stable offphase' (t = 120 Jls). 

This was done for magnetic configuration 1 and for argon pressures of 0.54 and 1.08 

Pa and average discharge powers of 650 and 950 W. In the case of the 'first peak' 

(figure 4.9) we see the establishment of a deep plasma potential V p close to the 

cathode. 
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Figure 4.9 Plot of Vp versus axial distance z from the cathode for the phase identified as "first 
peak" in figure 5.6. All these measurements were carried out at three different operating 
conditions are considered: _ pressure of 0.54 Pa and average power of 650 W. 0 pressure of 
1.08 Pa and average power of 650 Wand * a pressure of 1.08 Pa and average power of 950 
W. All these measurements were performed in B-field configuration 1. 
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This is particularly clear in the inside the magnetic trap (z = 0 to 40 mm) for the lowest 

pressure (0.54 Pa) and power (650 W) where Vpreaches - 210 V closes to the cathode 

(z = 2mm). This extremely negative value is reduced somewhat with increasing 

pressure and power, for example, V p only reaches - 110 V at 1.08 Pa and 950 W. 

5 

0 .-,-'-*-*-*-*-'-*-*-.-.-.-* 
1;*/ -o-o-o-o-o-c-o-~ 

2: -5 

/* iii ';.-~~'.-~'.-.-.'a ~ -10 I S 
__ 'a 

0 ** I-~ a.. -15 lIS 
E 
J ~-. 

a.. ·20 
(b) 

-25 

-~+-~~~~--~-r--r--r--~~~~~ 
o 10 20 30 <40 50 60 70 80 90 100 110 

Axial distance from cathode (mm) 

Figure 4.10 Plot of Vp versus axial distance z from the cathode for the phase identified as 
"second peak" in figure 5.6. All these measurements were carried out at three different 
operating conditions are considered: _ pressure of 0.54 Pa and average power of 650 W. 0 

pressure of 1.08 Pa and average power of 650 Wand ... a pressure of 1.08 Pa and average 
power of950 W. All these measurements were performed in B-jield configuration 1. 
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Figure 4.11: Plot ofVp versus axial distance zfrom the cathode for the phase identified as "off 
phase" in figure 5.6. All these measurements were carried out at three different operating 
conditions are considered: _ pressure of 0.54 Pa and average power of 650 W. 0 pressure of 
1.08 Pa and average power of 650 Wand • a pressure of 1.08 Pa and average power of 950 
W. All these measurements were performed in B-field configuration 1. 

It is worth mentioning that the target potentials themselves (V d = -650 and -900 V) are 

not shown in figures and from the plots it is not possible to say if these deep potential 

are actually part of an extended sheath or constitute anomalously high pre-sheath 

potential values. That is, we cannot defme or locate the position of the sheath-edge. If 

we estimate a remnant plasma density of 1 x 109 cm-3 [54] then -650 V on the cathode 

would produce a matrix sheath extension of 6 mm, and in principle we would see this 

in the plots. However, this assumes a non-magnetised matrix sheath and predictions for 

the sheath extension with B-fields up to 300 or 400 G at the cathode are hard to make. 

Similar but smaller potential drops to those seen in figures 4.9 and 4.10 have also been 

reported in pulsed DC magnetron plasmas above the racetrack [82]. Clearly, the large 
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potential drops constitute a large axial electric fields Ez in the plasma bulk particularly 

inside the magnetic trap (z = 5 mm) where we estimate Ez - several 10's of kVm"l. 

Outside this trap (z = 65 mm) however, we have Ez - < 0.5 kVm"I, which is consistent 

with the typical negative glow region in a magnetron. The strong axial electric field at 

the early stage of the pulse (t < 8 Ils) may accelerate any residual ions from the end of 

the previous "off- time" towards the target so initiating sputtering. 

Interestingly, in this phase of the pulse we see a "triple-layer-like" feature in the V p 

profile close to the cathode (z = 5 mm). This is a distinct potential well which has 

formed locally in the plasma potential structure [90]. For the case of 1.08 Pa pressure 

and 950 W power, this well has a depth of -10 V. The structure is labeled in figure 4.9 

as a 'potential reversal'. Although this feature might be an artifact of the measurement 

technique i.e. due to the perturbation of the plasma as the probe 

approaches the cathode, it has been seen in other pulsed magnetron plasmas [19] and 

may warrant further investigation. In this early phase of the pulse, V p never reaches 

ground potential even with increased distance from the cathode. 

The axial distribution of V p during the "second peak" (t - 15 - 18 Jls) is shown in 

figure 4.10. It has similar characteristics to the "first peak" however V p falls to much 

less deep voltages (- 20 V) close to the cathode. We can see clearly that for distances z 

< 40 mm (inside the magnetic trap) substantial E fields exist (E - 0.4 kVm"l) while at 

greater extensions (outside the magnetic trap) E ~ O. In contrast to the "first peak" in 

this phase V p does go above the ground potential for z > 40 mm but only in the 

particular case of 1.08 Pa operating pressure and an average power of 950 W. Figure 
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4.11 shows the axial distribution of the V p corresponding to the 'off-phase'. Here V p 

varies little with distance, with values slightly above ground. The highest values are 

seen to increase with pressure and average power. An interesting observation in the 

"on-time" driven phases of the pulse is that the profiles in V p become flat for z > 40 

mm (E - 0) whereas for distances 2 < z < 45 mm the plasma is characterised by large E 

fields. From figure 4.11 we see that the plasma potential remains at few volts above 

ground (- +2 V) in the "off-time" which suggests that the plasma decays only slowly 

in the afterglow. In fact, looking at figure 4.6 it appears that plasma remains during the 

entire "off-time" with V p sitting above ground, producing a weak ion sheath at the 

cathode, which itself is maintained at 0 V. This effect will provide remnant plasma so 

seeding the subsequent "on-time" ignition. 

4.1.3.3.2 Temporal Evolution of Electric Field in the Bulk Plasma 

To illustrate the dynamic nature of the electric field structure of the discharge, the 

instantaneous axial electric field Ez= -dV/dz has been calculated as a function oftime 

for positions both inside and outside the magnetic trap. This has been done for B-field 

configuration 1 and pressure 0.54 Pa and average power 650 W. Figure 4.12 shows Ez 

averaged over positions from 5 to 10 mm and from over 65 and 70 mm. For the former, 

Ez peaks at 11.5 kV m-I at around t = 8 J,1S, however this does not correspond to the 

time of maximum change in cathode voltage Vd which occurs for times t < 200 ns. The 

calculated values of Ez are much smaller outside the magnetic trap for instance at 

t = 6 J.1s, Ez - 0.4 kV m- I
• In the "off-time" of the pulse (t > 100 J.1s) Ezcollapses in both 

regions, inside and outside the trap. 
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Figure 4.12: A plot of the temporal-evolution of the mean axial electric field strength (EJ inside 
the magnetic trap (z = 5 mm), shown by solid line and outside the magnetic trap (z = 65 mm), 
shown by the dotted line. All the measurements were carried out in B-jield configuration 1. 

Examination of figure 4.12 reveals that for a considerable fraction of the "on-time" the 

very large axial electric fields in the magnetic trap will oppose the motion of positive 

ions (argon and post-ionised sputtered particles) travelling from target to substrate. 

Positive ions would need energies in excess of 190 eV at times up to t = 8 ~s and 30 

eV for times up to t =18 ~s to overcome this repulsive potential. We should point out at 

these times the discharge current and plasma density have not built up yet (see figure 

4.5) and relatively few ions will be created. However, even towards the end of the "on-

time", ions with energies below 20 eV cannot overcome the potential barrier to leave 

the trap. In contrast, ions created outside the trap will see only a weak axial electric 

field in front of them, with little or no barrier to overcome (e.g. V p drops from -22 to -

15 V for t = 6 to 8 JiS i.e. during the 'first peak' phase). Therefore Ti neutrals with only 

a few volts offorward kinetic energy, ionised outside the trap can readily reach the 
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substrate (grounded or negatively biased). It is these ions that form the bulk of the 

deposit in HiPIMS and have been detected by energy-resolved mass spectrometry [24, 

91]. Substantial metal ionisation will only occur once the discharge current Id reaches 

its maximum value which happens at t = 40 /ls as seen in figure 4.S. 

4.1.3.3.3 Spatial-temporal evolution ofthe Plasma Potential (V p) 

It is instructive to plot V p against both time and the distance to reveal the major 

transient features in the evo lution of the potential structure. However, as we shall see, 

by doing this, much of the finer detail in V p will be lost (e.g. the "second peaks" as 

observed in figures 4.9 - 4.11. Figures 4.13 - 4.lS show Vp plotted in contour form for 

different average power and pressure settings, together with in each case plots of the 

associated discharge voltage Vd and current Id waveforms. synchronized in time to the 

Vp plots above them. All three plots have been made for magnetic configuration 1 and 

reveal similar trends. The time axis is plotted logarithmically to reveal detail in V p 

occurring at small times. 

These interesting features can be summarized as follows. The greatest concentration of 

contours occurs at positions close to the cathode indicating deep potentials generated in 

the plasma bulk above the racetrack. For instance, in figure 4.14 at a pressure of 0.S4 

Pa and average power of 6S0 W, we see V p values down to - 210 V at z = 2 mm and t 

= 6 /lS. 
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Figure 4.13 Contour plot of the spatial-temporal evolution of the Vp at a pressure of 0.54 Pa 
and an average power of 650 W. The time axis is in logarithmic scale. All the measurements 
were carried 01lf in B-jield conjig1lTOfion I. 
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Figure 4.14 ontour plot 0/ the jpatial-temporal evolution o/the Vp at a pressure 0/1.08 Pa 
and an average power 0/650 W The time axis is in logarithmic scale. All the measurements 
were carried 0111 in B-field configllration I. 

With increasing pressure or average power these minimum potentials are elevated. 

Deep values ofYp only occur in the magnetic trap (z < 40 mm), with Yp values outside 

the trap typically between -10 and +1 0 Y. 
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It is interesting that comparing the discharge voltage V d with times of deepest V p that 

there is a delay between the establishment of the plasma potential structure in the bulk 

and Vd as it is ramped down to its maximum value. For a pressure of 0.54 Pa and 

average power of 650 W this delay time is 6 to 8 IlS however this shortens with 

increasing pressure and power to < 3 Ils for example at 1.08 Pa and 950 W. Clearly in 

these early periods (t < lOllS) much of the full cathode fall potential!!. V - -650 V must 

be contained within the 2 mm of the sheath adjacent to the target, which cannot be 

resolved using this probe. 

Also, we see that once the plasma potential becomes established (after a few Ils) there 

are very rapid changes in V p occurring in the plasma over large distances, up to about 

40 mm. That is, the contours are nearly vertical (e.g. at t - 5 IlS and t - 50 Ils) in figure 

4.13. This shows the bulk potential structure changes almost simultaneously from 

positions close to the cathode up to the maximum extension of the magnetic trap. 

Another phenomenon is apparent from the contour plots, which is particularly clear in 

figure 4.15, is that V p contours inside the trap have a negative slope, e.g. from z = 20 

mm back to the cathode as time increases from t = 2 to 20 Ils. This feature is also 

observed in figure 4.13 and 4.14 but to lesser degree, however the data strongly 

indicates that deep potentials can first occur at remote positions from the target (Le. in 

the bulk plasma) and propagate back towards the cathode. 
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Figure 4./5 ontour plot of the spatial-temporal evolution of the Vp at a pressure of 1. 08 Pa 
and an average power of 950 W. The time axis is in logarithmic scale. Alllhe measurements 
were carried 0111 in B-field config1lration I. 

The effective speed of this backwards propagation in V p (figure 4.15) is 20 mm/ 5 J.ls -

4 X 103 ms-t . This speed is calculated to be somewhat smaller (- 1.4 x 103 ms-t) at 

lower pressures and powers, see figure 4.13 , but is consistent with the ion acoustic 

speed for an electron temperature of 1 eY. Not only do we see backward propagation in 
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v p. but for times between t = 25 to 40 J.ls and for positions z > 20 mm V p also 

propagates forwards into the bulk plasma, e.g. this can be seen well in figure 4.13 and 

from the slope of the V p contours a forward speed of - 1.2 x 103 ms·1 estimated. The 

potentials involved here are much smaller in magnitude than those observed 

propagating backwards, typically about 10 V. 

To explain why the backward propagation first occurs at positions remote from the 

target (e.g. z = 10, 12 and 20 mm as seen in figures 4.13-4.15 respectively), it would 

require a perturbation in the local space-charge to develop in the bulk, self-consistently 

producing the observed Vp structure. We do not understand the origin of our 

observation but one plausible theory is that hot electrons generated during the initial 

cathode sheath expansion (t = ° -200 ns) may be transported to relatively deep 

positions into the plasma where they alter the space-charge balance. The distance of 

penetration of such electrons with energies up to the cathode fall potential may be 

defined either by their collisional mean-free-path or the extension of their cyclic orbit 

in the orthogonal E and B fields, whichever is the shorter. Such sheath expansion (or 

electron acceleration) has been invoked before to explain the existence of hot electrons 

in the pulsed DC magnetron [24] and are the subject ofa recent paper for HiPIMS [90]. 

Some evidence of the sheath can be in seen in figure 4.9 for t = 5 J.lS and z < 5 mm, 

however we still cannot explain why we observe relatively large delays between the 

full establishment OfVd and the fIrst changes in Vp. From each of the plots in figures in 

4.13 - 4.15, it is clear that when Id reaches its maximum value (- 220, 290, 880 A 

respectively) V p is negative inside the magnetic trap (z < 40 mm) but approaches 

ground potential outside the trap (z > 40). In other recent experiments [90] we have 
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observed that the plasma density builds up to its maximum value typically 10 J.ls after 

the maximum in Id and during this time we see from figures 4.13-4.15 that the plasma 

potential is positive at a distance far from the cathode. In figure 4.13 we see V p goes 

above ground for z > 65 mm. So, at the time when the production of ionic species in 

the discharge (argon and post-ionized sputtered neutrals) is at its highest, the plasma 

potential is negative in the trap (typically - 15 V) and close to ground or slightly 

positive in bulk. As we can see from figure 4.13 - 4.15 close to the target (2 < z < 25 

mm), the V p distribution are sensitive to pressure and average power with the density 

and slope of the contours increasing with power and pressure. 

The general trends of deep plasma potentials and strong axial electric fields in the 

plasma bulk, similar to those observed here, have been predicted using a PIC-MMC 

model by van der Straaten et. al. [92]. However they considered the case of a low

density DC cylindrical magnetron. The large potential drops across the plasma 

observed in [92] are explained as being due to the buildup of negative space charge 

within the magnetically confined plasma. This switches the potential profile from the 

classical positive space charge (PSC) regime with narrow cathode fall and almost flat 

V p profile in pre-sheath and bulk plasma to a negative space charge (NSC) regime with 

anomalously high bulk electric fields. The negative space charge is a consequence of 

resisted transport of electrons across the magnetic field in a regime where the electron 

cyclotron frequency (Ole= eB/me with B the local magnetic field strength and me is the 

electron mass) » v, the momentum stopping collision frequency. In our experiment 

with magnetic fields of up to 430 G at the target (falling to 70 G at z = 40 mm) and low 

operating pressures (up to a maximum of 1.08 Pa), such a NSC regime may exist in the 
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magnetron particularly within the magnetic trap. From figure 4.9 - 4.11 we observe 

that the V p profiles become less steep (i.e. the electric field Ez reduces) in the trap 

region as the pressure and average power are increased. Such a change with pressure is 

consistent with the general finding of [92]. It is conceivable that at higher average 

powers (higher currents) the diamagnetic drift current will be greater so lowering 

marginally the local B field above the racetrack. This phenomenon is described in [93] 

for DC magnetrons and is observed directly using a magnetic probe in a pulsed DC 

magnetron [94] in which B was found to change by a few percent. Lower B-fields lead 

to more PSC conditions and flatter V p profiles. One important consequence of the large 

axial electric fields in the bulk plasma (directed towards the target) existing for a 

considerable part of the pulse "on-time" is that ionised material may be hindered from 

reaching the substrate (at ground or a biased potential). This effect, which acts to limit 

the deposition rate Pd, is explored in more detail below. 

4.1.3.4 Relationship between Plasma Potential, Magnetic Field 

Strength and Deposition Rate 

To investigate how changes in the magnetic-field intensity B over the trap region affect 

the electrical structure of the plasma, measurements of V p were made for the three 

different magnetic field configurations described in section 4.1 - 4.3. The pressure was 

fixed at 1.08 Pa and the average power maintained at a value close to 680 W. The 

variation in average power between the different field configurations was 8%. To 

obtain nominally the same power at the different magnetic field strengths, the voltage 

setting on the power supply needed to be changed leading to different Vd and Id 
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waveforms in each case, however we have managed to achieve similar averaged power 

levels. Figures 4.16 and 4.17 show the profiles of V p during the "first peak" (t - 6 - 8 

Jls) and the time of maximum discharge current (t - 35 to 40 Jls) for the three cases 

respectively. 

Clearly, we see in both figures namely 4.16 and 4.17 that lowering the overall 

magnetic field strength reduces the drop in potential over the trap region and raises the 

Vp profiles generally to more positive values. At the "first peak" stage of the discharge, 

figure 4.16 shows that a 33% change in B at the target (this changes reduces with 

increasing distance along the line of measurement inside the trap) leads to almost a 40 

V rise in V p at z = 10 mm. Later in the pulse, when the plasma is better established, we 

also see such a rise in V p, but by 15 V, see figure 4.17. 

In terms of the electric field in the trap, there is a decrease in E by a factor of3.5 in the 

discharge initial stage and a factor of 1.5 in the denser plasma at the time of maximum 

current when we go from magnetic field configuration 1 to configuration 3. 

Outside the magnetic trap, the V p profiles are almost flat at the two chosen phases of 

the discharge, the only variation being that V p is raised to more positive values with 

decreasing B. It is interesting to note that the triple layer-like structure [91] observed in 

figure 4.16 is also seen for all three magnetic field configurations for z = 10 mm, 

however here we have less measurement points and less spatial resolution. 
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In HiPIMS a significant fraction of the deposition flux is made of ionised metal we 

anticipate that the large potential differences observed across the plasma in figures 4.9 

- 4.11 will constitute a potential barrier so preventing some of the ions from reaching 

the substrate and hence affecting the deposition rate. 
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Figure 4.18: A plot of titanium deposition rate measured using a quartz crystal micro-balance 
(QCM) at different axial positions above the racetrack (r = 45 mm) for the three different B
field Configurations as shown in figure 3. The average discharge power was 750 Wand the gas 
pressure was 1.08 Pa. 

To test this, the Ti deposition rates were measured at a number of positions (from z = 

30 to 100 mm) on an equivalent line as V p using the deposition meter as described in 

section 2. This sensor was electrically grounded and acted like a small substrate. These 

results are shown in figure 4.18. 
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The most striking result is that as the mean magnetic field over the trap region is 

lowered (e.g. by 33 % at z = 0 mm and 30 % at 40 mm), the deposition rate Pd 

increases by up to a factor of 6 at a typical substrate position z = 100 mm. The typical 

deposition rates for configuration 1 (- 0.1 nmls up to a maximum of- 0.75 nmls) are 

significantly lower than those of 2 nmls measured in the same magnetron but operated 

in DC mode. We argue that the decrease in deposition rate with increasing B is a direct 

consequence of increased height of the effective potential barriers existing in the trap 

region preventing some of the ions reaching the deposition meter. Since the average 

power, denoted by the integral of the product of Vd and Id, over the pulse cycle is 

almost the same for the three magnetic field configurations (only an 8% variation) then 

the sputter rate will not vary much between the three cases. This can be argued simply 

by considering the sputter yield to be roughly a linear function of target voltage Vd and 

the ion bombardment rate to be proportional to Id. Therefore the time integrated 

product of Vd and Id gives a global sputter rate which is essentially invariant in this 

experiment. Ti neutrals will be sputtered from the target with a range of energies (from 

twice the binding energy to the maximum close to the Ar+ or Tt bombarding energies) 

defined by the Sigmund-Thompson distribution [94] f (E) - E(Eb+Er3 where E is 

emitted neutral particle energy and Eb is the binding energy. These neutrals will be 

ionised at different positions between the target and the substrate and hence at different 

plasma potentials (since Vp varies strongly in space). Depending on their initial energy 

(at the target) and position of their creation, ions mayor may not be able to surmount 

the potential barrier established in the bulk plasma to reach the substrate. For magnetic 

configuration I when Id is a maximum (t = 38 J.ls) Vp has a drop across the plasma of 
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12.5 V. For Ti sputtered at the target by (argon or Ti) of 650 eV, 8% of the emitted 

neutrals will have an energy> 12.5 eV [94]. All these ions will overcome the potential 

hill irrespective of their position of creation. However, with this argument we can see 

how that a significant proportion of Ti ions with low initial energies (in the sputter 

distribution f(E) or those created at deep plasma potentials near the cathode may never 

overcome the barrier and so return to the cathode. The self-sputtering probability is 

clearly enhanced in this scenario. The presence of such potential barriers is expected 

not to be so critical in determining the deposition rate in conventional magnetron 

sputtering plasmas where neutrals are the key depositing species rather than ions. 

The increase in the potential drop across the plasma with increased B-field strength 

may be a consequence of the increased confinement of plasma and secondary electrons 

from the cathode in the magnetic trap region. As the B-field strength increases the 

effective cross-field transport rate of these electrons decreases, which pushes the 

discharge further into the negative space charge NSC regime as described in [92, 97]. 

4.1.4 Conclusions 

Time-resolved plasma potential (V p) measurements have been carried out in a HiPIMS 

discharge pulsed at 100 Hz using an emissive probe operating in the "saturated floating 

potential mode". We identifY three distinct phases in the evolution of V p (a "first 

peak''. "second peak" and "stable off-phase"). In the initial phase of the voltage pulse, 

t == 6 - 8 J,lS, large potentials (-210 V) are generated across the plasma bulk particularly 

inside the magnetic trap. Outside the trap, V p has typically a flat profile. As time 

progresses, V p becomes more positive everywhere and (after about 55 IlS) it is elevated 
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to values above ground potential outside the magnetic trap. In standard conditions (Ar 

pressure 0.54 Pa and 650 W average power), the results show that for over 50% of the 

100 J.1s plasma "on-time" the spatial structure of Vp provides a large potential barrier 

for the sputtered ionized species so impeding their transport and deposition at the 

substrate. At times of the peak discharge current this barrier can be reduced from 45 to 

12.5 V during the 'fIrst peak' phase by lowering the magnetic field strength (33% at 

the target) so increasing the deposition rate by a factor of 6 some 100 mm from the 

target. The temporal and spatial structure of V p is marginally sensitive to changes in 

pressure (over the range 0.54 to 1.08 Pa), but more strongly dependent on the applied 

power (over the range 650 to 950 W). The results demonstrate that the magnetic field 

strength (and possibly its shape) are critical factors in determining the overall electrical 

structure of the HiPIMS discharge and therefore the deposition rate, since in these 

discharges the deposition flux can be composed primarily of ions rather than of 

neutrals. 

4.2 Evolution of Plasma Potential in Two Dimensions and E x B drifts 

This section describes the two dimensional evolution of plasma potential V p(z, r) and 

Ex B drifts throughout the bulk plasma. 

4.2.1 Introduction 

A bulk plasma model developed Brenning et. al. [97] provides the physical insight of 

the processes occurring in the discharge such as structure and time evolution of plasma 

currents, electric fields and potential profiles. They reported that the transverse 
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resistivity 1]1. plays an important role in the evolution of the potential profile and the 

transport of the ionized target material through the bulk plasma. Many experimental 

studies have been carried out to accomplish this purpose. This transverse resistivity 

(1]1.) is a probable cause for the radial transport of the plasma ions. 

As the plasma potential is an important parameter of the discharge volume that 

determines the electric field structure in the discharge and accelerates the electrons to 

sustain the discharge. Therefore the spatial distribution ofVp is crucial for the discharge 

formation and distribution. The value of V p in-front of the electrode or wall also 

determines the energy of the bombarding ions onto the substrate and controls the charge 

flux to the substrate and, in tum, effects the properties of thin films deposited. 

Therefore, understanding the spatial and temporal distribution V p is very important in 

thin film technology. 

The present study has been carried out to understand the discharge dynamics further. 

This study provided an important understanding of HiPIMS discharges. Though the 

measurements were carried out along a single line parallel to the discharge centre line as 

discussed earlier, this provides useful information, however, it does not give the picture 

of the entire discharge volume. There is still a need for detailed spatial temporal 

measurements of plasma potential in the HiPIMS discharges. To accomplish this, a 

detailed time-resolved two dimensional (radial and axial) plasma potential 

measurements using the emissive probe technique in the 'saturated floating potential 

mode' were carried out. Essentially, the present study provides the complete picture of 

the time evolution ofthe plasma potential in the entire discharge volume. 
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4.2.1.1 E x B Drifts in Magnetron Discharges 

The magnetic field geometry in magnetrons is very complex and the magnetic field 

strength varies radially as well as axially. A significant component of the magnetic field 

is paralIel to the cathode surface above a large region known as race-track. This parallel 

magnetic field together with the axial electric field, generated by the sheath and 

presheath, constitutes strong electron E x B drift velocities above this region and 

confines the plasma electrons. The plasma ions being massive (for Ar+ M/Me is 40 x 

1845) are not magnetized as their Larmor radii are typical larger than the plasma scale 

length and hence do not experience to E x B drift. 

The E x B drift of the electrons constitute a closed loop current known as HalI current 

IH above the racetrack that may be many times larger than the cathode discharge current 

ID• The confined electrons above the racetrack region ionize the neutral gas atoms and 

create a region of intense ionization adjacent to the cathode. The ions born in the 

electron trap region are accelerated by the plasma sheath to the cathode and impact there 

with several hundred electron volt energy and liberate secondary electrons. The 

liberated secondary electrons are accelerated back to magnetic trap region and hence 

help to sustain the discharge. 

The Ex B drift plays a very important role in sustaining the discharge in many plasma 

devices such as co-axial Hall thrusters [98, 99], plasma immersion ion implantation 

[100] and magnetron discharges and therefore gained a lot of research interest, reflected 

in various publications [83, 36, 102]. The nature of E x B drift has been realized 

experimentally by various ways. Bradley et. al. [84] predicted the E x B drift with the 
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help of measured plasma potential and modeled magnetic field and exists in a broad 

region extending from above the racetrack down to the position close to the axis, 6 cm 

from the cathode. With the help of measured density distribution and E x B drift, they 

found the total Hall current is 5 times larger than the total discharge current. Rossnagel 

and Kaufman [103] calculated the Ex B drift currents from the magnetic field measured 

by the Hall sensor located above the centre ofthe drift loop. Drift currents IH was found 

to vary almost linearly with the magnetron discharge current. The ratio of the drift 

current and discharge current IH/ID was found to be between 2.5 and 9, it decreases at 

higher pressure and depends on the gas and the cathode material. They also indicated 

the existence of anomalously high cross field charge transport responsible for low Hall 

current (lH < 10 ID) [19]. Sheridan et. al. [101] measured electron distribution function 

by a planar Langmuir probe in a cylindrically symmetric, planar, sputtering magnetron 

discharge as function of the axial distance from the cathode and estimated the E x B 

drift velocities at different position in the drift channel (15 to 40 mm above the 

racetrack). They calculated the drift velocity by the asymmetry in electron velocity 

distribution functions measured by the probe facing into and away from the electron 

drift direction. They reported an existence of strong electron drift between 1 and 5 x 

lOs mls with a maximum occurring closest allowable distance (IS mm) to the cathode 

surface. Fujita et. al. [104], in an earlier study, calculated the drift current by comparing 

the electron saturation currents measured by a planar probe facing upstream and 

downstream of the drift direction, using a simple model of electron collections. The 

drift speed was found to rise by a factor of two, up to a maximum of 7 x 10
4 mis, over 

the axial distance from 2 to 40 mm away from the cathode surface and above the 
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racetrack. All these above mentioned studies were carried out in DC, pulsed DC and rf 

magnetrons only and no investigation has been carried out for the E x B drift speeds in 

the high power impulse magnetron sputtering (HiPIMS) discharges. The present study 

will provide a simple picture of the Ex B drift prevalent in HiPIMS discharges. The Ex 

B drifts have been estimated here by using the derived electric field from the temporal 

and spatially reso Ived plasma potential (V p) measurements and the measured 

magnetron's magnetic field strength B in the same way as reported in Bradley et. al [84] 

as follows. 

In a typical magnetron device, electrons are magnetized (rL < L), however, ions are non-

magnetized due to their higher mass and therefore do not contribute in Hall current. For 

magnetized electrons, the E x B drift velocity for their guiding centres is [101] 

ExB 
V ---H - B2 eq. (1) 

where E is the electric field and B is the magnetic field strength. These circulating 

electrons produce a closed loop hall current having current density given as JH = e n EIB 

where n is the electron plasma density. Assuming the electron density is spatially non-

varying in the bulk plasma and the full discharge current is due to electrons only 

(Jc=JD), a simple expression for the Hall current can be found as the function of the 

discharge current [92]. Equation (1), in component form, can be written for cylindrical 

geometry as 
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eq. (2) 

This equation (2) has been used to calculate the drift speeds with the derived electric 

fields and the measured magnetic fields strengths. 

4.2.2 Experimental Arrangement 

Experimental setup for the present study is same as that for the previous one except the 

region of the diagnosis. A schematic diagram of the magnetron arrangement together 

with the positions of the emissive probe and the area of measurements are shown in 

figure 4.19. The plasma potential measurements were carried out in a plane (r, z) in 

only one side of the discharge central axis that represents the entire discharge volume 

due to azimuthal symmetry of the discharge. The axial distance ranges between 10 and 

80 mm (lO < z < 80 mm) from the cathode surface and radial distances between 0 mm 

(centre of the cathode) and 90 mm (0 <r < 90 mm) with spatial resolution of5 mm. The 

emissive probe electrical arrangement and measuring circuitry is the same as used 

earlier. 

For estimating E x B drift speeds, the magnetic field strengths and vector directions 

have been determined from bench measurements of magnetic field taken in the axial 

(Bz) and radial directions (Br) using a Hall probe. The electric field has been obtained 

from the plasma potentials using the central difference formula. 
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Figure 4.19: A schematic of magnetron source, B-field lines. emissive probe, and the 
rectangular grid region where the measurements were carried out. The probe was insertedfrom 
the side port of the chamber. 

4.2.3 Results and discussion 

The orientation of the probe-plane with respect to the magnetic field is also an important 

consideration for emissive probe measurements. It was found that when the probe-plane 

is oriented parallel to the magnetic field , emissive probe gives the correct plasma 

potential [105]. 

For measuring the plasma potential by the emissive probe in 'saturated floating 

potential method', the probe must be in strong emission state. To ensure that the probe 

is in strong emission condition, a preliminary set of experiments, measuring the floating 

potential as a function of the heating current in the probe loop, have been carried out at 

one location (z = 100 mm and r = 45 mm) in the discharge. It was found that at the 
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heating current Ib of -2.3 A is sufficient to get strong emission for the entire floating 

potential waveform (see figure 4.7). 

Separate measurements carried out with the emissive probe in this orientation indicate 

that a heating current of h = 2.5 - 3.5 A might be needed to reach full emission in the 

most dense part of the discharge as shown in figure 4.20. 

Measurements in the region of sheath and immediate presheath (close to the cathode, z 

< 10 mm) could not be carried out due to the geometry of the experimental set-up. 

Moreover, the presence of the probe very near to the target strongly perturbed the 

plasma and lowered the discharge current. 
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Figure 4.20: A plot of measured emissive probe jloating potential (V) versus loop heat current 
(I,J at one position (z = 30 mm r = 45 mm) during the 'first peak' in two orientation of probe
plane with respect to B-field lines. It should be noted that at Ih > 2.5 A. the jIoating potential Vt 
approaches to the plasma potential VI'" 
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4.2.3.1 Two - dimensional Plasma Potential Evolution 

The figure 4.21 shows the time evolution of cathode discharge voltage (Vd) and the 

plasma potential V p measured at z = 100 nun, r = 45 mm with the emissive probe. Both 

of these traces have been taken directly from the oscilloscope. From the plot, it is clear 

that Vd ramps down -670 V in 200 ns and then relaxes somewhat, to reach -600 V in 20 

~s. After this V d rises to 0 V in 1 00 ~s. The plasma potential V p waveform has been 

averaged over 128 samples to reduce the random error in the measurements. 
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Figure 4.21: A plot of/he time-evolutton of typical plasma potential (Vp) measured at one 
position (z = 100 mm and r = 45) together with cathode discharge voltage Vd, at an average 
discharge power of 650 Wand a gas presslIre of O. 54 Pa in B-field Here, we identify the 
"first peak", "second peak" and "IDmar " . At the time oft = 57 J.lS Vp goes above the ground 
as shown by ver/tea/line 
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From the figure 4.21, it is clear that the plasma potential V p readily respond to the 

cathode discharge voltage with some additional double layer potential structure hereby 

called as 'second peak'. This 'second peak' might be a signature of the occurrence of 

the titanium ions Tt in the discharge as the Tt has been detected first time at the same 

time in mass spectroscopic measurements in the same operational conditions [106]. 

The plasma potential V p is negative for about half of the pulse on-tome (- 57 Ils 

measured at 100 z = mm) and then it goes above the ground and acquires the value of -

4 V. It also shows a kink at t = 100 IlS, that is due to the electromagnetic interference 

caused by the fast change in the discharge vo Itage V d at 100 Ils. It decreases then and 

stabilizes at - 2 V for rest of the pulse 'off-time'. For the analysis of the plasma 

potential, we identified three distinct points on the Vp waveform as 'first peak', 'second 

peak' and 'IDmax - Vp at maximum discharge current'. The 'first peak' was chosen as it 

is the deepest V p occurred in the plasma. The 'second peak' was chosen as it is, we 

believe, a signature of some physical processes occurring in the discharge and the' Vp at 

maximum discharge current' as plasma is fully developed at this point of time. From the 

plot, it is also clear that the V p follows V d with an additional potential structure named 

as 'second peak' always more positive than the V d. 

The spatial distribution of the plasma potential V p at 'first peak' is shown in the figure 

4.22. The features present in the plasma potential profile can be seen clearly. The 

plasma potential V p is always more positive than the cathode discharge voltage V d 

throughout the volume of the bulk plasma having the deepest value (- -150 V) in a 

region above the race-track (10 <z < IS, 40 < r < 50 mm). The V p becomes more 

115 



Plasma Potential Measurements 

positive farther away the cathode and radially outward. The existence of a region of 

very high negative plasma potential above the race- track results in a very strong electric 

field (5 kVm-') directed towards the cathode and, in turn, back scattered plasma ions 

towards the cathode contrary to that discussed in conventional pulsed magnetrons [104]. 

This strong back-scattering of ions could be the root cause of the observed lower 

deposition rate in HiPlMS discharge as reported in [105]. 
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Figure 4.22: A contour plol of the plasma potential at the times when " firsl peak" phase 
occurs. 

The most interesting feature observed here is that the V p has negative values throughout 

the bulk plasma during the first peak, however, it becomes positive (0 < V p < 4 V) in the 

outer region (r > 75 mm) of the discharge and, in turn, creates a lower electric field. 

Therefore the ions born at higher energies can overcome this potential 
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barrier (0.4 kV m-I) easily and can diffuse towards the chamber walls_ Figures 4.23 and 

4.24 show the spatial distribution of the plasma potential at the ' second peak' and at't = 

30 j.L'. 
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Figure 4.23: A contour plot of the plasma potential at the times when "second peak" phase 
OCcurs. 

It can be seen clearly that V p distributions in both cases have similar spatial 

distributions as it in 'first peak' except that magnitudes of the V p are lower in both of 

the cases. 

One of the interesting features observed is the large plasma potential V p variation in the 

bulk plasma. It is 100 V increase (-150 V -+ -50 V) from z = 10 to 20 mm during the 

'first peak' and above the racetrack. This change in the V p decreases as we move 
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radially from the racetrack, however, it is still larger than that observed in pulsed 

magnetron [83]. The potential drop of 100 V is obviously much larger than in the 

classical pre-sheath region (kT J2e) needed to ions to reach at the ion acoustic speed at 

the sheath edge in non-magnetized plasma [107]. 
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Figure 4.24: A contour plot of the plasma potential at the t= 30 f.1s . 

That is for average electron temperature in HiPIMS of 10 eV, it is ~5 V, very small 

compared to observed ion acoustic speed in this study. Therefore this region can be 

interpreted as extended presheath region. The simple classical theory of presheath and 

one dimensional modeling of magnetron sheath [106] cannot account for the observed 

large potential variation, however, the modeling study carried out by Sheridan et. at. 

[10 I] using PIC-MCC simulation technique and fluid modeling incorporating the 
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classical diffusion rates have shown the existence of such a large potential variation in 

the presheath regime. 

4.2.3.2 Evolution of Axial and Radial Electric Fields 

The electric fields (E = - dVp/dx) have been derived from the discrete measurements of 

V p by using the 'central difference method'. Along the axis at r = 0 mm, the boundary 

condition Er = 0 has been imposed. In the inner region (z = 5 mm), an artificial plasma 

potential value has been added by extrapolating the measured plasma potentials. These 

derived data have been smoothed while plotting to make the plot clearer, however, this 

smoothing process did not lose any prominent features present in the electric field 

distribution. The spatial distributions of the radial and axial electric fields derived in 

this way have been shown in the figures 4.25 and 4.26 respectively for the :first peak'. 

The radial electric field Er, as can be seen in figure 4.25, has clear and distinguishable 

structures around the racetrack. It is pointing towards the central discharge line between 

centre and racetrack region (0 < r < 45 mm), however, it is directed radially outward 

beyond the racetrack region (r > 45 mm). The presence of this strong radial electric field 

directed outward transports significant number of plasma ions towards the chamber wall 

and might be responsible to higher deposition rates laterally as reported by Lundin et. 

a\. [81]. 

Figure 4.26 shows the spatial distribution of the axial electric (Ez) field for the :first 

peak'. From the plot, it is clear that the Ezhas a defined structure and directed towards 

the cathode in the entire bulk plasma except at outer region (r> 80 mm). 
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Figure 4.25: The plot of the derived radial electric field at times when "first peak" phase 
OCcurs. The unit of electric field is in kVm·/. 

The presence of very strong axial electric field Ez directed to the cathode in the region 

close to the cathode (10 < z <20 mm and 35 < r < 45 mm) can be seen clearly. This Ez 

plays very important role in plasma dynamics in two ways. Firstly, it repels the plasma 

ions towards the substrate and therefore reducing the deposition rates. Secondly, it 

produces strong close looped electron Hall current and might be an important factor to 

deflect the ions sideways as reported in [81]. The presence of the appreciable electric 

field far out into the discharge volume, where the ions are created, implies that the ion 

energy distribution functions (IEDFs) bombarding onto the substrate should be broad. 

The radial and ax ial e lectric field distributions in 'second peak' and at't = 30 f1.S' phases 

have similar profiles as it has in 'first peak' phase except in the magnitudes. Therefore, 

it is not shown here. 
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Figure 4.26: The plot of the derived axial electric field at times when the ''first 
peak " phase occurs. The unit of electric field is in kVm-'. 

As the pulse goes on the magnitudes of these field become less. The examination of 

these spat ial distributions of the electric field reveals the existence of very large axial 

electric fields inside the magnetic trap region (z < 45 mm at above the racetrack) that 

opposes the ion transport to the substrate. To reach the substrate, positive ions would 

need energy of 200 eV in the 'first peak' (t - 3f.1s) region. In the ' second peak' (t - 8-12 

Ils) , they sti ll need the energy of 45 eV to surmount the potential hill in front of the 

target. It can be inferred that ions created inside the magnetic trap have very less 

probability to reach up to the substrate. However, ions created outside the magnetic trap 

can easily reach the substrate as there is very small variation in V p (- 3 eV) elsewhere. 
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Therefore, Ti neutrals with very few eV of energy that get ionized outside the magnetic 

trap are the main constituents to be deposited on the substrate in HiPIMS discharges. 

4.2.3.3 E x B Drifts Velocities 

The distribution E x B drift velocities were calculated from the derived electric fields 

and measured magnetic field using equation (I) and are shown in figure 4.27 for the 

'first peak' condition. 
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Figure 4.27: The plots of the E x B Drift speeds in 'first peak ' condition 

As it can be een in the figure 4 .27, there are some clear features in the spatial 

distribution of the E x B drift speeds. There is a diagonal region of high drift speeds 

extending from above the racetrack to near the discharge central axis at z = 50 to 65 

mm. The maximum value of the drift speed found was 3.25 x 105 m/s in the region 
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extending radially 40 < r < 60 radially and 10 < z < 40 axially in the ' first peak ' 

condition. The checked area shown at the top left hand corner of the contour plot (see 

figure 4.27), is the region where electron Larmor radii are greater than the distance from 

the discharge central line . Here lEI field strength is very small and electric field strength 

E is finite. Therefore, the drift speed EIB will be very high in this region; however, the 

electrons are not magnetized here and therefore do not contribute to the Hall current 

densities. The distributions of E x B drift speeds have the simi lar profile in all the three 

cases; however, the spread and location of region of maximum drift speeds changes. 

The drift speeds always reduces as we move farther away from the racetrack region in 

the radial direction. 
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Figure 4.28. The distribution of E x B drifts velocities in for a pressure of 0.26 Pa and a 
cathode voltage of -330 V. The unit is 1 rI ms·/ (taken from (83]) 
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Figure 4.28 shows a plot of E x B drift velocities in DC magnetron discharges as 

reported in [83]. A comparison of the figures 4.27 and 4.28 readily illustrates that the 

distribution of E x B drift velocities in HiPIMS discharges is similar to that found in the 

DC magnetron discharges except the magnitudes. The magnitudes of E x B drift 

velocities in HiPIMS discharges are larger than in DC magnetron discharges. It is due 

the fact of existence oflarger electric fields in the HiPIMS discharges. 

4.2.4 Conclusions 

The spatial-temporal evolution of the plasma potential V p and the E x B drift speeds in 

the HiPIMS discharge have been studied using emissive probe in 'saturated floating 

potential' method. The observed time lag between the V d and Id is due to the statistical 

and formative time required to develop the discharge. From the plasma potential V p 

profile, it is clear that the V p readily respond to the cathode discharge voltage V d with 

an additional double layer like potential structure named as 'second peak' structures 

during the pulse on-time. The emergence of this 'second peak' might be a signature of 

the evolution of the titanium ions Ti+ in the discharge as occurrence of Tt has been 

observed at the same time during the pulse in mass spectroscopic measurements in the 

same conditions. 

The spatial map of the plasma potential distributions shows a large potential variation 

(-125 V) in a very small region (10 <z < 40 mm) above the racetrack during the 'first 

peak', this can be attributed as the extended presheath region close to the cathode which 

causes much greater ion acoustic speeds compared to the classical Bohm speeds at the 

sheath edge determined by (kT JMI)112 • This large variation in the V p produces the large 
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axial electric field pointing towards the cathode. This electric field hampers the 

transport of the plasma ions to the substrate and one of the main causes of observed 

lower deposition rate in HiPIMS discharges. 

The spatial distribution of Vp has a similar form as it is in the pulsed magnetron 

discharges except the comparatively large magnitudes of Vp• It has the laminar shape 

above the racetrack and remains similar in all the three investigated conditions ('first 

peak', 'second peak' and 'IDmax'), however, the magnitude of the plasma potential and 

its variations reduces respectively. 

The radial and axial electric fields derived from the plasma potential V p measurements 

by using the 'central difference formula' show the existence of a strong axial electric 

field directed towards the magnetron close to the cathode. It acts like a potential barrier 

for the plasma ions travelling to the substrate and therefore back scatters the ions. This 

axial electric field together with the magnetic field creates large electron E x B drift 

speeds that, probably, deflect the ions towards the chamber wall. The existence of radial 

electric field pointing to the chamber walls also plays an important role in the discharge 

dynamics and transports the plasma ions towards the wall. 

The E x B drift speeds have been calculated using the derived electric field and the 

measured magnetic field strengths. A broad channel of the very high drift speeds 

(- 3.5x lOS mls), extending from z = 10 to 50 mm and r = 35 to 65 mm, was found and it 

was situated above the race track pointing towards the central discharge axis and 

diagonal in shape. This channel of maximum drift speeds shrinks and moves with time 

during the pulse. 
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Chapter 5 

POWER DENSITY MEASUREMENTS ONTO 

SUBSTRATE 

T his chapter describes the temporal evolution of substrate temperature in the 

HiPIMS, DC and pulsed-DC magnetron sputtering discharges and it has been used 

to calculate the power density onto the substrate. The measurements have also been 

carried out to investigate the effect of pulsing frequency and magnetic field strength on 

the power densities in the HiPIMS discharges. A comparative study of power densities 

in HiPIMS, DC and pulsed DC magnetron sputtering has also been carried out at the 

same average power levels. 

5.1 Introduction. 

Plasma wall interactions are a very important phenomenon in a variety of applications 

such as tokamak edge plasma, plasma processing i.e. deposition of thin films, surface 

modifications and etching and can significantly influence the quality of the thin film 

deposition. When a substrate is exposed to the plasma, the plasma particles transfer 

momentum and deposit energy that results substrate temperature to increase. For thin 

film deposition, the substrate temperature is a very crucial parameter as it controls the 

atomic processes involved such as adsorption, sputtering, implantation, diffusion and 

chemical reactions. It has been found that the film properties are highly dependent on 

the depositional temperature [109] and some particular effects observed in thin films 

deposited by magnetron sputtering have been 
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reported to be temperature dependent [110-111], therefore it becomes necessary to 

understand its sources and how the process parameters influence it so that the discharge 

could be optimized to produce engineering quality thin films with tailored properties for 

particular applications. 

Reactive sputtering is the sputtering of elemental targets (target consisting of single 

element) in the presence of chemically reactive gases that react with both the ejected 

target material and the target surface. It is a very popular technique and widely used for 

the search of new material properties, for the deposition of a very wide range of 

compound and alloy thin films, including oxides, nitrides, carbides, fluorides or 

arsenides [113]. Besides the improved properties of non-reactively sputtered films, the 

popularity of pulsed DC reactive sputtering from elemental targets can be attributed to 

several factors such as (I) it is capable of producing thin compound films of 

controllable stoichiometry [115] and composition [115] at high deposition rates and on 

industrial scale [116-118] (2) elemental targets are more pure and therefore, films of 

high purity can be produced [119] etc. 

Although, reactive sputtering is conceptually simple, it is in fact a complex and non

linear process which involves many interdependent parameters [119]. The presence of 

the reactive gas at both the cathode surface and the substrate results in strong 

interactions of the reactive gas not only with the condensing material but also with the 

cathode surface, the so-called target poisoning. Reactions in the gas phase are ruled out 

for the same reasons that ions cannot be neutralised in the gas phase there is no 
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mechanism which can dissipate the heat of neutralisation to conserve both momentum 

and energy in a two-body system, therefore it can only happen at a surface. These 

cathode reactions are seen to increase suddenly at some rate of reactive gas flow. If flow 

control of reactive gas is used, such reactions are marked by a change in the impedance 

of the operating plasma, an abrupt increase in the system pressure or more precisely, in 

the reactive gas pressure, a drastic drop in the deposition rate and a change in the film 

from metal-rich to gas-rich. 

It has been observed that there are three main limitations of reactive sputtering: (1) 

hysteresis effect (2) jump transition from metallic to reactive mode of sputtering, which 

excludes the production of the compound films in a certain interval of stoichiometry and 

(3) arcing. In the recent years, some of these limitations have been overcome [120 -

124]. 

5.1.1 Hysteresis Effect 

Hysteresis effect is a problem in reactive sputtering that causes the adverse effect on 

producing the non-stoichiometric compound films. This effect originates from two 

competitive processes (1) sputtering of the cathode surface and (2) the covering of the 

cathode surface by the reaction products. Figure 5.1 illustrates the dependence of partial 

pressure as a function of flow rate of reactive gas. The hysteresis occurs in the presence 

of discharge only. At low values of reactive gas flow rate (see interval AB), all the 

reactive gas is gettered by the sputtered metal. At point B, the flow rate of reactive gas 

into the chamber is equal to the gettering rate of sputtered metal. Every small increase in 

the flow rate results in a sudden increase of partial 
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pressure in the deposition chamber and a decrease in film deposition rate. A further 

increase of flow rate (interval CO) results in a linear increase of partial pressure. 
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Figure 5.1: Schematic illustration a/partial pressure as a/unction a/reactive gas flow rate 

The decrease of flow rate from 0 to E is accompanied by decrease of partial pressure 

but a return to the metallic mode (interval EC) is delayed. This is because partial 

pressure remains high until a compound layer on the surface of the sputtered target is 

fully removed and metal is again exposed to be sputtered. As a result, the consumption 

of reactive gas increases and partial pressure decreases to the background level. A 

closed hysteresis loop is formed in this way. 

For these experiments, a titanium target (99.995% pure) was sputtered in a reactive 

environment with argon flow rate of30 scem and oxygen flow rate of 1.3 seem. The 
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Power density measurements were concentrated on effect of spatial variation (radial and 

axial) and average power variation on the total power deposited on to the substrate [125-

127]. The magnetic effect on the power density has been completely un-explored. The 

magnetron's magnetic field strength is an important parameter that determines the 

charge particle transport in the discharge that, in tum, determines the thin film 

properties. 

S.2 Experimental Arrangement 

This study has been carried out in two different experimental set-ups in Manchester 

Metropolitan University (MMU) and Liverpool University (LU) in United Kingdom. 

5.2.1 Experimental Set-up at Manchester Metropolitan University 

First experimental set-up situated in MMU was a Teer Coatings UDP 450 magnetron 

sputtering rig fitted with a single unbalanced magnetron with a titanium target (99.5% 

purity, 300 x 100mm). The target was sputtered in argon at 0.2 Pa for all the 

measurements, and power was delivered in continuous and pulsed-DC modes via an 

Advanced Energy Pinnacle plus supply, and in HIPIMS mode via a Huettinger 

HMPlIl_P2 supply. Target current and voltage waveforms, and hence power levels, 

were monitored directly via a digital oscilloscope. Deposition rates were measured at a 

distance of 150 mm from the target surface via a Maxtek crystal monitor, and substrate 

temperature measured in a similar position over time via a thermal probe, described 

below. A shutter was placed such that the probes could be isolated from the plasma 

between readings. Figure 5.2 shows the schematic of the experimental set-up used. 
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Figure 5.2: The schematic representation of the experimental set-up used to measure the power 
density and the deposition rates. 

Magnetron glow discharges were generated in continuous DC, and at 350 kHz 

asymmetric bipolar pulsed-DC (50% duty), at three time-averaged discharge power 

levels (500, 750 and 1000 W). HiPIMS glow discharges were generated at the same 

three time-averaged power levels (500, 750 and 1000 W) and at five pulse frequencies 

(100, 250, 500, 750 and 1000 Hz) at each of these power levels. The pulse width was 

100 IlS in each case. The deposition rate, heating and cooling rates were measured for 

each discharge, and used to determine the thermal energy flux to the substrate for a 

normalized deposition rate. 

5.2.2 Experimental Set-up at Liverpool University 

The experimental set-up used for this study is same as explained in Chapter 2. The 

thermal probe was placed 100 mm away from the cathode surface, in parallel to the 
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discharge center, and above the race-track (z = 100 and r = 45 rnrn) and mounted onto a 

metallic barrel and therefore could be moved axially. A shutter of stainless steel was 

also mounted in front of the probe to isolate it from the plasma during the non

operational mode. 

5.3 Results and Discussion 

The experiments have been carried in two modes of operation namely as metallic and 

reactive mode. In metallic mode, titanium target has been sputtered in argon gas 

environment and in reactive mode the same titanium target has been sputtered in oxide 

mode. 

5.3.1 Metallic Mode 

The following experiments have carried out in metallic mode. 

5.3.1.1 Power Density onto the Floating Substrate 

The temperature of a substrate rises when it is exposed to the plasma. The power 

density onto the substrate i.e. product of incident particle energy and particle flux, is not 

only the cause of substrate heating but also determines surface etching and sputtering 

rates that in turn determines the thin film properties. Therefore, the power density is a 

key parameter in processing plasmas that determine the surface processes. The typical 

substrate's temperature evolution in heating phase (exposed to plasma) and in cooling 

phase in DC mode is shown in the figure 5.3. The substrate is exposed to the 
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plasma for about 180 sec and then the plasma is switched off. The average power fed to 

the plasma is 1000 W. 
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Figure 5.3: Plot showing the temporal evolution of probe temperature in heating and cooling 
phase. The probe was located at 100 mm away from the cathode surface and above the 
racetrack (z = 100 and r = 45 mm). The average power fed to the plasma was 1000 W. The 
average pressure was kept constant at 0.54 Pa. 

Figure 5.3 indicates that the temperature rise is very fast when the probe is exposed to 

the plasma and it cools down slowly when the plasma is switched off. The power 

density onto the isolated substrate has been calculated from the above plot and has been 

shown in the figure 5.4. The calculated power density in DC mode at an average power 

of250 W was found to be 22.77 mW/cm2 rising upto 129.72 mW/cm2 for an average 

power of 1000 Wand it is in agreement with the measurements carried out on to the 

same device previously [128]. 
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Figure 5.4: A plot of the thermal Flux versus average power onto the isolated substrate in DC 
mode. The discharge was operated at 0.27 Pa and the measurements were carried out at 100 
mm away from the cathode surface and above the racetrack. 

It is clear from the plot that the average power density onto the substrate is a linear 

function of the average power fed to the plasma. The increasing trends in power density 

with the average can be attributed to the increased sputtering with higher powers. Figure 

5.5 shows the power density variation with average power in the HiPIMS mode. The 

plot clearly illustrates that the power density is linearly dependent on the average power 

fed to the discharge. Figure 5.6 shows the power density against the pulsing frequency 

in pulsed DC magnetron sputtering. These measurements have been carried out at 100 

mm away from the cathode surface and just above the racetrack. The plot depicts that an 

increment in the pulsing frequency enhances the power density onto the substrate. It is 

not surprising that as the frequency is increased, the substrate gets less time to release 

heat from its surface between two consecutive pulses. 
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Figure 5.5: A plot of the thermal flux versus average power onto the isolated substrate in 
HiP/MS mode. The discharge was operated at 0.27 Pa and the measurements were carried out 
at J 00 mm away from the cathode surface and above the racetrack 
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Figure 5.6: A plot of the power density versus average pulse frequency onto the isolated 
substrate in HiP/MS mode. The discharge was operated at 0.27 Pa and the measurements were 
carried out at J 00 mm away from the cathode surface and above the racetrack 
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5.3.1.2 Axial variation of the Power Density onto the Substrate 

A series of experiments were carried out to study the axial variation of power density 

onto the isolated substrate in DC, pulsed DC of 100 and 350 kHz and HiPlMS modes of 

operations. All these measurements were carried out at an average power of 680 W and 

at an average pressure of 0.27 Pa. The separation between the probe and the cathode 

surface has been varied from the 80 mrn. For the pulsed DC mode of operations of 100 

and 350 kHz frequencies, the duty factor was 50% and for HiPlMS mode of operation, 

the discharge was pulsed at 100 Hz with 100 ~s pulse 'on-time'. 

A comparison of total power density, during HiPIMS, DCMS and pulsed DCMS at the 

same average power fo r di fferent axial locations has been shown in the figure 5.7. 
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~igure 5.7: A plot of axial profile of power density onto the isolated substrate in HiPIMS, 
M. and pulsed DCM. discharges. 
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In all of these measurements, the thermal probe was situated just above the racetrack 

(r = 45 rom) and facing the cathode surface. The power density observed in HiPIMS 

mode is considerable less than those measured in OCMS and pulsed OCMS. 

The axial measurements were carried out in the region between 80 and 200 mm away 

from the cathode surface as typical substrate position in depositional plasma are 

between 80 to 120 mm. The plot reveals that the total power density decreases by 

- 35% in pulsed OC discharges and - 28% in HiPIMS mode as we move from 80 mm 

to 140 mm away from the cathode surface. 

From figure 5.7, it is also clear that the power density in HiPIMS discharges is 

significantly less than the OC and pulsed OC modes of operations. The fraction of 

power density in HiPlMS to power density in OC magnetron sputtering has been 

estimated as 35% - 60% depending upon the axial positions of the probe. Similar 

measurements carried out [12] reported similar trends, however the values of this 

fraction was different (32 - 48%). This difference between the numerical values can be 

attributed to the different experimental geometry and different average power used. The 

significantly less power in HiPIMS mode than those in OCMS and pulsed OCMS is due 

to the reduced particle flux reaching to the substrate in the HiPIMS mode. The lower 

power density in HiPIMS mode together with deposition rate is a very important 

parameter that determines the suitability of this technique in deposition onto thermally 

sensitive substrates such polymeric webs. The total power also decreases significantly 

with axial variation (- 50% for DC and pulsed DC and - 15% for HiPIMS mode) 

between the axial locations of 80 mm and 200 mm away from the cathode. 
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The fraction of the average power fed to the plasma used to heat the substrate is a 

crucial parameter that is worth considering the deposition is taking place onto the 

thermally sensitive substrates such as polymer substrate (kapton). As the cathode of 

diameter of ISO mm has been used in the present study and the average power used was 

640 W, the power density on the cathode surface was 3.63 Wcm'2. The total power 

density at a typical substrate location (z = 100 mm) was SI and 79 mWcm'2 in the 

HiPIMS and OeMS modes of operations respectively. The fraction of applied power to 

the cathode that was deposited onto the substrate was 1.4% and 2.2% in HiPIMS and 

OeMS respectively. Similar results but higher in value have been reported in [126]. 

This observed difference in this parameter can be attributed to the different 

experimental set-up and different average pressure used. The current study has been 

carried out at an average pressure of 0.27 Pa and 0.S3 Pa. 

5.3.1.3 Deposition rate and substrate heating in HiPIMS, DC and pulsed

DC Magnetron Sputtering 

This section describes the power density and deposition rate measurements at a typical 

substrate position at the same averaged power levels in the HiPIMS, OeMS and pulsed 

OeMS modes of operations. Then, these measurements were compared to know 

different mechanisms responsible for these observations. 

Figure S.8 shows the deposition rate measurements in the HiPIMS mode of operation. 

The deposition rate increases with the average power fed to the discharge and the pulse 
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frequencies. It should be noted here that the pulse 'on-time' was kept constant at 100 ~s 

in each case therefore the duty factor increased with the pulse frequency. 

The deposition rate for DC and pulsed-DC magnetron sputtering are shown in table 5.1. 

It can be observed from the table that deposition rate is significantly higher in DC case 

than tho e in pulsed DC magnetron sputtering. 
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Figure 5.8: A plot of the measured deposition rates in HiPIMS discharge. In all these 
measurement proce parameter were kept constant. 

Table 5.1: A table showing the deposition rates in DCMS and pulsed- DCMS. 

Deposition Rate (nm min-I) 

Power(W) Continuou DC Pulsed at 350 kHz 

500 0.53 0.19 

750 1.08 0.31 

1000 1.47 0.41 
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The values for the power density were normalized by the deposition rate in each case to 

determine power density per nanometer per minute of deposition. Thjs provides a more 

meaningful measure of heat load that may be applied to a given process. 

These val ues are given in Figure 5.9, which shows distinct groups of values- those for 

BiPTMS discharges having very low values compared with pulsed dc, and lower 

normalized thermal energy flux than for DC sputtering. The observed higher normalized 

power density in pulsed mode can be attributed to overshoot in plasma potential when it 

transits from 'on' to 'off' [89] . 
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Figure 5.9: Normalized power density for equivalent deposition rates in de HlPMS and 
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5.3.2 Reactive Mode 

The following section describes the experiments carried out in reactive mode. In this 

mode of operation titanium target has been sputtered in argon and oxygen gas 

environment The flow rates of argon and oxygen were 30 and 1.3 sccm respectively. 

5.3.2.1 Magnetic Field Effect on the Power Density in HiPIMS Discharges 

To study the magnetic field effect on the power density onto the substrate, a titanium 

target is sputtered reactively in the HiPIMS mode. 

Before carrying out these experiments, a set of preliminary experiments were carried 

out to identitY the oxygen flow rate that is appropriate for transition mode of the 

operation. The effect of reactive gas (oxygen) flow rate on the cathode voltage and 

current waveforms i shown in fi gures 5.10 and 5.1 I. 
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Figure 5. 10: A plot of the cathode voltage waveforms at different flow rates of oxygen in 

reactive mode 
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Figure 5.11: A plot of the cathode current waveforms at different flow rates of oxygen in 

r a lTv mod . 

From the figures 5.11 and 5.12, it can be clearly seen that the oxygen flow rate for the 

transition is between I and 2 seem. Another experiment carried out with a very small 

step of flow rate (0.1 seem) revealed that 1.3 seem flows rate of oxygen gives the 

transition mode. Therefore. all the experiments were carried out at oxygen flow rate of 

1.3 ccrn. Howe er, there was a little change in flow rates with different magnetic field 

strengths. 

To study the magnetic field effect on the total power density onto the substrate, four 

different magnetic fi eld configurations have been chosen. These magnetic field 

configurations were obtained by pulling the magnets back relative to the cathode 

surface. The spatial map of the magnetic field in magnetic field configurationl is shown 

in the figure 5. 12. Magnetic field measurements were carried out on the bench 
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while magnetron was removed using a Hall probe with spatial resolution of 5 mm in the 

radial and axial directions. 
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Figure 5.12. The measured magnetic field (flux density B) and field line directions for (a) 
magnetic jield configuration 1 (magnets were situated at 0 mm behind the cathode), Normalized 
arrows indicate the B-jield direction, gray scale is the magnitude of magnetic field B 

As the mag netron ' s magnets are pulled back, the magnetic field strength infront of the 

cathode urface reduce , however the magnetic field geometry remains same. 

The total magnetic field strength (IBI = J(Bi + Bn ) just above the racetrack and in 

a ll the four magnetic fi e ld configurations behind has been shown in the figure 5.13. The 

plot indicates that moving the magnets re lative to the cathode surface by 15 mm 
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reduces the magnetic field strength by 50% at the cathode surface and above the 

racetrack. 
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Figure 5.13: The total B-field has been caluclated as IBI = .j(B; + Bi) for all the four 
locations of magnets. All these measurements were just above the race track (r=45 mm) 

A change in the magnetic field strength influences the temporal evolution of the cathode 

voltage and current waveforms. Typical plots of cathode voltage and current recorded at 

the four magnetic field strengths in HiPIMS mode pulsed at 100 Hz with pulse 'on

time' of I 00 ms are shown in figure 5.14. 

The plot indicates that the peak cathode voltage increases and peak current decreases as 

the magnetic field strength is reduced. This is not surprising as there is less ionization 
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efficiency as the magnetic field is reduced and therefore less discharge current and 

higher discharge voltage for the same average power. 
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Figure 5.14. The cathode voltage Vd and current Id waveforms produced by the (a) SINEX 3.0 
supply in the HiPIMS mode for an average discharge power of 680 W and a gas pressure of 
0.54 Pa in all the four magnetic field configurations. The (l) thick continous line (- ) for 
the magnetic field configuration J (2) The dashed line for (- - - ) configuration 2 (3) The 
dashed-dotted line ( _. _. ) for configuration 3 and (4) thin contino us line ( --) for 
COnfiguration 4. 

The power density with different magnetic field strengths has been measured. The 

measurements were carried out at three different frequencies of 75, 100 and 150 Hz. 

The pulse 'on-time' for all the frequencies used was kept constant at 100 ~s. Therefore, 

the duty factors were 0.75%,1% and 1.5% for 75,100 and 150 Hz respectively. In order 
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to keep the average power constant at all the frequencies used, the cathode discharge 

voltages have been adjusted accordingly. 

A plot of power densities verses magnetic field strength is shown in figure 5.15. Figure 

5.15 clearly indicates that the power density decreases linearly with reducing magnetic 

fi eld strength. 
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l!'igll.re 5.15: Plot of power densities verses magnetic field strengths in high power 
1mpulse magnetron sputtering discharges. M easurements were carried out at 100 mm 
away from the cathode surface and above the racetrack (r = 45 mm). The four chosen 
magnetic field strenKths are shown as BFl , BF2, BFJ and BF4. 

Tt is reduced by - 30% (from 68 to 52 mW/cm2
) at a pulse frequency of 1 00 Hz when the 

ma!,rnetic fi eld is reduced by an amount of 45%. This is an important observation in the 

sense that the deposition rate increases with reducing magnetic field strength (details of 

this fi nding wi ll be discussed in later chapter of deposition rates measurements), 
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therefore power density per particle is reduced with reducing magnetic field in a 

HiPIMS discharge. The reason why power density in HiPIMS discharges is lower at 

lower magnetic field strengths can be explained as follows. The thermal probe was 

floating therefore it achieved a negative self-biasing voltage. The main depositing 

species on the probe is metallic and plasma ions. It has been observed that the strength 

of the potential barrier infront of the cathode surface reduces at lower magnetic field 

strength [105]. Therefore the ions produced from the sputtered metal atoms will have 

less energy and therefore will deposit less power onto the substrate. 

Another observation is that the power density increases with increasing frequency. As 

the frequency was increased from 75 to 150 Hz, the power density was increased by 

-27%. This result is not a higher the frequency results in a higher deposition rate that, 

in tum, increases the power deposited onto the substrate. 

5.3.3 Langmuir Probe Measurements 

The temporal investigation of plasma properties such as plasma density and plasma 

temperature against the magnetic field strength has been carried out to further 

understand the plasma dynamics and to know whether it contributes to the power 

density onto the substrate. Measurements have been carried out at two different 

magnetic field strengths - magnetic field configuration 1 (BFt) and magnetic field 

configuration 3 (BF3). The results are discussed in conjunction with the power density 

measurements to understand the reason responsible for the observed results. 
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5.3.3.1 The Evolution of Plasma Parameters 

To extract plasma parameters such as plasma density (ne), electron temperature (Te) and 

the plasma potential (Vp) from measured Langmuir probe I-V characteristics, various 

conditions must be satisfied in order to apply the correct current collection theory 

discussed in section 3.5. The basic assumption of all these theories is a Maxwellian 

distribution of electron velocities, more commonly referred to as a single Maxwellian 

electron temperature Te. It is common however, in some discharge plasmas including 

magnetron plasmas, that the measured electron temperature cannot accurately be 

represented by that of a single MaxweIlian distribution [71-75]. Electron energy 

distribution functions (EEDFs) have been measured at 88 mm away from the cathode 

surface and above the racetrack (Z = 88 and R= 45 mm) during the pulse 'on-time' 

(t = 40 Ils) and pulse 'off-time' (t = 150 Ils) at an average power of 680 Wand an 

average pressure of 0.54 Pa and shown in the figure 5.16. The discharge was pulsed at 

100 Hz and the pulse 'on-time' was 100 IlS. The Druyvesteyn's method has been used 

to obtain values ofne• TefT and Vp as this technique is applicable to all forms distribution 

function finds the distribution of electron energies from the second derivative of probe 

data using the assumption that the distribution is spherically symmetric. 

Figure 5.16 shows the time evolution ofthe EEDF at two different time location - first 

one shown with a continous curve is at 40 Ils and second one shown with a dotted curve 

is at 150 IlS after the initiation of the discharge during the discharge cycle. The plot 

clearly indicates that EEDF during the pulse 'on-time' is wider than that in the pulse 

'off-time'. 
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As the pulse switches off, there is no source of energy for electrons and they lose their 

energy via collisions. 
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Figure 5.16: Evolution of electron energy distributions (EEDF) in bulk plasma (Z = 88 mm) at 
40 IlS (on-time) and 150 f..t s (off-time) . Both of these distributions have been measured at 
magnetic field configuration I (BFI). The discharge was pulsed at 100 Hz and pulse 'on-time' 
was 100 f..t S. 
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Figure 5.17: A plol of lime-resolved plasma density profile in bulk plasma (Z = 88 mm) at two 
different magnetic field configurations (BFI and BF3). The discharge was pulsed at 100 Hz and 
pulse 'on-time' wa 100 f..t s. 

149 



Power Density Measurements 

From the measured EEDF, the plasma parameters such as plasma density, plasma 

temperature and plasma potential have been calculated. The plasma potential has been 

obtained from the point where cf IeldJft = 0 in the measure probe characteristics. 

Figure 5.17 shows the plasma electron density evolution at two magnetic field strengths. 

The plot clearly indicates that as the discharge is switched on, the plasma density 

develops and it peaks around 75 Ils after the initiation of the discharge pulse for both 

magnetic field strength and it differs very slightly (- 5%), however the peak discharge 

current is significantly differs (see figure 5.14). The important point is that the plasma 

density is always lower at lower magnetic field strength (BF3). During the pulse on

time - at t = 40 Ils, the plasma density is one order higher (6.4 x 1012 per cc) in 

configuration 1 than that in the configuration 2 (6 x lOll per cc). It is not surprising 

because at lower magnetic field strength, ionization efficiency is lower due to less 

electron trapping. 

Figure 5.18 shows the evolution of the electron plasma temperature at two different 

magnetic field strengths. It is interesting to observe that the electron temperature 

increases with lowering the magnetic field strength. 

When these results are viewed in conjunction with the power density onto the substrate, 

it can be inferred lower plasma density in front of the substrate at lower magnetic field 

strength might be a probable cause of lower power density at lower magnetic field 

strength. 
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Figure 5. 18: A plot of time-resolved plasma electron temperature profile in bulk plasma (Z = 

88 mm) alllt' different magnetic field configurations (EFJ and BF3). The discharge wa pulsed 
at 100 Hz and pul e 'on-lime ' wa ' 100 Its. 

5.4 ond u ions 

A power probe has been used successfully to measure the power density onto the 

isolated substrate in high power impulse magnetron sputtering discharges. The 

measurements were carried out to investigate the magnetic field effect on the power 

density in HiPIMS discharges. Measurements indicate the power density is linearly 

proportional to the applied power in all the modes of operation. It was found that the 

POwer den ity i significantly reduced in the HiPIMS discharge compared with 

conventional D and pulsed-DC magnetron sputtering at the same average power 

levels. 

It was al erved that the magnetic field strength of the magnetron can be used to 

control the thermal loading of the substrate. By reducing the magnetic field strength by 
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45% could reduce the power density onto the substrate by 28%. This finding is very 

important in the context of depositing thin films onto the thermally sensitive substrates 

such polymeric web. Lowering the discharge pulse frequency also reduces the power 

density. 

Electron plasma density measured by the Langmuir probe indicates lower plasma 

density at lower field strength which might be the probable cause of lower power 

density at the substrate. 
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Chapter 6 

DEPOSITION RATE MEASUREMENTS 

Despite having many advantages, the HiPIMS technique has the major drawback of 

lower deposition rates than those in conventional DC magnetron sputtering and 

pulsed DC magnetron sputtering at the same average power levels. To understand the 

reasons responsible for it, a systemic investigation has been carried out and is being 

reported in this chapter. 

The magnetic field strength of the magnetron and its topology is a crucial global 

parameter that affects plasma transport in the discharge body that, in tum, influences the 

deposition rates. Therefore, the study of magnetic field effect on deposition rate has 

been carried out and compared with the deposition rates in DC magnetron sputtering 

and the pulsed-DC magnetron sputtering. 

Experimental findings suggests that the deposition rate can be controlled by varying the 

magnetic field strength, however trends in deposition rates versus magnetic field 

strengths in HiPIMS and pulsed DC were found opposite. This chapter details these 

investigations and its findings. 

6.1 Introduction 

Although HiPIMS has provided new process parameters that have the potential of 

enhancing the film quality and adhesion, it was noticed in most of investigations that the 

deposition rate, normalized to average power, is significantly lower than in DC 

magnetron sputtering and pulsed-DC magnetron sputtering discharges [50]. 
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Since the deposition rate is an important process parameter in thin film deposition 

technology, many investigations were carried out by various researchers to find out the 

causes of the observed lower deposition rates. Based on these investigations, various 

ways were reported to enhance it. Bohlmark et. at. [80] reported that it is the magnetic 

field perturbation that is responsible for the observed lower deposition rates in the 

HiPIMS discharges and demonstrated that an additional external magnetic field can 

enhance the deposition rate by 80% for the sample placed at the central axis. Emmerlich 

et. at. [79] reported the nonlinear dependence of the sputtering efficiency on the target 

voltage and therefore it is unreasonable to compare the deposition rates in DC and 

HiPIMS modes. By decreasing the transverse magnetic field (Bt) by 33% (from 50 mT 

to 17 mT) an increase of 70% in deposition rate (270 to 360 nmh-1kW-I
) has also been 

reported [129]. Christie et. at. [77] developed a phenomenological model and predicted 

that the back-scattering of ions towards the cathode is the root cause of the observed 

lower deposition rates. A spatial and temporal resolved plasma potential investigation in 

the IliPIMS discharges [105] reported that the existence of the strong potential barrier 

in front of the target hampers the transport of the plasma ions towards the substrate and 

hence causes the lower deposition rates. It was also suggested that the time lag between 

the target voltage and discharge current is responsible to the lower deposition rates and 

a novel pulsing technique (high voltage discharge with low voltage pulse at the end) 

was proposed that could enhance the deposition rates by two times [130]. 
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An experimental study carried out to investigate the deposition rate dependence on the 

magnetic field strengths in pulsed DC discharges revealed a slight increase in deposition 

rates with a decrease in magnetic field strength [131]. These deposition rates were 

compared at constant discharge current. Therefore applied average power had been 

increased to maintain constant discharge current. For a decrement of more than 50% in 

magnetic field strength (from 422 to 184 G), a slight increase (- 5%) in deposition rate 

has been observed at 5 cm away from the target. It was concluded in that study that this 

slight enhancement in deposition rates is the result of the increased average power. 

However, in our case the average power was kept constant instead of the average 

discharge current. 

A comparative study has been reported to investigate the effect of magnetic field 

strength and topology of the magnetron and the pulsing frequency on the deposition 

rates in HiPIMS, DC and pulsed DC discharges at the same average power levels. 

These experimental findings have also been compared with the prediction of the 

deposition rates using a simple computational model. We also investigate the effect of 

thickness of the sputtering targets on the deposition rates. 

6.2 Experimental Arrangements 

A schematic diagram of the magnetron arrangement together with the position of 

deposition rate monitor is shown in figure 2.2 (Chapter 2). 
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The deposition rate measurements were carried out above the racetrack at a radial 

position ofr = 45 mm and an axial position ofz = 100 mm, using the Maxtek TM-400 

multi film deposition rate monitor (equipped with 6 MHz quartz crystal oscillator and 

silver sensor). Although the deposition rate varies during the pulse, the slow response 

of the sensor allows only time-averaged values to be determined (in our case from the 

total thickness measured in the fixed chosen deposition time of 120 s). One important 

region of the discharge is the magnetic trap, indicated in the figure 2.2 and defined by a 

region enclosed by magnetic field lines that intersect the target twice. 

The magnetic field strengths and directions have been determined from bench 

measurements of magnetic field taken in the axial (Bz) and radial directions (Br) using 

a Hall probe as discussed earlier in chapter 2. The magnitude of total B-field lEI = 

.J (B; + Bn along the line of deposition rate measurements is shown in figure 2.3. As 

the magnets are withdrawn, B drops by - 40 % at the target. 

The plasma source was energized by a SINEX 3.0 HiPIMS power supply (from 

Chemfilt Ion Sputtering). The target was sputtered at frequencies of 75, 100 and 150 

Hz with an "on-time" of 100 J.lS in an argon gas environment (purity 99.99%), at a 

pressure of 0.54 Pa and a time-averaged power of 680 W (± 5%). The peak target 

power and current density in this study were - 3 kW cm-2 and - 2.7 A cm-2 

respectively. Typical cathode voltage and current waveforms obtained at a pulse 

frequency of 100 Hz at four chosen magnetic field strengths are shown in figure 6.1. 
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Figure 6.1 : The cathode voltage Vd and current Id waveforms produced by the SINEX 3.0 
supply in the HiPIMS mode for an average discharge power of 680 W and a gas pressure of 
0.54 Pa in all the four magnetic field configurations. The (1) thick continous( -) line 
for the magnetic field congiguration 1 (2) The dashed line (- - - ) for configuration 2 (3) The 
dashed-dotted line (- • -)for magneticfield configuration 3 and (4) thin contino us line (---) 
for configuration 4 

For operation in DC and pulsed DC modes, the discharge was triggered by a Pinnacle 

Plus+ power supply unit from Advanced Energy Incorporated. This is an asymmetric 

bipolar DC pulsed supply capable of producing output waveforms in the frequency 

range between 0 to 350 kHz. The pulse 'off-time' can be adjusted by the user to provide 

various duty factors. In the present study, two frequencies of 100 and 350 kHz were 

used with 50% duty factors i.e. 'pulse on-times' were 5 and 1.43 J.1s, respectively. The 

power supply was used in power regulation mode. 
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The typical cathode voltage and pulse waveforms during 100 and 350 kHz at four 

chosen magnetic field configurations are shown in the figures 6.2 and 6.3 respectively. 
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Figure 6.2: The cathode voltage Vd and current Id wave/orms/orIOO kHz pulsed DC mode/or an average 
discharge power 0/680 Wand a gas pressure 0/ O. 54 Pa in all the lour magnetic field configurations. 
The (I) thick cOn/inous line (--) lor the magnetic field congiguration 1 (2) The dashed line ~ - - ) 
lor configuration 2 (3) The dashed-dotted line (_ . _ . ) for configuration 3 and (4) thin continous line 
(--- ) lor configuration 4. The duty/actor was kept constant at 50% 
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These cathode voltage (Vd) and current (Id) waveforms were measured at an 

intermediary aluminium test box placed between the power supply and the magnetron 

source using a xlOO voltage probe (P5100 Tektronix Ltd model) and a x20 current 

probe (Tektronix Ltd Model Tep 04) in conjunction with a xlO current probe 

(Tektronix Ltd Model Tep 202) respectively. The reference time t = 0 was defined as 

the zero voltage crossing point between the 'off' and 'on' phases of the Vd pulse. The 

discharges were operated at an average discharge power of 680 Wand a gas pressure 

of 0.54 Pa in all the four magnetic field configurations. From the plots in HiPIMS 

mode and magnetic field configuration I (maximum magnetic field strength), we see 

that in the initial phase, Vd ramps down rapidly from 0 to -650 V in 200 ns, then 

relaxes somewhat to reach -600 V in the next 20 Jls. After this, V d increases up to 0 V 

in 100 JlS. The cathode current Id lags cathode voltage V d, having a maximum value of 

230 A which occurs 40 Jls after initiation of the discharge pulse. The time lag between 

Id and V d and the time of the establishment of the peak discharge current varies with 

magnetic field strength. 

6.3 Results and discussions 

All the deposition rate measurements were carried out above the racetrack position, 

100 mm away from the target (r = 45 and z = 100 mm). The deposition rate has been 

calculated as the deposited film thickness per unit time at a constant average power. 

For the present study, the film thickness has been measured for a deposition time of 

120 seconds. To compare the deposition rates during all the modes of operation, the 

average power over the time has been chosen as a parameter and it is given as 
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(tp 
Pav = 8 J

o 
let) Vet) dt eq(6.1) 

Where 5 = lon / (lon + lofT) = tp f. Here 5 is the duty factor, tp is pulse duration that is ton 

+ tofT and f is the pulse frequency. The average power has been kept constant at 680 W 

by varying the cathode discharge voltage Yd. 

Figures 6.1 - 6.3 show the cathode discharge vo Itage V d and cathode discharge current 

Id in the three pulsed modes of operations such as 100 Hz HiPIMS, 100 and 350 kHZ 

pulsed DC respectively. From the plots in the figure 6.1, it is clear that peak discharge 

voltage Vd increases marginally (- 5% of the peak voltage in magnetic field 

configuration 1) by decreasing B-field strengths (- 40%) in the HiPIMS mode and 

peak discharge current Id decreases significantly (- 64%). However, in pulsed DC 

mode the change in the cathode discharge current is not so prominent with changing 

magnetic field strengths. For the pulsed DC measurements, the duty factor was kept 

constant at 50%. However, in the HiPIMS mode the duty factor could not be kept 

constant due to the limitations offered by the HiPIMS power supply. 

6.3.1 Effect of Magnetic Field on Deposition Rates in HiPIMS 

To study the effect of magnetic field strength on the deposition rates in the HiPIMS 

mode, three different frequencies 75, 100 and 150 Hz have been chosen. In all these 

frequencies, pulse 'on-time' was kept constant as 100 ~s, therefore their duty factors 

were 0.75 %, 1 % and 1.5 % respectively. The average power was kept constant 
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therefore, the lower the frequency, the higher the peak power density or peak current 

density. 

The magnetic field strength influences the deposition rate significantly in the HiPIMS 

discharges as shown in the figure 6.4 with dotted curves. The deposition rate almost 

doubles (7.48 nm to 14.72 nmlmin at 100 Hz pulse frequency) at the typical substrate 

position (z = 100 mm) by reducing the magnetic field strength by 40% at the target 

position. 

The observed increase in the deposition rates can be explained on the basis of 

following arguments. At lower plasma confinement at the lower magnetic field 

strengths. The finite Larmor radius (FLR) of electrons plays an important role in the 

cross field transport of the plasma. The shorter the electron Larmor radius rL, he 

stronger is the plasma confinement. As the Larmor radius rL is inversely proportional to 

the magnetic field strength (rL - B·\ a lower magnetic field means rL is higher and 

hence plasma (electrons and ions together) can diffuse from the magnetic field lines 

more easily to the substrate. Secondly, in this study, the magnetic field strength is 

reduced by pulling back the magnetron's magnets. It reduces the size of the magnetic 

trap and therefore reduces the size of plasma confinement region. 
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Figure 6.4. A plot of deposition rates versus magnetic field strength in the HiP/MS, DC and 
pulsed DC modes of operations. The average power and pressure was kept constant at 680 W 
and 1.08 Pa respectively for al/ the measurements. 

Although, only the electrons are magnetized in the magnetron's magnetic field 

geometry, it also affects the ion transport due to ambipolar diffusion. Therefore the 

reduced size of the magnetic trap region effectively reduces the ion retarding space in 

the plasma bulk. This, in turn, enhances the ion transport towards the substrate and 

therefore the deposition rates. The third and the most important reason is the lower 

strength of the potential barrier existing in-front of the target at the lower magnetic 

field strength. In another experiment carried out with similar parameters [105], it was 

observed that the height of the potential barrier in front of the target reduces with 

lowering magnetic field strength. Therefore the ion flux has to face less retarding force 

while travelling towards the substrate, which results in higher deposition rates. 
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To explain the observed higher deposition rate at higher pulse frequency, one could 

argue that at the higher frequency, the target-substrate gap is more frequently filled 

with electrons and ions produced during the pulse. At higher frequencies, the plasma 

between the target and substrate has less time for relaxing. This, in tum, increases the 

time charge particle density in this gap and therefore produces better plasma on-time 

conductivity. As the plasma conductivity plays a crucial role in the ion transport 

towards the substrate [131], therefore transport of the plasma particles towards the 

substrate would be more efficient at higher frequencies and it, in tum, increases the 

deposition rates as observed in this study. 

Axial variation of the deposition rate with various magnetic field strengths and with 

older (thinner and more pronounced racetrack region) targets has been reported [105]. 

The average power and the average pressure for those experiments were 750 Wand 

1.08 Pa respectively. The plot reported in [105] indicates that a reduction of 33% of 

magnetic field strength (375 G to 250 G) at the target position increases the deposition 

rate by 6 times at the substrate position. This increased deposition rate is higher than 

those reported here. This older target produces a significantly higher current density 

(-1.5 times more and not shown here) at the similar power levels. Therefore, it is 

speculated that this increased current density might be responsible for larger 

enhancement of deposition rates with reducing magnetic field strength. Secondly, the 

magnetic field effect might influence the ion transport differently in experiments 

carried out with older targets due to a deeper racetrack groove and reduced thickness of 

the target. This change in magnetic field could also change sputtering and ionization 
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efficiencies and therefore can produce higher deposition rates. However, there is a need 

of more investigations to know all the responsible factors for this observation. 

6.3.2 Effect of Magnetic Field on Deposition Rates in DCMS and pulsed DCMS 

The deposition rate measurements against magnetic field strength in DC, 100 and 350 

kHz pulsed DC discharges have been shown in the same figure 6.4 with continuous 

curves. The results indicate that deposition rates in pulsed DC and DC modes of the 

discharge increases with the magnetic field strength. Therefore, here, decreasing trends 

in the deposition rates with lowering of the magnetic field can be attributed to the 

reduced charge particle densities and lower sputter rates from the target as the effective 

plasma confinement is reduced. Reduced magnetic field strength reduces the electron 

plasma density, that, in tum, reduces the discharge current. It results in reduced 

sputtering rates of the cathode and it eventually produces lower deposition rates. The 

observed decreasing trend in the deposition rates with increasing pulse frequency can 

be understood on the basis of the arguments proposed in [132] that there is a dead time 

(500 to 1000 ns) associated with each pulse 'on-time'. During this dead time, 

negligible amounts of sputtering take place. This dead time becomes an increasingly 

significant proportion of the pulse on-time as the pulse frequency is increased. This, in 

tum, reduces the total sputtering and therefore reduces the deposition rate with 

increasing frequencies. 
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6.3.3 Modeling of the Effect of the Magnetic Field Strength on Deposition 

rates 

Using the nuclear stopping power formula and Lindhard electronic stopping power 

formula, Yamamura and Tawara [133] proposed a simplified empirical formula for the 

energy dependence of the sputtering yield 

eq(6.2) 

Where Ml and M2 are the masses of the sputtering gas and target respectively. a is a 

constant that determines the energy deposited at the surface and the function of masses 

of the of the target and the sputtering gas and also has the Z2 dependence factorized as 

Q(Z2)' Sn(E) and ke are the nuclear and electronic stopping powers, respectively. The 

term E is the reduced energy and depends upon the masses and atomic numbers of the 

target and sputtering gas and the energy of the incident ions on the target. The factor r 

is expressed as [133], 

r = 1 + (Md7)3 
eq(6.3) 

Eth is the threshold energy for sputtering of titanium (Ti) and is given as [133], 

Eth 1 + 5.7 X (MdM2) -=------.......;.. 
Us Y 

eq(6.4) 
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where y is the energy factor and is given as 4 M/M/(M/+M]j2. 

The surface binding energy Us and the best fit values ofQ, Wand s for the titanium (Ti) 

target is given as 4.85 eV, 0.54, 2.57 and 2.5 respectively [135]. 

Here the deposition rates have been calculated as 

eq(6.5) 

where Id(t) is the cathode discharge current and YE (I) is the sputtering yield given by 

eq. (6.3). Here, in calculating the deposition rates, it was assumed that deposition rates 

are proportional to sputtering rates and all the sputtered particles were deposited. 

These calculated deposition rates together with measured deposition rates against the 

magnetic field strengths, in DC and pulsed DC modes of the operation, are plotted in 

figure 6.5. It should be noted here that the calculated deposition rates are arbitrary in 

values. Therefore these values have been multiplied by a constant number that makes 

deposition rates similar in the magnetic field configuration 1. This exercise has been 

done for the illustration purposes only. The results plotted in figure 6.5 indicate that the 

variation in the calculated deposition rates against magnetic field strength have similar 

trends to the measured values. These trends arise because lowering the magnetic field 

strength lowers the plasma density, which in turn, reduces the total sputtering and 

therefore the deposition rates. 
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Figure 6.5: A plot of the deposition rates against the magnetic field strength in the DC and 
pulsed DC modes. The contino us lines with solid symbol are for the experimental 

It should be noted here that the calculated sputtering yield (Y) always increased with 

lowering magnetic field in all modes of the operation because lowering the magnetic 

field strength resulted in increasing cathode discharge voltage to maintain the constant 

discharge power. 

These findings can be explained as follows. In the DC and pulsed DC discharges, the 

major proportion of the depositing flux is made of sputtered neutrals. As the magnetic 

field strength is lowered, the cathode discharge current reduces and it reduces the 

sputtering metal flux that results in the observed lower deposition rates. 

The effect of magnetic field strength on deposition rates in the HiPIMS discharges has 

been shown in figure 6.6. 
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Figure 6. 6 : A plot of the deposition rates against the magnetic field strength in the HiP/MS 
mode. The contino us lines with solid symbol are fro the experimental results and the dashed 
lines with hollow symbols are for the modelled deposition rates. 

From the plot 6.6, it is clear that the calculated deposition rates have opposite trends to 

the measured deposition rates. It can be explained as follows. 

In the lIiPIMS discharges, the major proportion of the deposited metal flux (-90%) [18] 

is made of metallic ions. These metallic ions are formed by the ionization of the 

Sputtered neutrals flux. These ions, therefore, have typically the same energy as 

sputtered neutrals, given by the Sigmund-Thompson distribution. As the magnetic field 

strength is lowered, the strength of the potential barrier is reduced (see in figure 4.16), 

therefore less energetic ions are able to surmount the potential barrier and become 

deposited at the substrate. 
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Secondly, the lowered magnetic field strength decreases the effective confinement of 

plasma electrons, therefore electrons can diffuse more readily. Since the thermalized 

and sputtered ions follow the electrons, they can also diffuse towards the substrate more 

readily at lower magnetic field strength resulting in the higher deposition rates. 

6.4 Conclusions 

A comparative study of magnetic field effect on the deposition rates in the HiPIMS, 

DC and pulsed DC discharges has been carried out using a deposition rate monitor. 

It was found that the magnetron's magnetic field strength is a crucial parameter that 

determines deposition rate for a given set of operating conditions. The measurements 

carried out in the HiPIMS mode show that the deposition rates increased by a factor of 

2 times with lowering the magnetic field strength by 40% at the target. Increasing the 

pulse frequency at constant pulse on-time also enhances the deposition rates due to 

increased duty factor and more plasma present above the substrate on time-average. 

However, investigations carried out in the DC and pulsed DC (100 and 350 kHz) 

modes revealed that deposition rate decreases with the lower field strengths due to less 

ionization efficiency, reduced plasma densities and lower sputtering rates. 
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Chapter 7 

MEASUREMENT OF ION ENERGY DISTRIBUTION 
FUNCTION IN HiPIMS DISCHARGE 

This chapter describes the time-resolved ion energy distribution functions (IEDF's) at 

the substrate position in a HiPIMS discharge investigated using a commercial 

quadruple energy-resolved mass spectrometer, incorporating a double gating ion 

shuttering technique as discussed in chapter 3. 

7.1 High Time-Resolved IEDFs in HiPIMS Discharges 

This section details the demonstration of Electrostatic Ion Shuttering Technique to 

measure very high time-resolved ion energy distribution functions in HiPIMS 

discharges and its findings. 

7.1.1 Introduction 

IEDFs measurements in HiPIMS discharges have been carried out by a number of 

researchers using energy-resolved mass spectrometry in the time-averaged as well as the 

time-reso Ived modes. Bohlmark et. a!. [19] carried out such studies with a Ti target and 

found that the time-averaged IEDF's are typically broader than in DC magnetron 

sputtering (DCMS) discharge. They also showed that the time-resolved IEDFs (of Ar+ 

and Tt) have broad distributions (up-to 100 eV) in the early stage of the discharge 

pulse, which quickly narrow as the pulse ends. Burcalova et. a!. [134] observed in a 

similar HiPIMS discharge that with decreasing working gas pressure, a significant high 

energy tail develops in the time-averaged IEDF's, and the fraction of the ionized metal 

flux to metal neutrals increased with the average current in the pulse. 
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Hecimovic et. at. [135] performed time-averaged IEDFs measurements of Ar+ and Cr+ 

ions and found that for both species a high-energy tail existed and increased with the 

increasing target current. The energy corresponding to the peak counts (at 2- 4 eV) was 

independent of the discharge current since the low energy ions are a remnant of a post 

discharge plasma which was found to exist. The ion flux transformed from metal

dominated to gas dominated as magnetic field decreased [136]. 

Vlcek et. a1. [137] carried out time-averaged mass spectroscopic measurements at 

pressure up-to 5 Pa and target current density in the pulse up to 950 W/cm2
• They 

observed that copper ions are strongly dominant (up to 92%) in total ion fluxes onto the 

substrate. They also found that the energy distributions with broadened low-energy part 

at a lower pressure were extended to higher energies (up to 45 eV relative to ground 

potential). 

Although many of these studies have increased knowledge of the species and energies 

present in the HiPIMS discharge there is lack of detailed information on the time

evolution of the ion energies at the substrate. The time-resolved experimental studies of 

Bohlmark et. a1. [19] despite providing some measurements of the evolution of the 

IEDF's, the time-resolution was limited to 20 IlS and the number of full distributions 

obtained per cycle was limited to three. This paper investigates the time-evolution of 

IEDFs in a HiPIMS discharge during the entire pulse with a temporal- resolution of 10 

J.ls. 
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7.1.2 Experimental Set-up 

Experimental set-up consists of the technique used to measure the IEDFs and 

experimental arrangements. 

A technique for obtaining high time-resolution ion energy distribution functions 

(IEDFs) at the substrate in depositing plasma has been developed, and applied to a High 

Power Impulse Magnetron Sputtering (HiPIMS) discharge. Key to this technique is the 

electrostatic gating of ions inside the instrument end cap. The present work is original in 

the following sense: it demonstrates a newly developed gating technique in order to 

achieve IEDF measurements in HiPIMS discharges with time resolution better than 2 J,lS 

over the entire cathode voltage pulse period. 

An electrostatic ion shuttering technique in conjunction with HIDEN EQP 300 

(Electrostatic Quadrupole Plasma analyser) energy-resolved mass spectrometer [126] 

was used for time- resolved IEDFs measurements. The details of this technique have 

been described in chapter 3 (section 3.3.1). The spectrometer was equipped with 45° 

energy sector and SEM (Secondary Electron Multiplier) to count the ions. It provides 

energy resolution up-to 0.1 eV but in the present experiments a 0.5 eV energy resolution 

was chosen due to the long acquisition times (-3 minutes) in a single scan. Before 

choosing this energy resolution setting, the IEDFs were scanned at 0.1 and 0.5 eV 

energy resolutions and no significant changes, in counts or in the shape ofIEDFs, were 

observed. The mass spectrometer barrel was located opposite the racetrack at a distance 

of10 cm (see figure 7.1). 
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This orientation provides direct line-of-sight between the instrument and surface of the 

cathode, increasing the probability for the sputtered target material to enter the 

instrument without undergoing any collisions. The plasma ions were sampled through 

an orifice of 100 Jlm in diameter drilled on the grounded end cap of the instrument. The 

electrostatic shutter [138] was made from a stainless steel mesh having 57 wires/inch 

and a 45% geometrical transparency. It was situated 0.5 mm behind the orifice (see 

figure 3.7, Chapter 3). An electrostatic pulse, produced by an external pulse generator, 

was biasing the mesh via a feed-through. Both the grid and the detector were gated by 

an external delay generator at a prescribed time delay. 
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Figure 7.1: A schematic 0/ experimental set-up used/or IEDFs measurements 
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The time t=O position was defined as the zero cutting edge of the target voltage pulse at 

the off-to-on transition. The details of gating scheme are shown in figure 3.8 

(Chapter - 3). 

The schematic of the experimental set-up is shown in figure 7.1 

7.1.3 Results and Discussion 

The time averaged IEDF for Ar+ is shown in the figure 7.2. While sampling the time-

averaged IEDFs, there was no mesh inside the mass spectrometer barrel. The intensity 

of signal written in terms of counts/sec has been plotted on the log scale while the 

energy is plotted in linear scale. The plot indicates that the peak counts occur at 3 V. 
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Figure 7. 2: The plot of the IEDF in HiP IMS discharges for Ar +. This measurement has been 

carried out at the constant power of640 Wand the average pressure of 0.27 mTorr. 
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It means most of the Ar+ has the energy of 3 eV and it is an indication of the time 

averaged plasma potential of the discharge as reported in [19]. Before performing the 

detailed experiments for time-resolved measurements, a set of preliminary experiments 

was carried out to assess the performance of the electrostatic shuttering technique. For 

this, a summation of time-resolved IEDFs at different times during the pulse was 

compared to a time-averaged IEDF. The plot is shown in figure 7.3. Both of these 

IEDFs have been recorded in different experiments and with different tuning parameters 

of the mass spectrometer. The time-averaged IEDF was recorded without mesh in the 

instrument. 

-II) 

4~X~10~5~ ________ ~ ________ ~ ____ ~~105 
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Figure 7.3: A plot of time averaged IEDF for Ar + and the summation of all the time-resolved 

IEDFs in the same time window. A hump at 105 e V is an artefact produced by the biased mesh 

when there is fast transition from -22 V to 150 V, at the end of gating time window. 
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As can be seen from plot, both of these IEDFs match well except that the sum oftime

resolved IEDFs have a hump at 105 eV and lower number of counts. This hump is 

artefact produced by the biased mesh when there is fast transition from -22 V to 150 V, 

at the end of gating time window. 

To confirm that this hump is indeed an artefact produced by the mesh, more 

experiments were carried out with different shuttering voltages on mesh and it was 

found that the position of hump follows the mesh biasing voltage. 

The lower number of counts in the peak in the time-resolved IEDFs and the slight 

mismatch in both IEDFs can be attributed to different tuning parameters of mass 

spectrometer as both of these scans were recorded during different experiments. This 

test gave us the confidence that the used gating technique was performing well. 

The time resolved IEDFs of Ar+ and Ti+, obtained at different parts of pulse cycle are 

shown in figures 7.4 and 7.5 respectively. These measurements were recorded after a 

prescribed time delay from the initiation of the cathode voltage pulse, with respect to 

ground potential (end cap of mass spectrometer was on ground potential). The time 

resolution was 2 Ils and the measurements were recorded between 0 and 30 IlS• The 

first appearance of Ar + ions was observed 8 IlS after the initiation of the pulse. As can 

be seen in figure 7.4, Ar+ ions have a distribution extending up to 20 eV. Further into 

the pulse, the energy distribution of Ar+ ions spreads up to 35 eV, due to possibly the 

transfer of energy and momentum to them by Ti+ via collisions. Similar energy spreads 

in the Ar+IEDFs have been reported by Bohlmark et al [19] for similar pressures. 
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The Ti+ ions in figure 7.5 appear 14 IlS after the initiation of the cathode voltage pulse, 

some 6 Ils after the arrival of Ar + ions at the substrate. It clearly shows that there are 

two distinct phases of plasma - gas rich plasma followed by metal rich plasma - in 

agreement with [140 - 142]. The highest counts in the energy distribution of Ar+ are 

seen at 3 eV and the energies spread up to 20 eY. Similarly the maximum in the Ti+ ions 

counts in the energy distribution at 22 eV however these ions extend up to 100 eY. 

Bohlmark et al [19] have also reported the similar results . 
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Figure 7.4: A plot o/time resolved IEDFs measurements in Ar+ in the HiPIMS discharges. The 
JEDFs have been sampled/or first 30 ps with the time-resolution is 0/2 ps. 
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Figure 7.5: A plot o/time resolved IEDFs measurement., in Ti+ in the HiPIMS discharges. The 
time-resolution is 0/2 f.is. 

The observed energy of Tt ions can be considered to come from two components, 

firstly due to plasma potential V p at which they were created and secondly from the 

sputtering kinetic energy of Ti atoms before ionization. The origin of higher energy 

peak of Tt is attributed to sputtering energy of metal atoms and can be explained as 

follows. Metal atoms are sputtered from the target by the impact of argon gas ions and 

then they diffuse away in the plasma and get ionized in dense plasma region due to the 

collisions with electrons, trapped in strong magnetic field of magnetron. These ions 

therefore have a similar energy same as the sputtered atoms, given by the Sigmund-

Thompson distribution 

eq(7.1) 
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Where Eb is the binding energy of metal atoms of target and € is the sputtered atom 

energy. 

7.1.3 Conclusions 

A technique for obtaining high time-resolution energy distribution function 

measurements in a HiPIMS discharge using the commercial energy resolved mass 

spectrometer (HIOEN Ltd EQP 300) has been demonstrated successfully. The key to 

this technique is the electrostatic gating of the ions inside the instrument's end cap. To 

demonstrate the performance of this technique, the time-resolved IEDFs measurement 

with 2 J.l.S time resolution were carried in the HIPIMS discharge pulsed at frequency of 

100 Hz, with a pulse width of 100 J.l.S and average power of 680W. 

The excellent agreement between the summation of all the time-resolved IEOFs 

measurements at different times during the pulse and a time-averaged measurement 

recorded by the mass spectrometer demonstrated that this technique is quite suitable for 

very high time-resolved measurements oflEOFs in the HiPIMS discharge. 

It was found that the Ar+ energy distribution has its maximum energy at 3 eV 

(corresponding to plasma potential) and extends up to 20 eV at 2 J.l.s after the initiation 

of the discharge pulse. As the pulse develops, this energy spread extends to 35 eV 

possibly due to the energy transfer from Tt via binary collisions. 

The IEDFs of Ti+ spread up to 50 eV at 20 J.l.S after the initiation of cathode voltage 

pulse and further into the pulse, ions are detected with energies extending up to 100 eV. 
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7.2 Temporal Evolution of Ion Bombarding Energy at the Substrate Position 

This section describes the investigation of temporal evolution of ion bombarding 

energies onto the floating substrate using an energy resolved mass spectrometer 

incorporated with the electrostatic ion shuttering technique. 

7.2.1 Introduction 

The temporal evolution of ion bombarding energy is very crucial parameter of the 

discharge that determines the quality of thin films deposited. Therefore a study has been 

carried out to investigate the temporal evolution of ion bombarding energy onto the 

substrate in the HiPIMS discharges. 

7.2.2 Experimental Arrangement 

The experimental arrangement was the same as it was used in previous study 7.1. In the 

present study, the time resolution of the IEDFs measurements was 10 J.1S. 

7.2.3 Results and Discussion 

7.2.3.1 Ion energy distribution functions for Ar+ and Ar++ 

The IEDFs of Ar+ and Ar++ ions measured with the 10 J-lS time-resolution are shown in 

figure 7.6 and 7.7. As seen in the figure 7.6, the energy distributions of Ar+ ions 

extends up to 15 eV and peaks at 3 eV. This low energy peak corresponds to slow Ar 

atoms ionized at the plasma potential V p. The higher energy part of these distributions 
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can be attributed either to Ar atoms which gain energy in collisions with the sputtered 

Ti atoms [141] or Ar+ ion-produced neutrals reflected from the target. 
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Figure 7.6: A plot of IEDFs of Ar + with 10 /is time-resolution 
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Figure 7.7: A plot of IEDFs of Ar ++ with 10 /is time-resolution 
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An interesting feature observed in the Ar+ IEDFs was the occurrence of two peaks in 

ion counts at times 30 and 100 Ils after the initiation of the discharge pulse, however the 

peak in ion counts for the Ti+ occurred at 30 Ils after the initiation of the discharge 

pulse. A closer investigation of energy distributions of the Tt ions (figure 7.8) shows 

that the energy peak of Ti+ ions shifts towards the lower energy and peak ion counts 

decreases at times 60 Ils after the initiation of the discharge pulse (shown by black 

arrow in figure 7.8). At the same time the Ar+ ion peak counts increases. It is evident 

from the target current waveform that target current peaks at 30 IlS after the initiation of 

the discharge pulse. Based on these observations, occurrence of two peaks in Ar+ ion 

counts can be understood as follows. As the discharge pulse is switched on, the argon 

ions present in the discharge are accelerated towards the cathode. These ions incident 

on the target and produce the secondary electrons having very high energy (several 

hundred eV's depending upon the magnitude of the discharge pulse). These secondary 

electrons travel through the discharge, collide with the argon atoms and ionize them via 

electron impact ionization mechanism because atoms have fairly high electron impact 

ionization cross sections at this energy range (8.82 to 17.64 x 10-17 cm2 at electron 

energies ranging 20 to 1 keV) [8]. 

e + Ar -+ 2e + Ar + eq (7.2) 

As the target current decreases, the number of secondary electrons in the discharge 

decreases and it results in lower electron impact ionization. So the lower energy peaks 

seen in Ar+ and Ti+ ions, which are due to electron impact ionization, disappears. 
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A closer investigation ofTt energy distributions (see figure 7.8) shows that energy and 

height of peak ion counts shift towards the lower side 60 J.lS after the initiation of the 

discharge pulse (shown by arrow in figure 7.8). At the same time second energy peak 

in Ar+ ion counts emerges. It can be understood as follows. When the Ti+ ions with 

sufficiently high energy collide with argon atoms, there is asymmetric charge exchange 

ionization between argon atoms and Ti+ atoms [8]. 

eq (7.3) 

It is an endothermic reaction with threshold energy of 8.9 eV [8], and hence rate 

constant for charge transfer collisions at thermal energies is very small. However, if 

either the Ar atoms or Ti+ ions are in excited state, this cross-section can be large at 

thermal energies. From the figure 7.8, it is evident that at times 60 J.ls, the energy ofTt 

ions is about 25 eV. Therefore charge exchange ionization becomes dominant in the 

later phase of the discharge pulse. In the Ar+ IEDFs, a significant number of ions were 

detected with negative energy. The reason of this observation can be understood as 

follows. There is a deposition of the sputtered ionized metal flux on the sampling 

surface of the mass spectrometer. It creates charges on the surfaces surrounding the 

sampling aperture and thus shifts reference ground potential. This shift in the reference 

ground potential is the cause of this observed negative energy of the argon ions [141]. 
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7.2.3.2 Ion energy distribution for Ti+ and Ti++ 

The IEDFs ofTt and Ti++ ions are shown in figures 7.8 and 7.9. 

1.6x10
6 

130 JA8 
120JA8 

1.4x10
6 

110JA8 

1,2x106 
100JA6 

.-.. 901'" 
en 

~ 1,Ox106 8OJA6 

Z;> 
'iii 8,Ox105 70 I'" 
C 
Q) 601'" -.£ 6,Ox105 

50JA6 

4,Ox105 

2,Ox105 40JA8 

0,0 
30 I'" 

?8l: 
0 20 40 60 80 

Energy (eV) 

Figure 7.8: A plot of IEDFs ofTt with lOllS time-resolution 

As it can be seen from the figure 7.8, energy distribution ofTi+ extends up to 80 eV and 

peaks at 22e V. 
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Figure 7.9: A plot of IEDFs ojTi++ with 10 JlS time-resolution 

The origin of this peak can be explained as follows. The metal atoms are sputtered from 

the target with an impact of the sputtering gas ions and then travel towards substrate. 

According to the Sigmund-Thompson sputtering theory, these sputtered atoms have a 

significant sputtering energy which depends upon the energy of incident sputtering ions 

and the binding energy of the sputtered atoms. On the way to the target, these metal 

atoms collide with the plasma ions and become ionized. Thus these metal ions have the 

sputtering energy associated with the sputtered metal atoms and also acquire an 

additional energy that is produced due to the potential difference between the bulk 

plasma and the grounded orifice of the mass spectrometer. Therefore the energy of the 

metal ions is composed of two parts, the first part is due to sputtering energy and the 
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second part is due to plasma potential. As it is evident from V p profile (figure 4.6), the 

most of time the plasma potential is 3eV, so the rest of the energy ofTi+, that is 19 eV, 

can attributed to the sputtered energy. 

7.2.4 Conclusions 

The time-resolved IEDFs were investigated in the HiPIMS discharge by the double 

gating technique, using the commercially available energy-resolved mass spectrometer by 

HIDEN analytical Ltd. The results show that Tt has a longer tail than Ar+, in accordance 

with previous publications. It was also observed that the energy peaks in IEDFs of Ar + 

and Ti+ were centred at 3 eV and 22 eV respectively. According to the Sigmund

Thomson sputtering theory, metal ions have the sputtering energy of sputtered metal 

atoms as well as energy gained while travelling in the electric field produced by the 

potential difference between the plasma potential and the grounded sampling orifice. It 

led us to conclude that the energy of Ti+ ions was partly due to plasma potential, that is 3 

eV, and partly due to the sputtering process that is 19 eV. Another observed feature was 

the occurrence of two peaks in Ar+ ions counts in the IEDFs, at times 30 J..LS and 60 J..LS 

after the initiation of the discharge pulse respectively. We speculate that frrst peak was 

due to electron impact ionization and the second peak was due to charge exchange 

ionization. 
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Chapter 8 

CONCLUSIONS AND OUTLOOK 

~is thesis presents a detailed study of time-resolved study of fundamental plasma 

parameters and their link to the global parameters to get better physical 

understanding of the discharges. To accomplish this purpose, various time-resolved 

diagnostics such as emissive probe, Langmuir probe, Mass spectrometry and power 

probe, have been designed and fabricated. 

Previously it has been shown that using HiPIMS discharges for thin film deposition led 

to the controlled growth of engineering quality thin films and significantly improved film 

properties and that this could be linked to the details of particle and energy flux arriving 

at the substrate from the plasma. These are influenced by parameters such as plasma 

density, electron temperature and the potentials in the discharge and thus optimising 

these parameters will ultimately allow greater control of the properties of the deposited 

films. 

Despite of many advantages, HiPIMS technique suffers a drawback of lower deposition 

rates than those in conventional magnetron sputtering discharges at the same average 

power levels. In the present study, it has been attempted to find out its reason why and a 

way to improve it. Detailed measurements were carried out to investigate the factors that 

influence these plasma parameters in an attempt to quantify the characteristics of the 

HiPIMS discharges and further understand the influence of the magnetron's magnetic 

field strength on the discharge. The main results have been discussed at the end of each 

chapter. These are summarized here together with suggestions for the routes future work 

can take. 
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8.1 Conclusions 

1. From the plasma potential V p profile discussed in chapter 4, it is clear that the V p 

readily responds to the cathode discharge voltage Vd with an additional double 

layer like potential structure named as 'second peak' structures during the pulse on

time. The emergence of this 'second peak' might be a signature of the evolution of 

the titanium ions Tt in the discharge as occurrence ofTt has been observed at the 

same time during the pulse in mass spectroscopic measurements in the same 

conditions. 

The spatial map of the plasma potential distributions shows a large potential 

variation (-125 V) in a very small region (10 <z < 40 mm) above the racetrack 

during the 'first peak', it can be attributed as the extended presheath region close to 

the cathode cause much greater ion acoustic speeds compared to the classical Bohm 

speeds at the sheath edge determined by (kT et'Mi)1I2 • 

This large variation in the V p produces the large axial electric field pointing 

towards the cathode. This electric field hampers the transport of the plasma ions to 

the substrate and one of the main causes of the observed lower deposition rate in 

HiPIMS discharges. The radial and axial electric field derived from the plasma 

potential Vp measurements show the existence of the strong axial electric field 

directed towards the magnetron close to the cathode that acts like a potential barrier 

for the plasma ions travelling to the substrate and therefore back scatters the ions. 
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This axial electric field together with the magnetic field creates large electron E 

x B drift speeds that, probably, deflect the ions towards the chamber wall. The 

existence of radial electric field pointing to the chamber walls also plays an 

important role in the discharge dynamics and transports the plasma ions towards 

the wall. 

2. Power density measurements onto the isolated substrate indicate that the 

magnetron's magnetic field strength can be used to control the thermal loading of 

the substrate. By reducing the magnetic field strength by 45% could reduce power 

density onto the substrate by 28%. This finding is very important in the context of 

depositing thin films onto the thermally sensitive substrates such polymeric web. 

Lowering the discharge pulse frequency also reduces the power density. Plasma 

density measurements indicate lower plasma density at lower field strength which 

might be the probable cause of lower power density at the substrate. 

3. A comparative study of magnetic field effect on the deposition rates in the 

HiPIMS, DC and pulsed DC discharges revealed that the magnetron's magnetic 

field strength is a crucial parameter that determines deposition rate for a given set 

of operating conditions. The measurements carried out in the HiPIMS mode show 

that the deposition rate increased by a factor of 2 times with lowering the 

magnetic field strength by 40% at the target. Increasing the pulse frequency at 

constant pulse on-time also enhances the deposition rates due to increased duty 

factor and more plasma present above the substrate on time-average. 
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However investigations carried out in the DC and pulsed DC (100 and 350 kHz) 

modes revealed that deposition rate decreased with the lower field strength due to 

less ionization efficiency, reduced plasma densities and lower sputtering rates. 

By selecting the magnetic field strength best suited to depositing your film of 

cho ice, film properties can be optimized and improved. 

4. A technique for obtaining high time-resolution energy distribution function 

measurements in a HiPIMS discharge using a commercial energy resolved mass 

spectrometer (HIDEN Ltd EQP 300) incorporated with electrostatic gating of 

ions has been demonstrated successfully. To demonstrate the performance of this 

technique, time-resolved IEDFs measurements with 2 /lS time resolution, were 

carried out in the HIPIMS discharge and gave excellent agreement between the 

summation of all the time-resolved IEDFs measurements and a time-averaged 

demonstrated the suitability of this technique for very high time-resolved 

measurements ofIEDFs in the HiPIMS discharge. 

It was found that Ar + energy distribution has its maximum energy at 3 e V (corresponding 

to plasma potential) and extends up to 20 eV at 2 /lS after the initiation of the discharge 

pulse. As the pulse develops, this energy spread extends to 35 e V possibly due to the 

energy transfer from Ti+ via binary collisions. In the present study, it was found that the 

magnetic field strength of the magnetron plays a very important role in plasma transport 

and dynamics. By choosing the right magnetic field strength, the deposition rate can be 

enhanced and the power to the substrate can be reduced. 
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8.2 Outlook for the Future Work 

The experimental findings in this study suggest several research interests that could be 

explored. It will be interesting to investigate following issues. 

1. It has been found in the present study that the lower magnetic field strength 

enhances the deposition rates. It could be of quite interesting to investigate how 

reduced magnetic field strength affects the thin film properties by depositing thin 

films and analyzing them. 

2. Lower magnetic field strength reduces the power onto the substrate. It would be 

interesting to study how the energy associated with different plasma particles 

varies with magnetic field strength by method of biasing the probe. 

3. As the discharge dynamics is responsible for the thin film properties, therefore, it 

is worth knowing the discharge dynamics and the parameters affecting it so that 

thin film properties could be tailored according to the applications. A detailed 

time-resolved Langmuir probe investigation will be able to give a complete 

picture of the discharge dynamics in the HiPIMS technique and the effect of 

various parameters such as pulse frequency, pulse width and magnetic field effect 

on it. 

4. It is worth developing a self consistent model of the HiPIMS technique. 

5. It is necessary to optimize the sputtering system to achieve the higher ionization 

rate, higher deposition rate, less power density, improved target utilization and 

control over the incident ion bombarding energy. 
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