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Abstract

In this work, a DC planner magnetron sputtering system used.
Which consists of a cylindrical chamber, made from (Borosilicate). It
contains two circular electrodes made from stainless steel. The
cathode electrode is carried the target material and permanent
magnet while a glass sample, which must coat, is placed on the anode

electrode. In this works, gold and silver used as a target materials.

The objective of this study is to examine the effects of operating
parameters such as, electrodes separation, sputtering current, and
type of target materials on the properties of glass surface coated
under the influence of magnetic field. The surface morphology for
the coated samples are studied by atomic force microscopy (AFM).
Furthermore, electron temperature, ion and electron densities and
other plasma parameters are determined by a cylindrical single

Langmuir probe where the pressure up to(0.2 mbar).

It is found that a linear increase in electron and ion densities
and an exponential decrease in electron temperature with five values
of electrodes separation (3,4,4.5,5 and 6) cm. That was observed for
gold and silver target materials. Also, the discharge voltage using
gold target is greater than that for silver target. Electron temperature
decreased for gold and silver targets as the electrodes separation
increased. The ion density increased which caused increasing in
average grain diameter, height at sputtering current, 1;.=30 mA , when

the target is gold.

However, the average grain diameter is decreased and the height

of grain increased at 1,=40 mA using silver target. On the other
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hand, the values of electron temperature using silver target is greater
than that for gold target. Also, the relation of average grain
diameter, height and roughness surface as a function of electrodes

separation are nonlinear.

The minimum average values of grain diameter, height are (90
nm) and (6 nm) respectively for using gold at I3=30 mA and d=4
cm. For using silver at Iy =40 mA the minimum average grain

diameter is also (90 nm) at d=5cm and height is (5.5 nm) at d=4 cm.

For all discharge currents (20,30,40,50 3and 60 )mA , the minimum
average grain height at the same electrodes separation d=4 cm for
using silver and gold target except the value of 14=50 mA, whom a

maximum average grain height is obtained.

Finally, the sputtering yield for silver target is greater than that
for gold target.
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1-1 Introduction

The glow discharge is a kind of plasma, which consists of an
ionized gas with equal concentrations of positive and negative charges,
and neutral species (quasi-neutral). Furthermore, the particles are
exhibited collective behavior. The glow discharge is achieved by
applying a potential difference between two electrodes inserted into
chamber filled with inert or molecular gas at a low pressure. Here,
electrically charged particles are moved under the influence of an electric
field between electrodes ™.

Cold plasma technologies have found extensive applications for
material processing, 30 years, and they now widely field used in
different applications such as, medicine and industrial process %,

Physical vapor deposition (PVD) technologies using different methods
such us, thermal evaporation and sputtering are the major processing in
surface coating, thin films, and nanotechnologies .

Plasma sputtering process, is one of the most common way which
becomes widely accepted manufacturing method for the production
thin films of various materials. The use of plasma sputtering for material
deposition is widely used such as, in magnetron sputtering plasma source
using noble gas to generate the plasma. Generally, a DC magnetron
sputtering source is usually used to sputter conducting target, as in
present work, while RF magnetron source is used for sputtering
insulating or semiconductor target 1. In present work, the gold and
silver thin films have been prepared using DC magnetron sputtering

source.



1-2 Plasma Classification

Plasma is commonly defined as the fourth state of mater, that
consists of a randomly moving charged atomic particles of a certain
condition to remain the electrically neutral and collective behavior for
plasma. More than 99% of all visible matter in the universe is in
plasma state .

According to thermodynamic equilibrium, plasma can be classified
into two categories, non-equilibrium (non-thermal)plasma and
equilibrium (thermal) plasma. In non-thermal or cold plasma which is

low-pressure, plasma characterized by high electron temperature T, and
low ion temperature Tj. In thermal plasma or hot, plasma are

characterized by the electron temperature being equal to the gas

temperature Tg.

Plasma with the temperature range of 2000-3000K and with charge
particle density of 10'%-10%* m? are termed thermal plasma and the
temperature range of 300-600K with charge particle density
approximately 10%- 10'® m™ are called non-thermal plasmal”.

Plasma application covers an extremely wide range of plasma ion density

and electron temperature as shown in figure(1-1) .
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Figure (1-1) Some Plasma applications at different values of plasma densities and

electron temperatures

1-3 Sputtering process

Sputtering process was first reported by Grove in 1853 . The
removal of surface atoms (target) by bombarded with energetic ions is
called sputtering process. The ejected atoms are traveled a distance until
reached the substrate and start to condense into a film. In addition, there
are number of the processes occur when a fast ions hits the target such as,
secondary electron emission, sputtering target atom in an excited or
lonized state, surface diffusion, surface reaction, incident particle
implantation ,heating and photon emission as shown in figure(1-
2) 1101,
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Figure (1-2) A schematic of the sputtering processt%.

The sputtering process is widely used for surface cleaning and
deposition of thin films!*Y.The target material (cathode electrode) is
placed in a chamber filled with gas at a low pressure and set on a negative
potential. This negative potential is accelerated electron towards the
grounded chamber wall and ionized gas atoms by the collision process.
The 1ons of gas are accelerated towards the target and can be ejected
atoms and collected on the substrate. In diode sputtering the degree of
ionization gas is low. So to increase the ionization and the deposition rate
,a magnetic field is used to confine electrons near the cathode (target) and
caused of increasing the ionization rate. Furthermore, the effect of
magnetic field are clear to sustain a discharge in low gas pressure M.

This method known as magnetron sputtering as in present work.



1-4 Structure of DC glow discharge

Another name for the glow discharge is a Plasma, which is an
electrical current flowing through a gas that glows by light emission from
the excited gas atoms. Various luminous and dark characteristics for glow
discharge observed by early researchers, which is explain in figure(1-
3)l

MNegative

Cathode
Glow

SRR . a3
53}_-\*\_\ f\&“g:‘\—i} Y —

CATHODE
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{or Cathode) Faraday
Dark Space  Dark Space
Aslon
Dark Space

Figure(1-3) The luminous and dark regions of DC glow dischargel™.

Aston dark space is the region where the electrons emitted from the
cathode has very low energy and ions are rapidly accelerated towards
the cathode. The electrons cannot excite or ionize any gas particles due to

41 The next region is also known as the “cathode

their low energy
sheath” of processing plasmas, but it is usually several times thicker than
the actual sheath. This region, the Crookes (or cathode) dark space, is a
region of primary interest, its thickness is approximately the mean

distance traveled by an electron from the cathode before it makes an



ionizing collision. High velocity electrons that have accelerated across the
cathode fall and low velocity electrons from impact ionization of neutral
gas atoms are both present in this region. In the negative glow region,
enhanced visible emission is due to the larger cross section of secondary
electrons for excitation of neutrals. Electrons lose their energy in the
negative glow region, so that when they arrive in the Faraday dark space,
they are not able to neither excite or ionize any neutral gas atoms nor gain
any more Kinetic energy. The rest of the luminous region is called the
positive column. Here electrons can gain enough Kinetic energy from the
small electric field in order to excite neutral gas atoms again as they
move towards the anode. lons with sufficient Kinetic energy can also
bombard the anode and emit secondary electrons, which then excite

neutrals, producing the anode glow!*!.

1-5 DC Glow discharge phenomena

The discharges between two electrodes is depending on different
parameters such as, type of electrode material, geometry of
electrodes, the pressure and the type of gas used. In general, the main
formation regions of a DC discharges in low pressure gas are illustrated

in figure(1-4)1017,



Electric discharge regimes
dark discharge glow discharge arc discharge
_ lownsend regime

- L

carona

+— breakdown voltage

ol 1 s e s b s s

;]
-
(=]
- glow-to-arc
= transition
e L
]
o
o]
- —
_,'E saturation narmal abnormal
regime F glow i glow
A + »

non-
thermal

] =
,,./ +—Dhackaground ionization

10" 10* 10° 10° 10° 1 100 10,00
Current, |, Amps

Figure (1-4) 1-V characteristics of DC electrical discharge regions™®.

1-5-1 Dark discharge region

Dark discharge region is also known as Townsend's discharge is no
appreciable light emission from such a discharge. Firstly, a very small
current flow when a voltage is applied. The current is nearly constant and
then the current increased as the voltage increased, and this is due to

increase charged particles by collisions of gas atoms and electrodes.

1-5-2 Glow discharge region

This region is divided into two sub regions normal and abnormal
glow discharge. In the normal glow, the voltage needed to sustain the
discharge is at its minimum . Furthermore, the increasing in a current do
not lead to a decrease of voltage. This sub region is ended when the
whole of electrodes surfaces is covered by discharging of gas. On the
other hand, in abnormal sub region, the discharges are fully covered the
electrodes and any further increased current leads to increase of the

cathode fall, and the voltage are increased .



1-5-3 Arc discharge region
In this region, the electrons are emitted from the cathode by
thermionic or field emission. The arc discharge current is much greater

than the current in a glow discharge region with low voltage.

1-6 Previous works
Theoretical and experimental studies in the field of DC plasma

discharge to sputter material has been attempted by many researchers.

In 1980, Maniv and Westwood™® have been operated and

characterized a planar magnetron for Ar/H» mixtures gas to determine the
effect of Hy, gas on the sputtering characteristics. An Al target was

sputtered in DC and RF discharge at power up to 2.3kW. It has been

shown experimentally that the addition of Ho gas to Ar gases does not

reduce the deposition rate of Al but causes a stable operation for the

system.

In 1987, Spencer et al.* carried out an experimental investigation
to study the influence of the magnetic field strength and distribution on
the operating characteristic of a planar magnetron. Also, the configuration
of the magnetic field has been studied. This study showed that suitable
magnetic fields parallel to the target surface can give uniform target

corrosion at low operating pressure with high efficient coating.

In 1991, Czekaj et al.’ a theoretical study for the energy
spectrum of ions striking the cathode of a DC planar magnetron has been

studied. It was considered that, the ionization processes taking place in



the discharge cathode sheath. The results from this model are
compared with experimental studies and it gives or shows a good

agreement.

In 1997, Spatenka et al.”!! carried out an experimental study to
diagnostic plasma near the target using Langmuir probe in a planar
magnetron system. In the study, the electron density, electron
temperature, plasma and floating potential and electron distribution
function are measured in various positions between target and substrate
under different conditions in the discharge. The research is proved that
the additional magnetic confinement leads to two times higher electron

density.

In 1998,Stokroos et al.l? presented an experimental investigation
to study the differences in conductive layers of Au/Pd, Pd and Cr, with a
thickness of 1.5-3 nm ,deposited by planar magnetron sputtering device.
This study showed that the particular construction of the sputtering
devices, source —target distance, voltage employed, play an important

role in the result.

In 2000, Kelly and Arnell “carried out a theoretical investigation
to discuss the recent development made in the magnetron sputtering.
These include closed field unbalanced, magnetron sputtering, pulsed
magnetron sputtering and variable field strength magnetron. Also, several

industrial applications are discussed.



In 2001, Szikora ! has studied the characteristic parameter for
DC planar magnetron discharge using Langmuir probe. He estimated the
electron temperature and plasma potential using argon and argon-
nitrogen discharge for titanium and copper as a target. The results
showed that, the plasma potential and the floating potential varied
between ( -1.5 to -2.8 v) and (-20 to 0 v) respectively. Also, noticed that
the electron temperature for Ti target is higher than that for Cu target.

In 2004, Kelly et al.” carried out an experimental investigation
using pulsed magnetron sputtering (PMS) to deposit different dielectric
materials. This study has shown that the PMS leads to hotter and more
energetic plasma in comparison with DC discharge, and enhanced film

properties.

In 2005, Costin et al.”® analyzed the influence of the secondary
electron emission induced by ion impact. In the study, a metallic cathode
was used in a DC planar magnetron discharge. The effect of magnetic
field, gas pressure upon the coefficient of secondary emission is
discussed. The result showed that the inhomogeneity of magnetic field
determines the spatial variation of the net secondary emission coefficient,
and the minimum value of it are controlled by the reflection probability of

the electron surface.

In 2007, Sum et al.”! carried out an experimental investigation to
study the influence of the gap spacing, d , on the breakdown voltage at
constant argon gas pressure. They have been shown that the breakdown
voltage increases with increasing of the gap spacing between electrodes.
Furthermore, they found that the best spacing between electrodes is 2.5

mm for his conditions and system.



In 2010, Baranor et al.’! studied the current—voltage
characteristics of the planar magnetron experimentally and numerically.
The model of the planar magnetron based on the measured current—
voltage characteristics. The discharge pressure is varied in range (0.7-
1.7 Pa). The magnetic field is of (0.033-0.12 T) near the cathode surface.

The dependence on the background gas density of the current is

observed from the experiment results.

Also, in 2010 Xin et al.”® studied the grain size and surface
morphology of sputtered Au films which deposited by DC magnetron
sputtering on Si substrates. The surface roughness as a function of film
thickness with different temperature of substrate. It showed that the

surface roughness increases with the increasing of grain size.

In 2012, by Asanithi et al. ! experimental research to fabricate
Ag nanoparticles was deposited on unheated substrates using dc
magnetron sputtering. The depositions were carried out at two conditions
the sputtering current and sputtering time. This study showed that the
average size of Ag nanoparticles is 1.8 nm at a distance between the

target —substrate 10 cm and depending on sputtering conditions.

In 2013, Rauch and Anders®™ carried out a theoretical
Investigation to estimate electron drift velocities in magnetron discharges
using fluid approximation. In this study, single particle motion can be
considered in a given electric and magnetic field to estimate drifts. In
unbalanced magnetron, the magnetic and electric fields were measured. It
showed that, the gradient of magnetic flux drifts and the curvature drift
may reach values comparable to, or even greater than the cross product of
electric and magnetic field drift velocities if the electrons are very

energetic.



In 2015, Sahu et al.”*"! have been investigated and measured the

high —power dc magnetron sputtering discharge using Langmuir probe.
Also, an optical emission spectroscopy diagnostics method was used
to compare the results. Furthermore, the analysis suggested that the
warm electron in the plasma can be formed due to the collision less

Landau damping.

1-7 Aim of the work

1-Study the effects of electrodes separation and target materials for low
voltage DC discharge magnetron sputtering on operation conditions for
minimum grain size of the coated samples and plasma parameters.
2-Study the morphology of surface coated samples at a constant argon

gas pressure .



Theoretical

Considerations



2-1 Introduction

In this chapter, will give a basic concepts in plasma discharges and
background on, magnetically confined plasmas and Pashen law.
Also, some methods of plasma diagnostics, specifically single

Langmuir probe in diagnosing plasma properties.
2-2 Plasma Concepts
2-2-1 Deby Length

One of the important parameter of plasma is Deby length. Plasma
can similarity in way with conductors, where the surface charges
arrange themselves so the net electric field is zero inside the
surface. So, if an electric field is created in the plasma, the charged
particles will be redistributed in order to shield the potential up to

a distance called the Deby length, A, , which is given by*>*

)\D — [EOkBTe/ezne]l/z ................................................(2_1)

Where n, is the density of electrons (m™), e electron charge, €, IS
the permittivity of free space, kg is the Boltzmann constant and T,

Is the electron temperature in (eV).

There are three conditions that an ionized gas satisfy to be called

plasma 4, the first condition is

Where L is the system dimension (plasma length) . Also, the

second condition is

Np is the number of particles in Deby sphere has radius equal to Ap.



Np= %“ne PP (-2)

Finally, the third condition if  is the frequency of collisions of

plasma particles with atom and t the mean time between collisions

of charged then

0T > 1 ...............................................................(2_5)
2-2-2 Plasma sheath

At the edge of plasma, a potential exists, and it allows the flow

of ions and electrons, to the wall to be balanced.

The electrons are far more mobile than the ions, thus plasma is
therefor always a positive potential relative to any surface in contact
with it. The none - neutral potential region between the plasma and
the wall is called aplasma sheath as shown in figure(2-1).
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Figure (2-1) The formation of a plasma sheath:(a) initial ion and electron
densities and potential; (b) densities, electric field, and
potential after formation of the sheath!®,



The plasma sheath potential is given for aplanar surface by
Vs = [(kgTe/2€) In (mg/2.3m;)]  coeveveervmmerrmmneeeinn e e oes(2-6)
where m, , m; are the mass of electron and ion respectively.

2-2-3 Plasma frequency

If acertain point in aplasma region, when the electron density
become larger than the uniform background, the coulomb force will
be pulled back to their original positions and keep plasma neutral .
If electrons overshoot their equilibrium positions, then the electron
are subjected to coulomb force in opposite direction. These
oscillation occur at frequency of electron called plasma frequency

of electron, wp, , given by®™¥

(‘)pe — 1/ezne/eo Mg coeveevesvosvesvnsons ..............................(2_7)

2-2-4 Mean free path

Mean free path, A, , is defined as the average distance that
atoms or molecule's moves without colliding with something else.

And is given by B4

Am = [1/(4 0 Ng)] vrverere e snmne e s st e (2-8)

Where ¢ is momentum transfer cross section for electron - neutral

atom collisions o = r?

9)

ng is the density of gas atoms, P gas pressure, T, is the

g
temperature of gas, r is the radius of gas atom.



2-2-5 Larmor radius and Cyclotron frequency

If an external magnetic flux, B, was applied on the charged

particle of mass m, charge q and velocity v, the equation of

motion is given by !

av

— = QVXEB oo (2-10)

m

Figure(2-2) shows the effect of magnetic field that leads the
charged particle to move in helical or curved lines around the

magnetic field direction in circular orbits of Larmor radius ry,
Where v, is velocity perpendicular to B.

Also, the cyclotron frequency, w. , IS given by

(DC - VJ_/rL © 06 000 000 00 00 00 S EC S0 S S C00 00 G006 S0 00 S0 S0 SO SO GO --.(2_12)
W = [QB[/M v eeree i (2-13)
B

Where

F_ is the central Larmur Force.

Figure(2-2) Cyclotron motion of a charged particle.



2-3 Magnetic Field in Magnetrons

The electric and magnetic fields are used to confine secondary
electron which are generated near the cathode electrode.

This confinement of magnetic flux leads to increase the probability
that an electron will have a collision with gas atom and increasing
the ionization process. Also, lower operating pressure and lower
operating voltage that generate a dense plasma near cathode region.

According to the shape and magnitude of magnetic flux, there

are two type of magnetron as shown in figure(2-3)!!

lon Current Density lon Current Density lon Current Density
<1 mAlcm*2 << 1 mAlem*2 2-10 mAlem*2
Substrate Substrate

=&0mm

‘ Target ‘ L Target |
WM G N ol [ [
Conventional Magnetron Type-1 Unbalanced Type-2 Unbalanced
(‘balanced" magnetron) Magnetron Magnetron

Figure (2-3) Schematic representation of the plasma confinement observed in
conventional and unbalance magnetronst.

The plasma in the conventional balanced magnetrons is strongly
confined to the region of the target and produced a dense plasma,
not more than few centimeters from the target. Therefore, the film
grown on substrate placed within this region will be affected by




strong ion bombardment which affects the structure and film
growing. Substrate is placed out of this region and the density of
plasma will be low and the ion substrate current insufficient to
modify the structure of the film. In the case of increasing the
negative bias applied to the cathode this leads to increase the
energy of bombarding ions which cause stresses and defects in the

film.

In unbalanced magnetrons the outer ring of magnets is
strengthened relative to the central pole. So, not all the field lines
are closed between the central and outer poles in the magnetron, but
some are directed towards the substrate, and some secondary
electrons able to follow these field lines. The plasma allowed to
flow out towards the substrate, thus high ion currents can be
extracted from the plasma this can show in figure(2-3) type-2.
While in type-1 for the same figure the central pole was
strengthened relative to the outer pole. So, the field lines which do
not close in on themselves are directed toward the chamber walls
and the plasma density in the substrate region is low. lon current
densities in unbalance magnetrons approximately higher than for

conventional balance magnetrons which can be routinely generated.
2-4 Electrical breakdown in gases

To produce and sustain the plasma certainly using electrical
energy, so applied voltage must outrun the breakdown voltage for
dielectric properties and convent a conductor. The breakdown voltage

Vy , in gas discharge plasma is given ast

V,= (B Pd)/{In(A Pd) — In[In(1 + Yi)]} N € )

Vy, = F(Pd) , which is Pashen Law.



Where A and B numerical parameters for different gases, P
pressure of gas, d electrodes separation and y is secondary electron

emission coefficient.
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Figure(2-4) Pashen Law curvel*®.
2-5 Plasma diagnostics

Plasma diagnostics are the using of some techniques to deduce
information about the state of plasma and to determine plasma
parameters such as electron temperature, electron and ion densities
and other parameters. There are different methods for plasma

diagnostics :
2-5-1 Optical emission spectroscopy

Optical emission spectroscopy (OES) is one of the types of
remote diagnostics of plasma. In this method, a visible light is
collected by lens and focused on to a photodiode detector. An
interference filter are used to isolate a particular spectral line. By
comparing the intensities of different spectral lines, the plasma

parameters can be determined®"),



2-5-2 Microwave interferometry

In this remote diagnostic method, the radiation of microwave is
launched by a horn antenna into plasma region through a window.
The phase of microwave signal is changed inside plasma region
and this change which increases with density of the plasma. By
comparing between the phase of reference signal and propagated

signal it can determine the plasma parameterst®®.

2-5-3 Laser - induced florescence

Laser induced florescence (LIF) is both non-invasive and local
because it wuses intersecting beam paths. By using laser beam
propagated in plasma region and lead to raise ions to an excited
state. The excited ions fluoresce, giving a light which is collected by
lens. The plasma parameter can be deduced from collected light

using Doppler broadening of the line and ion velocity!®",

2-5-4 Langmuir probe

This plasma diagnostic technique was developed by Langmuir in
1923. Using a metal probe placed into plasma region to extract
certain measurable parameters of plasma such as, electron
temperature and electron density and energy distribution®®*%4!,
There are different types of Langmuir probes such as, single,
double and triple probes.

The experimental measurements show that, the double and triple
probe are good tools for the characterization of radio frequency

(RF) generated discharge plasmat*?.



2-6 Single Langmuir probe

This diagnostic technique is used in present work to determine
plasma parameters. Single Langmuir probe is just a small metallic
electrode using awire of tungsten inserted into plasma region. A
variable biasing voltage applied on this electrode, which may be
positive and negative with respect to the plasma. The collecting
current by the probe provides information’s help us to determine
the plasma parameters.

The probe is used to collect ion or electron current that flow
into it in response to different known voltages. The |-V

characteristic curve is shown in figure(2-5) ¥4,
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Figure(2-5) Schematic of a Langmuir probe and general appearance of the 1-V

characteristic curve in stationary plasmal*®.

The qualitative behaviors of the figure can be shown as follows :



1-Region (c) :

At the point Vi which is called the floating potential, the
probe is sufficiently negative to repulse all electrons and expect a
flux of ions. This potential is assumed as insulated electrode
inserted in to plasma. Almost all the electrons are repulsed at

larger negative values of V, and an ion sheath and saturation ion

current®,

V2 1
I, = Apnie ?(—e Vp/mj)/z T RILETPRITRPPRIERPPRRPRTRRPPRRN (8% <)

Where 1;, A, ,ni e ,V, and m;, are the ion current, probe surface
area, ion density, electron charge, probe voltage and ion mass
respectively.

The ion density is obtained from equation (2-15) :

ny = (ﬁ/Ape) (mi/Ze)%(—slope)% cr e e (2-16)

Where
slope = ;*/V, .

2-Region (B) :

If the probe potential is made negative with respect to plasma
potential, V,,. The probe begin to repulse electrons and accelerate
ions . Then electron current falls as V, decreases into region of ion
saturation current, this region is known the transition region
(electron retarding regime). For Maxwellian distribution of electron,

the electron current is given by

Ie = IeS e[e(vp—vpp) TRBTel i i e e e e e e (2_17)



Where ., |, kg and T, , are the electron current, electron
saturation current, Boltzmann's constant and electron temperature

respectively.

The invers slope of the logarithmic plot of the electron retarding

regime provides the electron temperature, using

dInly/dV, = e/KpTe wveeeerereere i 0(2-18)
3-Region (A) :

At voltage Vpp the potential of probe is the same as the plasma
and there is no electric field at this point. The charged particles,
because of their thermal velocities, emigrate to the probe. The
current that collected by the probe is mostly an electron current
because electrons move very faster than ions. If the voltage of
probe is made positive with respect to the plasma, -electron
accelerated towards the probe, while ions are repulsed. Therefor near
the probe surface there is an excess of negative charge which built
up until the total charge is equal to the positive charge on the
probe making very thin layer of charge ( sheath). The area of the
sheath is comparatively constant as the probe voltage is increased,
this region know saturation electron current, I, can be determined
referring to Orbital Motion Limit (OML) theory* and the selection of
diameter of Langmuir probe is takes according to the collisionless

condition for the same theory!.
'LsTp and Am <Tp <Ap

Il = (nge Ap/4)(8kBTe/T[ me)l/z b e e (2-10)

Where A, is the area of probe, T, isthe temperature of electron and



ne Is the density of electron which can be -calculated using

equation

n, = (4Ies\/We)/(eAp(8kBTe)%) e (2-20)

4-Floting potential Vg :
It is defined by

I =1, or L(Ve)+ I.(Vp)=0
where [, is given by eq. (2-17)
and I, is given in eq. (2-15) ©"!

Ve = Vpp — (kBTe/ZE) ln(zmi/ T[me) (2_21)

From this equation, floating potential depends only on the electron

temperature and the species of ions involved .

5- Plasma potential V, :

Additionally, plasma potential called space potential. To obtain
it, one must draw a straight lines through -V curve in the
transition region and the electron saturation region. And the voltage
point is named V,, , and the current is I .This does not act well it

can be measured using eq.(2-21) after determined V.



2-7 Sputtering yield Y
Sputtering is quantified by the sputtering yield Y, which means
the mean number of atoms removed per each incident particle. That
IS
Y = atoms removed / incident particles

The sputtering yield depends on the properties of both, the incident

particle and target material .

Sputtering vyield is the most basic measure of sputter efficiency

Sigmund has presented a general theory of sputtering yield and

driving the following equation ; "%

3 o Ml Mz

Y(E) = m? U_b (M 14 M3)2

with the boundary conditions
10 U, <E < 1keV
Where a=0.15 + 0.13 M,/M;

M; mass of gas atom, E energy of ion particle, M, mass of target
atom and U, surface binding energy(eV) its values for gold =4.13
eV and forsilver =3.33eVv ¥

a is afunction of the relative masses and the angle of incidence of

the incoming ions, therefore sputtering yield depend on:

Firstly, the mass, the energy and angle of incidence of bombarding

ions.

Secondly on the mass of the target atoms, the surface binding

energies and the orientation of the crystallites of the solid!"*®!.



2-8 Atomic Force Microscope (AFM)

The basic technique and inevitable for all nanoscopic research
Is Atomic Force Microscope (AFM). It is also known as Scanning
Force Microscopy (SFM). To study the surface structure and quantifies
surface topography. The first AFM was made in 1986. Two types of
AFM modes, contact and Tapping or noncontact. AFM works by a
tip very close to the sample surface. The standard of operation is
measuring repulsive and attractive forces between the tip (probe)
and the sample in constant height. The needful parts are the xly
and z pieso that are separately actuated by x/y drive and z-control
with maximum precision, so atomic distance can be measured. A
micro-fabricated cantilever with a sharp tip is deflected by
particularity on a sample surface, much similar in a photograph but
on very small scale. A laser beam reflects the backside of the
cantilever into an image of the surface. Figure( 2-6 ) schematic
diagram for AFM.F%

Photodetector

Figure(2-6) Schematic diagram of an AFM set up apparatus basic components®®!.



2-9 Effect of target material on sputtering process

The type of target material for plasma sputtering source is an
Important parameters on sputtering process so, in a solid target
material whose surface is bombarded by energetic particles several
possible processes my occur as mentioned in figure(1-2). A surface
atoms will be ejected from the surface, if itis resave an energy
depending on the type of target material. Surface damage is accrue
when lattice atom move to new lattice sites and itis losses amount
of energy. Many common materials in sputtering such as gold and
silver which are used in present works. Gold is a transition metal
and it is densest than silver. The electrical conductivity is larger
than other materials. Therefore, both gold and silver used in
different applications such as electrical circuits and medicine.
Table (2-1) shows the properties for the gold and silver targets

which are in group (11) of the periodic table of elements %3,

Table (2-1) Gold and silver target materials properties.

Properties Gold (Au) Silver (Ag)
Atomic number 79 47
Atomic weight 197 107.66
Melting point = 1200 1000
Specific gravity~ 195 10.5
Specific heats -0.324 -0.57
Density g/cm3 19.32 10.5

Thermal conductivity 317 450
(W.m L. K1)




Experimental Set

up Description



3-1 Introduction

In this work, a DC planar magnetron sputtering system was
manufactured by Quorum Technologies, used to study the effect of
electrode separation, and target materials on the coated samples.
Also, the plasma parameters are determined for this system by
diagnostics of plasma discharge using a cylindrical single
electrostatic Langmuir probe. Figure(3-1) shows photographic for the

system.

Figure (3-1) Photograph of the sputtering system

A DC power supply is used to supply the system by range
of voltages varied between (0, and 800) Volts and current between
(0, and 100)mA.



3-2 Description of the system

The system consists of ;
1-Plasma chamber 2- Electrodes( cathode and anode) 3-Permanent
magnets 4- Vacuum unit 5- Langmuir probe as shown in a schematic
diagram in figure(3-2).
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Figure(3-2) Schematic diagram of the experimental setup



3-2-1 Plasma chamber
A cylindrical discharge chamber for working system is a
Borosilicate glass tube of (165 mm) diameter and (127 mm) high. A

photograph of plasma chamber shown in figure(3-3) .

Figure (3-3) Photograph of plasma chamber .

3-2-2 Electrodes

Two parallel circular electrodes which are represented the
cathode and anode poles are enclosed in the discharge chamber.
The cathode is made of stainless steel with target material. In
present work, gold and silver are used as atarget of a diameter (57
mm) and thick (0.1 mm). A cylindrical permanent magnet is placed
in the center of the cathode electrode to produce the magnetic
field. Anode electrode is made of stainless steel with a diameter (50
mm) which represents a stage of substrate. Figure(3-4) shows a

photograph of cathode and anode electrodes.



-cathode- -anode-

Figure (3-4) Photograph of cathode and anode electrodes.

3-2-3 Permanent magnet

Two cylindrical permanent magnets of diameter (12.5 mm)
and thickness (6.3 mm) for each one are placed in the center of the
cathode electrodes to produce a magnetic field using for

confinement electrons near the target as shown in figure(3-5).

Figure (3-5) Photograph of acylindrical permanent magnet.



3-2-4 Vacuum Unit

Vacuum in the discharge chamber is obtained using a two-
stages rotary pump VALUE VE280N. The discharge chamber is
evacuated to abase pressure of (1x107%) mbar. The pressure inside
chamber is measured using Edwards pirani gauge (1101). The
argon gas which used of purity is (99.999%) and fixed at pressure

(0.2 mbar) inside chamber with a control of mass flowmeter.

3-3 Diagnostics of plasma discharge

A cylindrical single Langmuir probe made of tungsten wire
of (0.5 mm) diameter and (8 mm) length used to characterize the
plasma parameters with electrical circuit is used as shown in
figure(3-6).
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Figure (3-6) Schematic diagram for single Langmuir probe and
electrical circuit.



The probe is threaded into aglass tube to insulate it from the
plasma. The probe is positioned perpendicular to the electric field
near the cathode ( target) about (10 mm). The DC power supply
(Stromversorgungsgerat SV 59/52-4) is connected with probe varied
between (-120 to +120) volt and (0-150) mA is used in the probe
circuit as a positive and negative bias voltage for probe. Sputtering
current measured by using kitly and a resistance (1 k) connected

with the electrical circuit.

3-4 Preparation for the sample

A glass substrate of dimensions (1cm x 1cm) deposited with
Au and Ag at different electrodes separation and sputtering current.
The substrates is cleaned with alcohol and dried in air before
loading into the deposition chamber. Substrates are placed on anode

electrode.

3-5 Operation of the system

1- Cleaning the plasma chamber and electrodes by alcohol.

2- Put the sample in a fixed place on the anode electrode after
determined the separation between two electrodes.

3- Place the target material in the cathode electrode and then
dropping off the gate at the chamber.

4- Switch on the system after preparing the operation conditions
included the discharge current values, time of sputtering and

flow of pressure.



5- Evacuated the chamber using a rotary vacuum pump to base
pressure of about (1x10° mbar). After that we inlet the argon
gas to pressure (0.2 mbar). A voltage applied between the two
electrodes inside the chamber to generate the plasma.

6- Record the cathode voltage for each discharge current at

different electrodes separation.

3-6 Morphology of Coated Samples

In present work , the morphologies of coated samples are
studied using AFM (AA 2000) Angstrom Advanced Inc./ USA. From
this study, we determined the effects of electrode separation and
target materials on morphology parameters such as average grain
diameter, average grain height, roughness average , average grain

size.
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4-1 Introduction

This chapter includes the results and analysis of the experimental
measurements of plasma parameters using cylindrical single Langmuir
probe. Also, the effects of separation between the cathode and
anode , and the target materials. The morphology properties for gold
and silver deposition was studied after preparing for different
electrodes separation using Atomic Force Microscope (AFM).
Furthermore, the sputtering vyield was calculated for different

electrodes separation and targets.

4-2 Distribution of magnetic flux

Figure(4-1-a) shows the radial distributions of magnetic flux for
permanent magnet using the Hall probe (Alpha Lab Inc. / USA)
across the cathode electrode diameter. This figure shows that the
magnetic flux, B, is non-uniform . The magnetic flux has a maximum
value (3350 Gauss) in the center of the cathode region, and then
the flux decreases at the edge of cathode.

The axial distribution of the magnetic flux along the center of the
discharge tube as a function of the distance between the electrodes
Is shown in figure(4-1-b). The magnetic flux has a maximum value
(3350 Gauss) at the center of the cathode full region and

then it decreased at the anode center.
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Figure (4-1) Magnetic flux distribution for a-radial distance from the
edge to edge for cathode electrode passing through the center of the
magnet. b-axial distance between cathode and anode electrodes.



4-3  Electrodes gap effect on I-V characteristic of DC discharge

4-3-1 I4-Veammode Characteristic

The variation of discharge current or sputtering current, Iy ,
(current measured at the cathode) with applied cathode DC voltage,
Vcathode, fOr different electrodes separation(3,4,4.5,5 and 6)cm at fixed
argon gas pressure P (0.2 mbar) for gold and silver target are

shown in figure(4-2).

Figure(4-2-a) shows that as the discharge current increases the
cathode voltage are increased with increasing the separation between
electrodes for gold target. Also, in figure(4-2-b) the same behaviors
have shown using silver target. It is shown that from figure(4-2)
that the required voltage cathode for gold target is greater than the
silver target. This behavior is agreement with results from
A.R.Galaly ®*" M.N.Stankov P and O.Barannor et al. ™.
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Figure(4-2) Voltage of cathode electrode as a function of sputtering current at
P=0.2 mbar for different electrodes separation for a- gold target b-silver target.



4-3-2 14-1, characteristics

The anode current, I, , which is measured at anode electrode are
studied as a function of the discharge current Iy with different
electrodes separation for gold and silver targets as shown in
figure(4-3).

It was observed that, from figure(4-3-a) for gold target, the
anode current increased as the discharge current increase with
increasing electrodes separation. The same behaviors shown in

figure (4-3-b) for silver target.

In general, it is clear from the figure(4-3) that, when a gold
target was used, compare between the ratio of increasing anode

current is about 3.7% from that for silver target.
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Figure (4-3) Anode current as a function of sputtering current at P=0.2 mbar for
different electrodes separation for
a- gold target b- silver target.



4-4 Effects of electrodes separation on plasma parameters

The plasma parameters, (temperature of electron T,, density of
electron n, and ion n;) and other parameters was studied for
different electrodes separation. A cylindrical single Langmuir probe
was used to determine these parameters. The values of sputtering

current has been selected according to the minimum grain size.

4-4-1 Temperature of electron T,

The 1-V characteristics for a cylindrical single Langmuir probe
are measured at different electrodes separation(3.4.4.5,5 and 6) cm at
fixed gas pressure (0.2 mbar) are shown in figures(4-4 to 4-8) for

gold target and figures(4-9 to 4-13) for silver target.
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Figure (4-4) 1-V characteristics curve of Langmuir probe for argon
discharge at 13=30 mA, P=0.2 mbar and d=3cm using gold target.
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Figure (4-5) I-V characteristics curve of Langmuir probe for argon discharge at
[4=30 mA, P=0.2 mbar and d=4cm using gold target.
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Figure(4-6) 1-V characteristics curve of Langmuir probe for argon discharge at
[4=30 mA, P= 0.2 mbar and d=4.5cm using gold target.
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Figure (4-7) 1-V characteristics curve of Langmuir probe for argondischarge at
[4=30 mA, P=0.2 mbar and d=5cm using gold target .
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Figure(4-8) I-V characteristics curve of Langmuir probe for argon discharge
at I3 =30 mA, P=0.2 mbar and d=6cm using gold target.
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Figure(4-12) 1-V characteristics curve of Langmuir probe for argon discharge at
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The temperatures of electron for both targets are calculated
using equation(2-18) from the inverse slope of logarithmic plot of
the electron retarding region in figures(4-14 to 4-18) and figures(4-
19 to 4-23) for gold and silver target respectively at different
electrodes separation.
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Figure (4-14) Variation of Ln(lIp) as a function of probe voltage at

I4=30mA , P=0.2 mbar and d=3cm using gold target.
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Figure(4-15) Variation of Ln(lp) as a function of probe voltage at
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Figures(4-24) shows the variations of temperature of electron as
a function of electrodes separation for gold and silver target. It is
notice that the temperature of electron is decreased with the
separation of electrodes increasing. This is due to increase the
collisions of electrons with atoms. The values of electron
temperature for using silver target are greater than the temperature
of electron for using gold target. This behavior agreement with
results from E.F. Kotp and A.A.Al-Ojeery™.
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separation at a) Iy =30 mA using gold target
b) I =40 mA using silver target.



4-4-2 Electron density n,

The electron density n, are calculated using equation(2-20)
for different electrodes separation. The saturation electron currents
are determined using figures(4-14 to 4-18) for gold target and
figures(4-19 to 4-23) for silver target.

The results of n, at different electrodes separation are
shown in figures(4-25) for using gold and silver targets.

The electron  density is increased as electrodes separation
Increasing, this is due to increase secondary electrons.
The values of electron densities for using gold target are roughly

greater than the values of electron densities for using silver target.
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4-4-3 lon density n;

By using the ion saturation region in figures(4-4 to 4-8) for
using gold target and figures(4-9 to 4-13) for silver target and the
equation (2-16), the 1ion densities are estimated for different
electrodes separation. The ion density can Dbe calculated
corresponding to orbital motion limit theory (OML).

Plotting a line fit for the square ion current as a function of
probe voltage, the slope from this figure is used to calculate the
ion density for different electrodes separation. The ion density is
plotted as a function of different electrodes separation for both
targets as shown in figure(4-26).

It is notice from this figure that the density of ion is increased
as increasing the electrodes separation. Furthermore, it is observed
that the ion density is slightly greater than the electron density for
both targets. This is due to the effects of external magnetic field
which increasing the probability of collisions. This behavior

agreement with results from E.F.Kotop and A.A.Al-Ojeery .
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Figure(4-26) Variation of electron density as a function of electrodes separation for
a) I4= 30 mA using gold target
b) I4= 40 mA using silver target.



4-4-4 Other parameters of plasma

Table (4-1) shows the values of other plasma parameters, such as
floating potential, plasma potential and Deby length at different
electrodes separation for gold target at constant discharge (sputtering
current [;=30 mA).

Table (4-1) Other plasma parameters using gold at ;=30 mA.

d(cm) Vg (volt) | Vpp(volt) Ap(cm)
3 -19.5 43 0.00955

4 -17 47 0.00900
4.5 -15 49 0.00892
5 -13 50 0.00857

6 -12 51 0.00760

Table (4-2) shows the values of other plasma parameters, floating
potential, plasma potential and Deby length at different electrodes

separation for silver target at constant discharge (sputtering current

[4=40 mA).
Table (4-2) Others plasma parameters using silver at ;=40 mA.
d(cm) Vg (volt) Vpp(volt) | Ap(cm)
3 -22 46 0.00953
4 -18.7 47 0.00907
4.5 -17 48 0.00891
5 -16 49 0.00856
6 -15.8 50 0.00820




4-5 Effects of electrodes separation on morphology of coated
samples

The dependence of morphology properties for gold and silver
deposition was studied for different electrodes separation (3,4,4.5,5
and 6) cm between cathode and sample using Atomic Force
Microscope (AFM). A series of Au and Ag sputtering particles on
glass substrate were prepared at a constant gas pressure (0.2 mbar)
and deposition time of (30 seconds) with different values of
discharge sputtering currents (20,30,40,50 and 60) mA.

Figure(4-27) represent the effect of electrodes separation on
gold surface morphologies at a constant discharge sputtering current
(I4=30 mA ). Furthermore, the effects of the electrodes separation on
silver surface morphology at a constant discharge sputtering current
(Ig=40 mA ) are shown in figure (4-28). The results from these

figures are obtaining as below :
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of diameter size distribution and (c-f-i-I-0) Percentage of height distribution.



4-5-1 Grain diameter

In the figures(4-27-b-e-h-k-n) and 3D images of coated
samples, the average grain diameter are studied at different
electrodes separation using gold target, and obtained the following
results in table (4-3) shows the maximum and minimum average

values of grain diameter:

Table (4-3) Maximum and minimum grain diameter for gold target at

[43=30 mA.

Gg(nm) | percentage% | d(cm) | T.(eV) | ny(m™) ne(m™)
220 9.77 5 3.74 | 4.1512x10* | 3.200x10%
90 9.14 4 4132 | 3.8527x10* | 2.947x10%

The reason for these different average values of grain
diameter is due to the changes of plasma parameters. The

temperature of electron at a minimum grain diameter is slightly

greater than the temperature of electron at a maximum grain
diameter.

In the same way, depending upon the data in figures (4-28-
b-e-h-k-n) and 3D images for coater samples using silver target.
The maximum and minimum average grain diameters are shown in
table (4-4) :

Table(4-4)Maximum and minimum grain diameter for silver target at

1,=40 mA.
G4(nm) | percentage% | d(cm) | T, (eV) n; (m) Ne (M™)
160 11.99 4 4.4 3.7709x10" | 2.9582x10*
90 12.11 5 4.13 4.177x10* | 3.1155x10*
7.8 6 4 4.3435x10% | 3.2913x10*




The effect of changing electrodes separation was represented in
table (4-4) by using silver target at discharge sputtering current
[4=40 mA. It is notice that there are two minimum grain diameter
(90 nm) at electrodes separation (d=5cm and d=6 cm).

The effect of target materials and electrodes separation on
average grain diameter can show clearly from AFM results in
figure(4-29).

In figure(4-29) electrodes separation effected leads to change the
values of grain diameter. For using gold target, the minimum grain
diameter (90 nm) at d=4 cm for I4 =20 mA and I3 =30 mA. The
maximum grain diameter (260 nm) at d=3 cm for I3 =60 mA and at
d=5cm for 14=40 mA.

For using silver target, at different electrodes separation for all
sputtering current the minimum grain diameter (90 nm) and the
maximum grain diameter (200 nm) at d=4.5 cm for I3 =20 mA and
Il =60 mA. The average grain diameter for using gold target is

greater than the average grain diameter for using silver target.
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Figure(4-29) Variation of particles grain diameter as a function of
electrodes separation at different sputtering currents for using
a) gold target b) silver target.



4-5-2 Grain height

Using data from (AFM) in figures(4-27-c-f-i-I-0) at a constant
sputtering current for using gold target, the average grain height
are studied for different electrodes separation. Table (4-5) shows the

maximum and the minimum average values of grain height.

Table (4-5) Maximum and minimum grain height for gold target at

Id:30 mA.
Gy, (nm) | percentage% | d(cm) | T, (eV) n;(m™) Ne(m™)
15 19.17 5 3.74 4.1512x10* | 3.2000x10*
6 22.95 4 4132 | 3.8527x10%* | 2.8180x10*

Also, from figures(4-28-c-f-i-1-0) for using silver target the same
study for the average grain height with different electrodes
separation. Table(4-6) explain the maximum and the minimum values

of average grain height.

Table(4-6) Maximum and minimum grain height for silver target at

Id:40 mA.
G;, (nm) | percentage% | d(cm) T. (eV) | n;(m™) Ne (m™)
50 38.94 6 4 4.3435x10% | 3.2913x10%*

5.5 21.76 4 4.4 3.7709x10* | 2.9582x10*




It is notice that from tables(4-3) and (4-5) for using gold
target, the minimum grain diameter and grain height are obtaining at
the same electrodes separation (d=4 cm). Additionally, the maximum
grain diameter and grain height are obtaining at the same electrodes
separation (d=5cm). Also, from tables(4-4) and (4-6) for using silver
target, the maximum grain diameter and the minimum grain height
are obtaining at the same electrodes separation (d=4 cm). And the
minimum grain diameter is obtaining at (d=5 cm and d=6 cm) while
the maximum grain height is obtaining at electrodes separation (d=6
cm). The effect of changing target material on grain average height

at different electrodes separation can show in figure(4-30).

From figure(4-30-a) the minimum grain height for using gold
target at the electrodes separation (d=4 cm) for all sputtering current
except I4=50 mA which is the maximum grain height. The
minimum grain height for using silver figure(4-30-b) at electrodes
separation (d=4 cm) for different sputtering currents and the

maximum grain height at d=5cm except I4=40 mA.
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Figure(4-30)Variation of particles grain height as a function of electrodes
separation at different sputtering currents for using
a) gold target  b) silver target.



4-5-3 Sputtering yield

The sputtering yield Y(E) is calculated from equation (2-22), the
energy of particles, E, is determined using the cathode voltage for
different electrodes separation in figure(4-2) as a function of
sputtering current for gold and silver as target materials are shown
in figure(4-31).

Figure(4-31) indicated that the yield of sputtering as a function
of discharge current at different electrodes separation for silver

target is greater than the vyield of sputtering for gold target.

4-5-4 Roughness average

From the figure(4-32) roughness average as a function of
electrodes separation for using gold and silver targets which
obtaining from the results of AFM. Nonlinear relation between
roughness average and electrodes separation. The minimum
roughness by using gold target for all sputtering current at d=4 cm
except for Iy =50 mA as shown in figure(4-32-a). Also, by using
silver target minimum roughness is obtaining also at the same
electrodes separation d=4 cm for all sputtering currents except for
I4 =30 mA is at d=4.5cm as shown in figure(4-32-b).
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Figure(4-31) Variation of the rate sputtering as a function of sputtering
current at different electrodes separation for using
a) gold target b) silver target.
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Conclusions amd
Future Worlks



5-1 Conclusions

The results of experimental research in the present work,
illustrate the importance of electrodes separation and target material
on the coated samples using DC discharge low voltage plasma
sputtering system. The following conclusion can be observed from

these results:

1-The required discharge voltage for using gold as a target is

greater than silver target.

2-The variation of electrodes separation and target material have
been found effective and sensitive parameters on the values of
electron temperature and ion density which are lead to change the

surface morphology of the sample.

3-The effects of magnetic flux density is clear on the value of ion
density which are slightly greater than electron density for both
targets with aratio of increasing (1.2%) for gold and (1.3%) for

silver target.

4-The values of electron temperature for silver is greater than for

gold target.

5-The relation of grain diameter, grain height and roughness, with

different electrodes separation and target material is nonlinear.

6-Minimum values of grain diameter for silver target is (90 nm) at

different sputtering current for electrodes separation

7-The sputtering yield for using silver target is greater than gold

target.



5-2 Future Works

One can suggest the following subjects as a future works for our
research:

1- Using another diagnostics method such as, microwave
interferometry and Laser induced florescence.

2- Using RF magnetron sputtering system.
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