
Abstract 
 
THOMAS, BRENT CECIL. Magnetic Focusing of Ion Beams and Deposition of 

Hydroxyapatite Films With Graded Crystallinity. (Under the direction of Jerome 

Cuomo). 

 

The purpose of the first part of this work has been to use an electromagnet to improve the 

performance of the Kaufman ion source.  A solenoid was fabricated and placed around 

the substrate platform in a vacuum chamber equipped with a 3cm Kaufman ion source.  

The source was run under set conditions and the solenoid current was varied.  Langmuir 

probe and Faraday cup measurements were taken under various solenoid currents.  SRIM 

calculations were done to predict the effect of focusing the ion beam on etching 

performance.   

 

The purpose of the second part of this work has been to deposit hydroxyapatite films with 

graded crystallinity.  An ion beam assisted deposition system was used to sputter 

hydroxyapatie films onto silicon samples.  The temperature of the samples was lowered 

during the deposition in order to obtain samples with graded crystallinity.  The samples 

were analyzed using X-ray diffraction and transmission electron microscopy to verify 

their crystal structure.  The samples had a graded crystal structure with nanocrystalline 

hydroxyapatite with an orientation of (113) transitioning into amorphous hydroxyapatite. 
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Chapter 1:  Introduction 

 

1.1 Background 

A plasma was defined by Langmuir as an approximately neutral collection of ions and 

electrons that is capable of responding to electric and magnetic fields1.  Plasmas can be 

used for etching, deposition, or surface modification.  Plasmas can be generated by a 

variety of different means, most of which involve using some sort of electric potential to 

generate electrons and then colliding them with a source gas creating a plasma of ions, 

electrons and neutrals.  Most of the plasmas used in plasma processing of materials are 

only partially ionized and contain mostly neutral atoms or molecules.  In the plasma the 

ions and electrons are constantly colliding with the neutral atoms/molecules.  The most 

common results of these collisions can be seen in Table 1.1 below.  

 

Table 1.1 Principal kinds of collision1  

Electrons 
e + A → A+ + 2e Ionization 
e + A → A* → e + A + hv Excitation 
e + A* → 2e + A+ Penning ionization 
e + A → e + A Elastic Scattering 
e + AB → e + A + B Dissociation 
e + AB → 2e + A+ + B Dissociative ionization 
e + AB → A- + B Dissociative attachment 
e + A+ + B → A + B Recombination 
Ions 
A+ + B → A + B+ Charge exchange 
A+ + B → A+ + B Elastic scattering 
A+ + B → A+ + B+ + e Ionization 
A+ + B → A+ + B* → A+ + B + hv Excitation 
A+ + e + B → A + B Recombination 
A+ + BC → A+ + B + C Dissociation 
A + BC → C + AB Chemical reaction 
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Plasmas can add many aspects of control to materials processing.  As seen in Table 1.1, 

in addition to being able to energetically bombard a surface they can dissociate or cause a 

reaction in process gases. 

 

One of the main applications of plasma technology is the growth of thin films.  

Technological advances in thin film growth have been driven primarily by the needs of 

the semiconductor industry.  Some of the first needs to arise were low defect epitaxial 

silicon layers and uniform silicon oxide layers.   

 

1.2 Chemical Vapor Deposition 

One of the first methods used to grow thin epitaxial films was chemical vapor deposition.  

Chemical vapor deposition (CVD) consists of flowing a reactive gas either concentrated 

or diluted in a carrier gas over a heated substrate to grow a film.  Metal-organic chemical 

vapor deposition (MOCVD) is a common name for any CVD process that uses a metal 

organic precursor gas.  In CVD and MOCVD the thermal energy from the substrate is 

used to dissociate the process gas so that it may react with the substrate.  In some CVD 

processes exact laminar flow conditions must be set up to provide an even distribution of 

gas across the surface of the substrate while in other systems surface diffusion is more 

dominant and controlling laminar flow is not as critical.  For some applications however 

more control is needed than CVD can provide.  For example, with CVD it would be very 

difficult to do low temperature deposition since the thermal energy would be needed to 

dissociate the process gas.  This would make it nearly impossible to use CVD to deposit 
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films that are only thermodynamically favored at low temperatures or to deposit on 

substrates with low melting temperatures.   

 

Plasma enhanced chemical vapor deposition (PECVD) can be used to deposit some 

materials that would not be possible using MOCVD or CVD since it can dissociate the 

precursor gases to help force them to react with the substrate surface, other precursor 

gases, or background gases.  PECVD uses a plasma to dissociate the precursor gases and 

add energy to the surface of the substrate.  This allows for lower processing temperatures 

since the plasma provides the energy instead of relying solely on thermal energy as in 

CVD.  Another advantage of PECVD is that it can also be used for the surface treatment 

of materials.  Oxygen, fluorine, or nitrogen can be used to react with surfaces or a neutral 

gas such as argon can be used to bombard surfaces to roughen or smooth them.  PECVD 

surface treatment can alter the surface energy of materials changing properties such as 

hydrophobicity and coefficient of friction.  The two main methods of generating the 

plasma for PECVD are inductively and capacitively coupled RF discharges.  Capacitively 

coupled discharges use the electric field between a substrate plate that has an applied 

voltage that varies at a high frequency and a surrounding plate that is normally at ground 

to generate plasma.  Inductively coupled discharges use an inductive coil powered by a 

RF to create a time varying electric field that generates plasma. 

   

1.3 Sputtering 

Another common application of plasmas is sputtering.  Sputtering is considered a type of 

physical vapor deposition (PVD) like evaporation but normally uses some form of plasma 
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to impart the necessary kinetic energy to particles so they can displace target atoms.  

Sputtering is the process of bombarding a target with ions so that the ion’s kinetic energy 

causes a chain reaction that ejects target atoms from the surface of the target.  The kinetic 

energy must be greater than the binding energy of the target atoms.  Sputtering is 

commonly used to deposit metals or ceramic materials that are not easily incorporated 

into gas based precursors.  A form of sputtering called reactive sputtering uses chemically 

active gases in addition to the sputter target.  Reactive sputtering is commonly used to 

deposit oxides and nitrides.  The target is normally powered by a DC, pulsed DC, or RF 

power supply to generate a plasma around the target.  For targets with high resistivity 

pulsed DC or RF power must be used to prevent charge buildup on the surface of the 

target.   

 

It is also common to use magnetic fields to assist in sputtering.  In magnetron sputtering a 

ring of magnets and a large central magnet are arranged behind the target to create a 

circular magnetic field that creates a “racetrack” effect.  The ions follow the electrons 

that are pulled into the racetrack where the electric field has more time to impart energy 

into them, increasing the sputter yield.   

 

In sputter deposition it is important to control the surface energy of the substrate and the 

energy of the incident ions/atoms.  The substrate can be biased to help control the energy 

of incident ions. In the more likely case of positive ions, a negative charge will accelerate 

them and a positive charge will decelerate them.  In most system substrate heaters can be 
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used so that the temperature of the substrate can also be controlled to aid in film adhesion 

and to assist in obtaining a desired crystal structure for a deposited film. 

 

1.4 Ion Sources 

Sputtering can also be accomplished by bombarding a target with a beam from an ion 

source.  Ion sources employ a plasma from which ions are extracted and directed at 

surfaces.  One of the initial goals of ion beam research was to use ion sources as a 

method of space propulsion.  By ionizing a gas and accelerating it away from a craft the 

craft would be pushed forward in reaction to the gas moving away.  The two main source 

designs to come from the propulsion research were the End-Hall and Kaufman ion 

sources, which are two of the more commonly used designs today.   

 

The End-Hall source is one of the simpler, more rugged ion source designs.  The End-

Hall source is capable of generating high current low energy ion beams.  It uses only a 

large cathode filament and a cylindrical anode to generate plasma.  A cross section of an 

End-Hall source is shown below in Figure 1.1.   
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Figure 1.1: End-Hall ion source. From [2] 

 

A high alternating current is passes through the cathode filament heating it, and electrons 

are bled off though thermionic emission.  Thermionic emission occurs when thermal 

energy allows an electron to escape from the surface of a metal.  This effect is normally 

created by passing enough current through a filament to cause resistive heating.  With 

most power supply arrangements the filament also has a negative bias that helps to emit 

electrons due to charge repulsion.  After leaving the cathode filament, these electrons are 

then pulled towards the anode which is positively charged with a direct current voltage.  

As the electrons are accelerated toward the anode they can strike background gas 

molecules or atoms and knock off electrons creating ions and additional electrons.  This 
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collection of electrons and ions forms the plasma.  A magnetic field from the housing, 

generated by permanent magnets or an electromagnet, helps to focus and confine the 

plasma, primarily by interacting with the electrons.  The ions in the plasma are then 

pushed away from the anode due to its positive charge and pulled towards the filament 

due to its negative charge and the electrons coming from it.  This helps move the ions 

toward the substrate and neutralize the plasma at the same time.  Unfortunately, since it is 

a gridless source, the End-Hall source normally has a high divergence and low ion energy 

since there is no accelerator grid to collimate and accelerate the ions.  The energy 

distribution of the ions is also broad.  This limits the number of applications for an 

otherwise very reliable source design.         

 

Another category of ion sources are gridded ion sources.  The initial plasma formation is 

similar to that of the End-Hall source with a cathode and anode.  In addition to the 

cathode and anode, these souces have at least one grid that accelerates the ions.  A 

diagram of the Kaufman source, one of the most common gridded sources, is shown in 

figure 1.2.   
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Figure 1.2 Cross section of Kaufman ion source 

 

This work will focus primarily on the Kaufman ion source as shown above.  The 

Kaufman source consists of an anode, cathode, the source housing which contains 

permanent magnets, screen grid, accelerator grid and neutralizer filament. The cathode, 

commonly made of a tungsten filament, produces free electrons by thermionic emission.  

These electrons are accelerated towards the positively charged anode and collide with any 

gas molecules or atoms in their path.  When electrons strike the gas molecules or atoms 

the collision can knock electrons from the atoms creating ions.  Most Kaufman sources 

rely on permanent magnets in the housing to help confine the electrons and increase their 

lifetime.  The cathode and anode are sometimes referred to as the discharge chamber, and 

the plasma created there is referred to as the discharge.    The ions in the discharge 
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chamber plasma are then pulled toward the accelerator grid.  The grids are set up as 

follows, there is a screen grid which is electrically floating and approximately 1mm away 

there is the accelerator grid which is traditionally biased negatively at a fraction of the 

beam voltage.  This fraction will normally vary from 1/10th of the beam voltage to 1/4th of 

the beam voltage depending on the beam voltage and application.  The purpose of the 

screen grid is to shield the accelerator grid from direct impingement by ions which would 

erode the grid.  Grid erosion will still occur in many applications but is greatly limited by 

the screen grid.  Shaped grids that are concave or convex can also focus or spread the 

beam to change the beam area for various applications.  Grids are often referred to as ion 

optics due to the fact that they focus the ions as a lens focuses light.  After the plasma 

(ions, electrons, and neutrals) leaves the grids it passes by the neutralizer filament.  The 

neutralizer is a filament that operates via thermionic emission like the cathode filament, 

but its purpose is to inject electrons into the plasma which is typically ion dominated at 

this stage.  Plasma neutrality refers to an overall charge balance in the plasma, not the 

absence of charged particles.  Neutralizing the plasma reduces the amount of charging 

experienced on insulating samples to enhance etching and deposition rates and helps 

prevent charge buildup on chamber walls.  This charge buildup can lead to surface arcs 

that can affect the stability of the beam.   

 

Gridded sources allow for relatively precise control of the beam’s acceleration but they 

limit the current the beam can obtain2.  This current limit is explained by Child’s law 
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which is given by the following equation:  2
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Where I is the current, 0ε  is the permittivity of vacuum, e is the charge of an electron, m 

is the particle mass, V is the potential difference between two planes, d is the diameter of 

the opening, and l is the distance between the two planes. 

 

The current increases as the square of the diameter of the opening. Gridded sources have 

a much lower current capacity since it would be the Child’s law current limit for each 

hole in the grid multiplied by the number of holes instead of the current limit for the 

diameter of the ion source opening.   

 

Aside from their uses in etching and deposition, ion beams can also be used to modify 

materials.  In a process commonly called ion beam assisted deposition or IBAD, an ion 

beam bombards the surface of a substrate that is being grown by another process such as 

sputtering or evaporation.  In IBAD, the assist ion beam uses a relatively low energy of 

about 500eV or less and a lower current than the main beam to avoid damaging the film 

or significantly decreasing the deposition rate through sputtering the deposited film3.  The 

energy from the ion bombardment helps to remove impurities from the surface of the 

films and imparts kinetic energy to the surface of the film to help obtain crystal structures 

that would not be possible without significant substrate heating.  Another advantage to 

IBAD is that it can cause intermixing or “stitching” between the growing film and the 

substrate which can greatly increase adhesion strength3.  This occurs when the incident 



  11  

ions from the assist beam strike atoms in the growing film and supplant them into the 

substrate. 
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Chapter 2:  Basics of magnetic focusing 

 

2.1 Background 

One of the main advantages of the Kaufman ion source over other source designs is the 

Kaufman source uses internal magnets and gridded ion optics to focus and collimate the 

beam.  With gridless sources such as the End-Hall, source divergence is expected and even 

utilized in many cases to increase treatment and coating areas.  In the Kaufman source the 

ion optics primarily control the shape and focus of the beam.  Collimated optics can be used 

for a straight beam or dished optics can be used to focus or spread the beam.  In the magnetic 

focusing section of this work collimated optics are used for the focusing experiments.  A 

schematic of the effect of collimated optics on the beam is shown in figure 2.1 below. 
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Figure 2.1:  Collimated grids and the variation in voltage.  From 4. 

 

As shown in figure 2.1 the ion optics extract ions from the plasma in the discharge chamber 

and collimate them into a beam.  Even though the ion beam from the Kaufman source is 

focused by the internal magnets in the ion source and collimated by the accelerator grid, 

divergence will occur as the beam travels away from the ion source.  This is due to several 

factors including coulombic repulsion and the collisions with residual gas.  The electrons and 

ions in the beam will constantly be bombarding neutral molecules/atoms and recombining.  

With each collision process a small amount of angular scattering can occur if the particles hit 

off center.  Since there is no force acting to contain the beam once it leaves the ion source, 

these collisions will cause the beam to diverge over time through a process similar to random 
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walk diffusion.  Drift will also occur if the beam has a density gradient since the plasma will 

diffuse to the region of lower density1. 

 

An external magnetic field can be used to correct beam divergence.  Electrons and ions in the 

plasma can interact with magnetic fields.  Magnetic fields cannot change the magnitude of a 

charged particles velocity, only its direction2.  The force a magnetic field exerts on a charged 

particle is given by the equation 2.1. 

 

)( BvqF ×=            (2.1) 

 

Where q is charge, v is velocity(vector) and B is the magnetic field(vector).  Since this is a 

cross product, it states that a magnetic field will exert no force on a particle that is moving 

parallel to the magnetic field lines.  For this reason, a solenoid was chosen to correct the 

beam divergence.  The field lines from the solenoid run through the axis of the solenoid so 

they should only influence particles not moving parallel to the axis.    It should be noted that 

plasmas are diamagnetic and can weaken magnetic fields, but due to the relatively low power 

and current density of ion source generated plasmas this effect should be negligible1. 

 

2.2 Magnetic focusing model 

 

A diagram of the magnetic focusing setup is shown below in figure 2.2.   
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Ion Source 

Ion Beam 

Solenoid 

Substrate 

 

Figure 2.2: Magnetic focusing setup schematic 

 

As the beam enters the region surrounded by the solenoid, charged particles not moving 

along the axis will begin to be influenced by the magnetic field.  The field should exert a 

corrective force on the charged particles and help limit the divergence of the beam.  The 

particles in this region will strike the substrate at angles closer to perpendicular as the 

solenoid current increases.  This will lead to increased etching performance in applications 

using patterned substrates, especially those with high aspect ratio features.  

 

2.3 Solenoid Properties 

The magnet is a solenoid wound around a 9” inner diameter metal cylinder that is 3 5/8” tall.  

It was wound with polyamide coated 24 gauge wire.  There are two layers of approximately 

90 windings each for a total of about 180 windings.  The magnet was placed around the 
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substrate plate so that the charged particles that strike the substrate will still be under the 

influence of the magnetic field.  A picture of the magnet is shown below in figure 2.3. 

   

 

Figure 2.3: Electromagnet used in this work 

 

The magnet was arranged so that its poles were aligned with those of the internal magnets in 

the ion source.  The plot of field strength vs. current is shown below in figure 2.4. 
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Figure 2.4:  Magnetic Field vs. Current 

 

Since the field is axial, the field strength was measured at the top center of the magnet.  The 

intercept of the line should be at zero but this could be due to drift in the gauss meter used to 

measure the field strength. 

 

Figure 2.5 below shows a picture of the ion beam with the electromagnet off.  The beam’s 

intensity seems to drop off quickly in the image as the beam gets farther away from the ion 

source. 
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Figure 2.5: Unfocused beam 

 

Figure 2.6 below shows an image of the same beam after the electromagnet is turned on.  The 

beam does not seem to spread out as much compared to figure 2.5 above and the beam seems 

more intense as you move away from the ion source. 
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Figure 2.6:  Beam focused by electromagnet (2A) 

  

2.4 Experimental Setup 

A three centimeter Kaufman ion source was used for the magnetic focusing experiments.  It 

is housed in a vacuum chamber that uses a diffusion pump and a rotary vane 

backing/roughing pump.  The system is capable of reaching pressures as low as 5E-7 torr.  

Prior to each run the system is pumped down to a pressure of 1E-6 torr or lower to minimize 

contamination and outgassing.  For the langmiur and faraday cup runs the system was run at 

a beam voltage of 600 Volts with a gas flow of 10sccm’s of argon.  The pressure during the 

runs was kept as low as possible given the gas flow and was approximately 1x10-4.  The 

beam voltage was chosen to attempt to strike a balance between having a stable beam and 
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having a beam that the magnet could easily influence.  At higher beam voltages the ions and 

electrons are more energetic and therefore should require higher magnetic fields to correct.   

 

2.5 Langmuir Probe Characterization 

In order to see if the magnet affected the plasma properties a Langmuir probe was used.  The 

Langmuir probe is an electrostatic probe commonly used to characterize plasmas.  Langmuir 

probe measurements can provide information such as electron and ion temperature and 

density.  The probe tip is biased at various voltages, which will repel or attract specific 

charged particles.  The amount of current at a given voltage is related to the number and 

energy of incident ions and electrons.  The basic method for Langmuir probe data collection 

is to plot the current collected by the probe versus the bias voltage applied to the probe.  For 

this work, a small Langmuir probe was fabricated using an 11mm diameter steel sphere as a 

collector.  A schematic of the probe is shown in figure 2.7 below. 

 

Figure 2.7: Langmuir probe 

 

The ideal single probe plot is similar to the example below in figure 2.8.  There are three 

distinct regions: the ion saturation region (region C), the retarding field region (region B) and 
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the electron saturation region (region A).  

 

Figure 2.8:  Ideal single probe Langmuir probe plot 

 

The probe is negatively biased in the ion saturation region, such that most of the electrons are 

repelled and most of the ions within the Debye length are attracted to the probe.  In the 

electron saturation region, the probe is positively biased, such that most of the ions are 

repelled and most of the electrons within the Debye length are attracted.  The retarding field 

region is a transitional region between the electron and ion saturation regimes.   

 

The following chart shows the Langmuir probe data for various electromagnet currents.   
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Figure 2.9: Langmuir Probe Data  

m the ideal plot shown in figure 2-8, but it can be 

asonably assumed that the region of the plot between 10 V and 15 V falls into the retarding 

 such 

 

 

This plot varies slightly in form fro

re

field region.  The Langmuir probe data can be used to provide a variety of information

as electron and ion temperature and density.  The electron temperature can be used as an 

indicator of plasma intensity and will be calculated below.  The electron temperature 

calculations must use data from the retarding field region of the plot so data from the 10 V

and 15 V points in figure 2.9 will be applied to the following equations. 

Id
dVTk =           (2.2) eb ln

Which reduces to. 
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Idk
dVT

b
e ln

=          (2.3) 

Where eT  is the electron temperature, is the change in voltage,  is Boltzmann’s 

the retarding field to equation 2.3 gives the following values. 

 

Table 2.1:  Electron temperature calculated from retarding field data from figure 2.4 

Magnet Current Electron Temperature 

 dV bk

constant, and d Iln  is the change in the natural log of the current.  Applying the values from 

0A 3.73eV 

1A 4.27eV 

2A 4.81eV 

 

The Langmuir probe data does indicate some slight changes in the electron temperature with 

the magnet current.  This does not correlate with the theory that under ideal conditions that 

agnetic fields do not alter the energy of charged particles, they only alter the direction of 

the particles.  This may be explained that ideal conditions do not take into account 

confinement effects.  The focusing effect of the magnet should increase the plasma density, 

 

A Faraday cup was used to measure the current at the center and edge of the substrate holder 

to see if the beam was focused by the magnet.  The Faraday cup is a biased cup or plate that 

Faraday cup is shown below in figure 2.10.   

m

which may explain the increase in the electron temperature. 

2.6 Faraday Cup Characterization 

acts as a current collector.  A schematic of a 
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Figure 2.10: Faraday cup 

 

For this work a Faraday cup was placed in the center of the substrate plate and then on the 

cations are shown in figure 2-9 below. 

 

outside of the substrate plate.  The lo

  

 

Figure 2.11: Faraday cup locations 

 

During the runs the current to the magnet was varied between zero and two amps.  For the 

 amps to verify the local 

inima near one amp.    

outer measurement an additional data point was taken at three

m



  26
  

Faraday Cup Measurement (inner)

-6.72E-03

-6.71E-03

-6.70E-03

-6.69E-03

-6.68E-03

-6.67E-03

-6.66E-03
0 1 2 3

Magnet Current (A)

C
ur

re
nt

 (A
)

"-30"

 

Figure 2.12: Inner Faraday Cup 
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Figure 2.13: Outer Faraday Cup 

 

As the magnetic current is increased the inner Faraday cup shows a decrease in current which 

indicates a higher plasma density since the overall charge is negative.  The outer Faraday cup 

shows an increase in current with a local minimum at one, showing a lower plasma density.  
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These charts show that the magnet helps to confine the plasma to the center of the substrate 

yielding increased current at the center and decreased current at the edge. 

 

2.7 Coating Uniformity 

 

Runs were carried out on samples with small areas masked by photoresist in the center and at 

1cm and 2cm from the center in two directions along the x and y axis.  An amorphous 

SixCy(H) film was deposited.  The photoresist was removed with acetone and the steps were 

measured using a Dektak 3030 profilometer.  The results are summarized below in figures 

2.14 and 2.15. 
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Step Height vs. Location (X axis) 
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Figure 2.14: Step height vs. location (x axis) 
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Step Height vs. Location (Y axis)
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Figure 2.15: Step height vs. location (y axis) 

 

The general trends in the data indicate that the deposition rate is slightly higher as the magnet 

current increases.  This could be because of the focusing effect of the magnet but it could 

also be due to slight changes in the system between runs.  The height of the center point 

increases significantly in the 2A sample.  In the 0A sample the height distribution seems to 

be more random.  This seems to indicate confinement of the beam by the magnetic field.    

 

 

 

 



  30
  

References 

1. F. F Chen, Introduction to Plasma Physics and Controlled Fusion Volume 1: Plasma 
Physics. Plenum, Los Angeles CA.  1983 

2. J. Roth, Industrial Plasma Engineering: Volume 1 Principles. Institute of Physics 
Publishing, Philadelphia PA. 1995. 

3. J. W. Cho, Pulsed DC Reactive Magnetron Sputtering of Aluminum Nitride Thin 
Films, Ph.D Thesis  
http://www.lib.ncsu.edu/theses/available/etd-08272002-151641/unrestricted/etd.pdf 

4. H. R. Kaufman, R. S. Robinson, Operation of Broad-Beam Sources Commonwealth 
Scientific Corporation, Alexandria VA, 1987. 

 



  31
  

Chapter 3:  Enhanced Etching Using Magnetic Focusing 

 

3.1 Background 

 

Ion beams can be used to etch patterns into masked substrates or to clean patterned 

substrates.  This can be accomplished by physical or reactive sputtering.  With physical 

sputtering the incident particles strike the substrate and knock off substrate atoms through a 

momentum-exchange process1.  In reactive etching particles such as oxygen or fluorine strike 

the surface and chemically attack the bonds of the substrate material while removing the 

material.  In reactive etching, the removal rate is a function of both chemical reactions and 

sputtering effects.  There are three main regimes of sputtering that can occur depending on 

the process conditions, single knockon, collision cascade, and thermal spike2.  The following 

figure illustrates some of the mechanisms of these three regimes.   

 

Figure 3.1:  Three regimes of sputtering:  (a) single knockon, (b) collision cascade, (c) 
thermal spike.  From [2] 
 

The single knockon regime occurs at low energies, for light ions such as H and He, and also 

for angles of grazing incidence.  As illustrated in figure 3.1(a), in the single knockon regime 



  32
  

the only ejection occurs from the incident particle striking a target atom.  The target atom is 

struck with enough energy to break its bonds to the surrounding atoms but does not have 

enough energy to break the bonds of any surrounding atoms.   

 

The collision cascade regime is the most common regime and should be the dominant regime 

in this work.  The collision cascade regime occurs throughout a wide range of energies and 

angles.  As seen in figure 3.1(b), the incident particle strikes a target atom with enough 

energy to drive it into other target atoms leading to a cascade of collisions.  This process 

leads to the ejection of target atoms/ions.  In the collision cascade regime it is assumed that 

the collision cross section is small enough that two moving atoms do not come in contact 

with each other2.   

 

The thermal spike regime only occurs when the incident particles have a very high amount of 

energy, normally in the MeV range.  It can also occur for very large particles at slightly 

lower energies.  In the thermal spike regime, the incident ion has enough momentum to tear 

through the lattice of the target causing localized hotspots and ejection can occur through 

recoil or surface evaporation3.   

 

One of the important factors in etching behavior is angle between the incident particle and 

the surface feature being sputtered.  Controlling the angle of incident ions will lead to more 

reliable etching.  Having a focused parallel beam allows for more consistent etching results 

since there is less spread in the angles of the ions.  When the beam ions/atoms strike the 

substrate at angles closer to perpendicular they allow for higher aspect ratio features.  In the 
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ideal situation of a feature with a sidewall normal to the substrate and a beam where all the 

incident ions have a trajectory normal to the substrate, minimal damage would be done to the 

sidewall of the feature.   

 

Sputter yield increases as the angle of incidence goes from normal to approximately 60°. The 

angle at which the sputter rate is maximum will vary slightly depending on the target 

material and sputtering model.  Since the particles in an unfocused beam should vary from 

normal, the sputter yield should drop as the beam is focused.  This may offset the increased 

number of particles that should hit the center of the substrate.  The relationship between the 

sputter yield at a normal incidence and the angle of incidence β is given by the following 

equation derived from Matsunami’s equation4.   

sf

Y
Y −= )(cos

)0(
)( ββ

                   (3.1) 

Where )(βY  is the yield at an angle of incidence β,   is the yield at normal incidence, 

and f

)0(Y

s is a function of the mass ratios of the incident ions and target atoms.  For the case of 

argon etching silicon it can be assumed that fs = 1.9.  Figure 3.2 below shows a plot of the 

theoretical sputter yield predicted in equation 3.1. 
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Theoretical Sputter Yield as a Function of Angle
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Figure 3.2: Theoretical sputter yield 

 

The equation is not valid at high angles since the sputter yield would continue to increase, 

even at angles of grazing incidence where the incident particle would most likely be 

backscattered without transferring any significant energy into the target. 

 

3.2 SRIM 

The sputtering conditions likely encountered in this work were simulated in a computer 

application called SRIM 2003.  SRIM (Stopping Ranges of Ions in Matter), formerly known 

as TRIM, is a Monte Carlo simulation program that can predict sputter yields.  SRIM was 

written by J. Ziegler, J. P. Biersack, and U. Littmark, and is based on the Lindhard, Scharff and 

Schiott (LSS) theory.  SRIM is currently available at www.srim.org.  Figure 3.3 below shows a plot 

http://www.srim.org/
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of the SRIM results for sputter yields at various angles and a polynomial equation fit to this data.  The 

constant parameters in the simulation are a Si target sputtered by 800eV argon ions.  The angle was 

varied from 0º (normal) to 89º.  The simulation was run for 10,000 ions for every angle used in the 

calculations. 

 

Sputtering Yield (Atoms/Ion) vs. Angle
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Figure 3.3: SRIM plot of sputter yield 

 

Figure 3.3 shows a more realistic plot of the sputter yield.  At low angles the trend agrees 

with the theoretical plot, but at high angles the sputter yield drops off.  The maximum sputter 

yield is predicted to occur in the range of 60º to 80º. 

 

Figure 3.4 below shows a plot of the backscattered ion data from the simulations as a 

function of angle, and a polynomial equation fit to this data. 
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Backscattered Ions vs. Angle
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Figure 3.4: SRIM plot of backscattered ions 

 

Figure 3.4 shows the percentage of incident ions that are calculated as backscattered in SRIM 

as a function of angle.  A backscattered ion is considered an ion that bounces off the 

substrate/target without penetrating the lattice.  These are not counted as sputtered ions.  The 

simulations were run for 10000 ions, so at 89º over 70% of the incident ions are 

backscattered. 

 

An ion can be backscattered without sputtering a target atom, especially if it strikes the target 

at an angle of grazing incidence.  Figure 3-5 below is the SRIM data from figure 3.3 with the 

backscattered ions factored out of the sputter yield.    
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Adjusted Sputter Yield (atoms/ion) vs. Angle
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Figure 3.5: SRIM plot of sputter yield adjusted for backscattered ions 

 

The sputter yield in figure 3.5 peaks at approximately 65º as opposed to 72º in figure 3.3.   

 

3.3 Results 

Silicon samples with devices on the surface were etched with the 3cm Kaufman source and 

electromagnet described earlier in chapter 2.  This was done to see if the magnetic field 

altered the etching behavior of the ion beam.  The samples were etched at a beam voltage of 

800V for 30 minutes at a pressure of 2x10-4.  The argon flow rate was 10 sccm and the beam 

current was approximately 25 mA.  The following picture shows a sample with lines 

approximately 2μ wide etched under various magnet conditions. 
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Figure 3.6:  Photoresist lines after etching with various magnet currents. 
 
 
The height of the lines was estimated using the measure tool in Photoshop scaled to the 

micron bar from the images.  The estimated heights of all three etched lines are the same but, 

even though the image quality is poor it can be seen that the samples without the magnetic 

field lost more material from their sidewalls.  It is unclear from these images alone, whether 

this is due to a change in the incident particle trajectories due to the magnet or an overall 
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decrease in the etching rate due to the magnet.  However, this does agree with the simulated 

data.  If the ion beam is focused such that it is closer to parallel, the angles (measured from 

normal) the ions strike the sidewalls from should increase.  Since the angles should be 75º 

and greater for the majority of sidewalls, this should lead to a sharp decrease in sputter yield, 

which explains why the etch rate of the features in figure 3.6 is decreased. 

 

3.4 Conclusions 

The incident ions can be focused but there will always be an angular distribution associated 

with sputtered atoms.  Therefore even if the particles from the ion beam strike the samples at 

a 90˚ angle some features could be eroded or damaged by sputtered atoms if they have 

enough energy.   

 

Magnetic focusing is capable of minimizing the damage done by the incident ions.  The 

simulated data shows that magnetic focusing should increase etching performance by 

reducing damage to the sidewalls of desired features.  The etching experiments seem to 

validate this since sidewall erosion is reduced.  More work should be done with higher aspect 

ratio features to verify these initial findings. 
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Chapter 4:  Ion Beam Assisted Deposition of Hydroxyapatite 
 
 
4.1 Background 

Due to its excellent mechanical properties and biocompatibility titanium is often used as an 

implant material for many applications such as reinforcing broken bones, joint replacements, 

and posts for dental implants.  Titanium implants have a bioinert surface of titanium dioxide 

that allows them to form a bone-implant contact at an optical microscope level1.  In ideal 

cases such as implant areas that are not subject to excessive motion the implant can become 

integrated in to the bone.  However, often the body will surround the titanium implant with a 

fibrous layer to attempt to isolate it since it cannot be dissolved.  This fibrous layer is flexible 

and can cause an implant to loosen and fail over time2.  In the case of dental implants 

loosening can also lead to failure via infection.  One way to prevent this is to use titanium 

that is porous with pore sizes large enough for vascular tissue to grow into.  However this 

will lower the strength of the implant and is not always practical.  Another way to prevent 

implant isolation is using a coating of a bioactive material such as hydroxyapatite.     

 

Hydroxyapatite (HA) is a calcium phosphate compound, Ca10(PO4)6(OH)2, that is the 

primary mineral component of human bone.  Hydroxyapatite is commonly used to coat 

implant materials such as titanium to increase the bonding strength of implants.  HA has a 

low fracture resistance so it is normally used as a coating instead of a load bearing material.  

With a HA coated implant the bone will grow to the coating and form a direct-bone-implant 

bond1.  This direct bond without any fibrous layer will lead to much greater bonding strength 

between the coating and the material.   
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Hydroxyapatite coatings have traditionally been applied by plasma spray techniques.  Plasma 

spray techniques are easily implemented and have high deposition rates but they have several 

disadvantages.  Due to the larger incident particle size, the adhesion strength and density of 

plasma sprayed coatings are limited compared to those of sputtered films.  Plasma sprayed 

films rely primarily on mechanical bonding for adhesion, whereas films deposited by assisted 

sputtering can intermix with the substrate resulting in much higher, more consistent adhesion 

strengths.   

 

HA is a bioactive material that the body slowly dissolves.  It has been shown that bone 

growth is proportional to the dissolution rate of the HA coating5.  The main factor that affects 

the dissolution rate of HA is the crystal structure.  Amorphous HA coatings dissolve much 

faster than crystalline coatings5.  While it is true that bone growth is more favorable with 

coatings that dissolve quicker, the coatings need to remain intact until the implant is fixated.  

For this reason it is desirable to have a coating with some properties of the crystalline films 

and some properties of the amorphous films.   

 

 

4.2 Experimental Setup 

A dual ion beam sputtering system was used for this work.  The vacuum is provided by a 

diffusion pump backed by a belt drive mechanical pump.  A base pressure of approximately 

5*10-7 torr is reached before each run.   
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The system has two Kaufman ion sources, an 8cm source for sputtering and a 3cm source for 

substrate bombardment.  The 8cm source, often referred to as the main beam, has focused ion 

optics.  The grids are concave and direct the ions inward to a point.  This helps to reduce the 

beam cross section at the target and limit the sputtering of material around the target such as 

the target holder and vacuum system walls, thus reducing film contaminants.   

 

Figure 4.1: Focused ion optics.  From [3] 

 

The 3cm source, sometimes referred to as an assist beam, provides and extra dimension of 

process control.  The current and voltage of the assist beam can be varied to alter film 

properties such as adhesion, hardness and density.  The system is also equipped with a 

substrate heater that can be forced to temperatures as high as 800˚C.  This allows for the 

growth of crystalline films in-situ and often eliminates the need for post deposition anneals.  

In-situ is critical to the growth of graded crystallinity structures since in most cases the 

temperature must be varied during various stages of film growth.  In-situ heating also helps 

to prevent film contamination. 
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Figure 4.2: Dual Ion Beam Chamber 

 

The HA depositions were carried out using a gas flow rate of 3sccm of Ar in each ion source.  

The run pressure was normally around 5*10-4, although some variance occurred during the 
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runs due to pressure increases from oxygen being released from the HA target.  The basic run 

conditions are listed below.  The run time and substrate holder temperature were varied 

between runs.  It is important to note that the temperature measurements in these runs were 

taken from a thermocouple in the substrate holder.  The actual sample temperatures can vary 

from those of the holder.  This variance will depend on the thermal conductivity of the 

samples, the size of the samples and how well contact is made with the substrate holder.  In 

tests conducted with a pyrometer, the silicon substrate temperature was approximately 600°C 

when the substrate holder temperature was 750°C.  From this is can be assumed that the 

actual sample temperature (for non thermally bonded samples) should be approximately 80% 

of the substrate holder temperature.  Thermal paste can increase the actual sample 

temperature but trials have shown that the heating is not uniform over the surface of the 

sample.  Gold foil was also used to attempt to increase the thermal contact between the 

holder and the samples but this did not prove to be effective for silicon samples due to the 

foil being too thin. 

 

Table 4.1:  Standard run conditions 

Time  Assist Beam Voltage Pirmary Beam Voltage Substrate Temperature 

0 - 10 min 1000V 1000V 700˚C 

10 - 120 min 400V 1000V 700˚C 

120 - 240 min 400V 1000V 500˚C 

240 - 270 min 400V 1000V 500 → 250˚C 
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4.3 Results 

Initial runs were tried at initial substrate temperatures of 600 and 650 C.  These samples did 

not display any signs of crystallinity in XRD analysis.   The samples processed at 700C 

displayed a small hump, showing the possibility of crystallinity.  Further XRD analysis was 

carried out on these samples.  One of the XRD spectra is shown below in figure 4.3 
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Figure 4.3: XRD of HA film on Si. 

 

A film with graded crystallinity will allow bone to begin growing quickly but remain intact 

long enough for the bone to grow into the implant fully.  Figure 4.4 below shows one of the 

HA films deposited in the dual ion beam system. 
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Figure 4.4:  HA film with graded crystallinity.  A. Si, B. crystalline layer 1, C. crystalline 

layer 2, D. amorphous layer.  

 

The first layer of the film, layer B, is crystalline.  This layer will resist dissolution to allow 

time for the bone to grow.  Above layer B is another crystalline structure that seems to have 

smaller grains, layer C.  The next layer of the film, layer D, is amorphous.  This layer will 

allow bone to grow into it quickly and will help make sure that the body will accept the 

implant.  Close up views of the various regions in the film are show below in figures 4.5 and 

4.6. 
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Figure 4.5: Close up view of the crystalline region of the film near the interface. 

 

Figure 4.5 clearly shows an amorphous region approximately 7nm thick.  This layer is most 

likely silicon oxide that could be a native oxide or has formed during deposition. 
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Figure 4.6:  Close up view of the smaller grain structure and the amorphous region. 

 

Figure 4.6 shows a transitional area between the larger grains that are about 20 degrees off 

normal and finer grains that are normal to the substrate.  It also shows the transition between 

fine grains and the amorphous region. 

 

During TEM analysis electron diffraction patterns were taken to verify the crystal structure 

of the films.  The locations used for obtaining electron diffraction patterns are shown below 

in figure 4.7.   
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Figure 4.7: SAD locations. 

 

Location 1 is useful as a reference since it incorporates part of the Si substrate that can be 

used to index the crystal structure of the Si.  Locations 2, 3, and 4 show different sections of 

the HA film and show the decrease in crystallinity as the film grows outward from the Si 

substrate.  The diffraction patterns are shown below in figure    
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Figure 4.8: SAD patterns 

 

Figure 4.9 below shows location 1 indexed.  The rings present from the HA coating can be 

compared to the known d spacings from the Si spot pattern. 
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Figure 4.9: Location 1 indexed 

 

The Si has a zone axis of [011].  Table 4.2 below shows the estimated d spacings of the HA 

rings and the corresponding orientations. 

 

Table 4.2: HA d spacings 

Ring d from SAD (Å) d from JCPDS (Å) (hkl) 2 θcal (XRD) 2 θmeas (XRD)
1 2.0852 2.065 (113) 43.37 43.3 
2 1.8469 1.841 (213) 49.31 49.78 
3 1.5766 1.587 (501) 58.51 - 
4 1.2800 1.2800 (423) 74.01 - 

 

The 2θmeas numbers correspond to the XRD data from figure 4.3. 

 

EDX spectra were taken from several points in the film shown below in figure 4.10.  The 

points 1t-5t were taken from areas similar to points 1-5 but in thicker regions in the STEM 

sample.  It is important to note that EDX data from STEM is semi-quantitative and the data 

should be used comparatively only.   
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Figure 4.10: EDX spot locations 

 

The elements identified in the EDX spectra are shown below in table 4.3.  
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Table 4.3: EDX spectra from points 1-5. 

 

 

 Atom % 

Point Y Ca Ar P Si Al O 

1 1.9 19.0 0.1 13.3 4.3 2.4 58.9

2 3.3 17.4 0.0 16.0 3.5 3.4 56.4

3 3.3 15.1 0.1 10.2 5.5 7.8 57.9

4 4.4 18.4 0.0 10.6 4.8 9.0 52.8

5 5.2 15.9 2.3 9.1 5.9 9.4 52.2

1t 2.4 24.1 0.2 14.5 6.4 3.5 49.0

2t 3.8 21.5 0.0 19.7 4.4 4.3 46.3

3t 4.7 16.4 0.0 13.2 7.7 8.3 49.7

4t 4.6 19.0 0.5 11.1 7.0 11.2 46.6

5t 5.0 18.4 4.2 11.0 6.3 9.8 45.3

The table above shows the elements detected in the HA film.  The yttrium is present as a 

dopant.  The argon is from argon gas used during processing becoming trapped in the film.  

The silicon is from the substrate and the aluminum is from the sample preparation.  The 

calcium, phosphorus, and oxygen are all from the HA target.  The calcium/phosphorous ratio 

is often used as a benchmark for the quality of HA films since it will affect the dissolution 

rate of the films. The calcium to phosphorous ratio is shown below in table 4.4. 
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Table 4.4: Ca/P ratios from EDX spectra 

 Ca P Ratio 

1 19.0 13.3 1.43

2 17.4 16.0 1.08

3 15.1 10.2 1.47

4 18.4 10.6 1.74

5 15.9 9.1 1.74

1t 24.1 14.5 1.66

2t 21.5 19.7 1.09

3t 16.4 13.2 1.24

4t 19.0 11.1 1.70

5t 18.4 11.0 1.66

    

  Average 1.48

 

The Ca/P ratio is not optimal, the ratio should be close to the theoretical Ca/P ratio of HA 

which is 1.67.  There are several effects that occur during deposition that could account for 

this.  Primarily the sputter yields of calcium and phosphorous are different.  To begin to 

explain this we need to look into compositional balancing.  This effect occurs in targets with 

materials of dissimilar sputter yields.  The high sputter yield material will be sputtered 

preferentially at first, leading to a surplus of this material in the film.  Then the target will be 

depleted of this material and the low sputter yield material will be sputtered preferentially 

due to its higher concentration.  Eventually the materials will reach a balance and be 

sputtered at equal rates.  Unfortunately in this system the shutter does not block all of the 

sputtered material so we can not wait for the target to balance before beginning deposition.  
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This will have a slightly different effect on the deposition due to the dual beam setup.  First 

the fact that the secondary beam is initially set to 1000V (the same voltage as the main beam) 

should help negate any compositional changes due to preferential sputtering effects during 

the first 10 minutes of the run since sputtering will occur at the substrate as well as the target.  

After the assist beam voltage is reduced to 400V the preferential sputtering effect seems to 

appear and the Ca/P ratio drops.  A chart of the Ca/P ratio is shown below in figure 4.11.  To 

create this chart it was assumed that the deposition rate remained constant during the run, 

which should be fairly accurate with the exception of the first 10 minutes of the run. 
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Figure 4.11:  Ca/P Ratio vs. Time 
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4.4 Charge Buildup   

During this work the system was disassembled, bead blasted, reassembled, and moved.  The 

bead blasting removed many layers of build up from previous sputtering runs.  These layers 

were primarily carbon, various metals, and various insulators.  After re-assembly there was 

severe arcing along the chamber walls during HA deposition.  The arcs would spread along 

the walls of the chamber to the heater feedthrough and cause a short.  Due to the amount of 

oxygen released from the HA target external tungsten filament neutralizers (typically used in 

ion beam processing) do not last for the duration of a run.  The oxygen reacts with the 

tungsten filaments creating tungsten oxide which evaporates due to its high vapor pressure. 

 

The lack of neutralization can lead to having an imbalanced charge in the ion beams which 

can lead to a charge buildup on chamber walls that are coated with an insulator.  The many 

layers of previously sputtered material may have created a shielding effect that prevented 

these arcs before the system was bead blasted.  Deposition of alternating conducting and 

insulating layers lessened the degree of arcing.  A nude ionization gauge was set up as an 

external source of electrons and this has prevents the surface arcs but does change the 

characteristics of the beams such as beam current and size.   



  58
  

 

Figure 4.12:  Filament arrangement to reduce arcing 

 

After the filament lifetime and replacement cost became a concern, a plasma bridge 

neutralizer was tried.  A diagram of a plasma bridge neutralizer is shown in figure 4.13 

below.   
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Figure 4.13:  Plasma Bridge Neutralizer 

 

The plasma bridge neutralizer (PBN) looks similar to the discharge chamber of an ion source 

but the operation is different.  Electrons are bled off the filament through thermionic 

emission and pushed off by a net negative charge on the filament.  A plasma is formed due to 

the argon background gas colliding with the free electrons and the filament.  Some of the 

electrons from this plasma escape through the orifice due to being repelled by the negative 

charge on the filament.  If the PBN is properly positioned the electrons will be drawn to the 

positively charged ion beam and couple into the beam.  The PBN has effectively solved the 

arcing problems caused by improper neutralization of the beam.  It also requires maintenance 

less often than the ion sources so it is feasible to operate.  This should allow future runs to 

match the quality of the samples obtained prior to moving the system.   

 

4.5 Conclusions 

Hydroxyapatite films with graded crystallinity were deposited by ion beam assisted 

deposition.  The Ca/P ratio of the films was lower than ideal.  The crystal structure of the HA 

was examined by TEM and verified to be predominantly (113).   
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