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ABSTRACT OF THE THESIS 

Processing of Sputter Targets Using Current Activated Pressure Assisted Densification 

 
by 

Neil Russell Chaney 

Master of Science, Graduate Program in Materials Science and Engineering 
University of California, Riverside, December 2013 

Dr. Javier Garay, Chairperson 

  

 Thin Film deposition is a process that has been around since the beginning of the 

twentieth century and has become an integral part of the microfabrication and nanofabrication 

industries.  Sputter deposition is a method of physical vapor deposition (PVD) in which a target 

is bombarded with ions and atoms are ejected and deposited as a thin film on a substrate.   

Despite extensive research on the direct process of sputtering thin films from targets to 

substrates, not much work has been done on studying the effect of processing on the 

microstructure of a target.  In the first part of this work, the development of a PVD chamber is 

explored along with a few modifications and improvements developed along the way. A multiple 

process PVD chamber was equipped with three different types of PVD processes: sputtering, 

evaporation, and electron-beam deposition.  In the second part of this work, the effect of 

processing of sputter targets on deposited films is explored.  Multiple targets of copper and 

yttria stabilized zirconia were produced using CAPAD.  The effect of the processing on the 

microstructure of the targets was determined.  The targets were then sputtered into films to 
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study the effects of the target grain size on their properties.  The effect of power and pressure 

were also measured.   Increased power led to increased deposition rates while higher vacuum 

caused deposition rates to decrease.   
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Chapter 1  - Introduction 

 

1.1 – Motivation 

Thin Films can be broadly defined as layers of materials ranging from a few angstroms to 

several micrometers in thickness.  Thin film deposition is a materials process that has become 

very popular in the last few decades that has grown into a major topic of both research and 

industry.  Thin films are used in many applications today, from micro fabrication processes to 

industrial machining tools.  Deposition techniques generally fall into two categories, depending 

on whether the process is primarily chemical or physical. Chemical deposition refers to multiple 

processes including chemical vapor deposition (CVD), while most of physical deposition can be 

considered physical vapor deposition (PVD), based on most physical deposition processes 

requiring a low-pressure vapor environment to function properly. 

Considerable research has gone into the development of the sputtering process with 

particular attention dedicated to the tailoring of thin film microstructure and property 

optimization.  It is generally accepted that the finer the grain size of a sputter target, the better 

the thin film quality.  However, it is difficult to find systematic research on target grain size-film 

quality relationship, particularly for targets with nanocrystalline grain sizes.  This is primarily due 

to the difficulty in producing quality, ultra-fine (or nanocrystalline) grain sized targets.   If one 

were to better understand the effects of target structure on thin films, it could significantly 

impact the thin film world.   

This thesis is separated into three main parts.  The first Chapter will give an introduction 

to what thin films are, their different processing methods, and the processing of materials using 



2 
 

Current Activated Pressure Assisted Densification (CAPAD).  The second Chapter will go into the 

development of a custom, one of a kind, multi-process thin film deposition chamber with the 

troubles and improvements encountered along the way.  The final Chapter will go into the 

unique processing of PVD targets using CAPAD and the effect that processing and the resulting 

structure has on final thin film qualities. 

 

1.2 – Introduction to Thin Film Processes 

There are a huge variety of types of thin films and deposition processes.  Thin films can 

be fabricated through a variety of processes that in large part are determined by their 

composition and intended use. In applications where a film needs to be laid conformably over a 

nonuniform surface, a plasma sputter deposition would be used based on plasma’s ability to 

conform beyond a simple line of sight process.    

Chemical deposition is a process that involves a fluid precursor that undergoes a 

chemical change at a solid surface.  Since chemical deposition methods start as a fluid, they 

have little regard to direction and generally tend to be conformal, rather than directional.  

Different methods of chemical deposition are categorized by the phase of the precursor. For 

example, a liquid precursor is used in plating, chemical solution deposition (CSD), and spin 

coating, while a gas precursor is used in Chemical vapor deposition (CVD) and atomic layer 

deposition. 

Physical deposition starts with a solid precursor that uses mechanical, 

electromechanical, and thermodynamic means to lay a solid film.  These processes generally 
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require relatively large energies to stay together, and therefore tend to require a low-pressure 

vapor environment to function properly.  This is why most physical deposition techniques are 

classified as physical vapor deposition (PVD).    

 

1.3 – Physical Vapor Deposition 

Physical Vapor Deposition can be accomplished through a variety of techniques.  Two 

common forms of PVD are thermal evaporation and sputtering.  In thermal evaporation, an 

electrical resistance heater is used to bring a material to a molten state, where its vapor 

pressure is raised to a useful state.  It is at this state that it is evaporated and then deposited 

onto a substrate.  In sputtering, plasma is used to create ion and electron interactions that are 

used to transfer material from a target to substrate. The main difference between thermal 

evaporation and sputtering is the ability for sputtering to maintain stoichiometry.  Thermal 

evaporation tends to be limited from compounds and mixtures, because different components 

would tend to evaporate at different rates.  This work will focus primarily on PVD sputtering. 

In sputtering the plasma is an ionized gas, in this case argon, used to knock material 

from a target, a few atoms at a time.   Plasma begins with small amounts of ionized gas particles 

that through avalanches of collisions with other neutral gas atoms, produce more ions and 

electrons until there is enough current to keep it self-sustaining.   The target is generally 

connected to the negative end of a power supply, effectively making it a cathode, while the 

substrate is grounded, making it an anode.  This causes the plasma ions to be attracted to the 

cathode, bombarding the surface and causing negative target ions to be ejected through 
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momentum transfer.  These negative ions are then attracted to the substrate, bombarding the 

surface and creating a film.  The effect of working gas pressure on deposition rates for a typical 

sputtering process can be seen in Figure 1.1.  While current and vacuum have a positive 

correlation, deposition rate and vacuum level have a negative correlation.  This leaves a small 

range in between in which sputtering can occur, which is show by the grey box in Figure 1.1   

 

Figure 1.1: Influence of working gas pressure on deposition rate for a typical sputtering process. [2] 

 

1.4 – Current Activated Pressure Assisted Densification (CAPAD) Technique 

Powder consolidation can occur in many forms, but one type of process that has 

become widely used is the process of sintering.  The process used in this paper to consolidate 

material powders is the Current Activated Pressure Assisted Densification (CAPAD) method, 

commonly referred to as Spark-Plasma Sintering.  The CAPAD process was chosen based on its 
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ability to control a material’s microstructure.  This precise control is due to CAPAD’s precision 

heating and pressure loading control.   

In a typical current assisted densification system, a sample of powder is compacted 

between two plungers and a die, which are simultaneously compacted between two electrodes 

that are attached to a high current power supply.  Typically a conductive spacer is used to 

protect the electrodes from the high temperatures of the die and plungers.   The die and 

plungers are generally made out of graphite or some other conductive material.  The two 

electrodes are connected to a high current power supply while simultaneously applying 

pressure.  

In CAPAD processing, temperature acts as the driving force in the densification process 

while pressure acts as a secondary force.  Between these two processing conditions, the 

densification process takes place through a combination of particle rearrangement, fracture, 

yield, and sintering [4].  The first three (particle rearrangement, fracture, and yield) are primarily 

caused by the external applied pressure and are generally highly dependent on pressure.  

Sintering is driven by the reduction in free surface energy of the powder compact, which occurs 

through densification and the coarsening of particles.     Densification is the reduction of voids 

between particles, and particle coarsening is the coalescing of small particles into fewer, larger 

particles.  Sintering generally begins with adjacent particles necking together, followed by the 

formation of networks of connected polyhedral and pores as the particles move closer together, 

and finished by the isolation and shrinkage of pores as a result of densification.   

One major focus of microstructure control in CAPAD processing is that of grain size.  

Similar to sintering, the reduction of free surface energy is the driving force behind grain 
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growth.  Grain growth occurs by one of two means, by either normal grain growth where the 

average size of all grains grow larger, or abnormal grain growth where an inhomogeneous 

growth causes some grains to grow larger than the surrounding grains.  Generally, it is accepted 

that grain growth is exponentially driven by the material temperature, resulting in a linear 

relationship between grain growth and the amount of time spent at a temperature [5].  Because 

of CAPAD’s ability to employ particularly short heating times, materials can typically be 

processed with high retention in nanocrystallinity. Large size differences in microstructure can 

have a substantial effect on a variety of material properties like that of mechanical [6], magnetic 

[7] and optical [8] properties.  Mechanical properties being some of the most commonly 

studied, based on the improved structural effects that come from grain refinement.   

For CAPAD system used in this work, the die, plungers, and spacers are all made out of 

graphite while the electrodes are made out of copper.  A diagram of the cross sectional setup of 

the CAPAD device is illustrated below in Figure 1.2. 
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Figure 1.2: Example schematic of CAPAD apparatus.  Points of interest are labeled. 

 

Chapter 2  - Development of PVD Chamber 

 

2.1 – Introduction 

Physical Deposition chambers come in all sorts of shapes and sizes.  Often times, single 

chambers are dedicated to one type of physical deposition process, allowing that chamber to act 

solely with one process and not be contaminated or affected by any other process.  For 

processes in which multiple types of deposition steps are needed, some chambers will be 

connected in unison to form a multi-step deposition process while other chambers may have 

multiple types of deposition processes in one chamber.   

One goal of this project was to create a chamber that has multiple types of physical 

deposition processes in it, creating the potential to have a multi-step experiment in one 

chamber.  Although all the experiments in this work were carried out with an RF magnetron 
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sputtering gun, the chamber has been made to also house other types of physical deposition 

processes.  In total the chamber has four main sections for various deposition processes, and as 

of currently only three are occupied.  Of the three, one space is occupied by the RF magnetron 

sputtering gun, and the other two are occupied by a thermal evaporation source and an 

electron-beam gun. The RF magnetron sputtering gun and thermal evaporation source were 

installed previously, while the electron-beam gun was installed as part of this project.  In Figure 

1.2 the RF magnetron sputtering system is shown on the left and part of the control system on 

the right.   The control system shown contains a turbo vacuum pump controller on the bottom, 

a gauge controller for the cold cathode and pirani gauge in the middle, and a deposition rate 

monitor on the top.   

 

Figure 2.1: Left is the RF magnetron gun and sample stage.  Right is the deposition rate monitor, vacuum gauge 
controller, and turbo vacuum controller 
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2.2 – Improvements 

 As development of the chamber has progressed, various problems have arisen, requiring 

improvements to be made.  It is important to reduce sources of contamination simce 

contamination can interfere with the deposition process.  Too much contamination can also 

make it extremely difficult to create multiple samples with good experimental repeatability. 

 One large source of contamination that was discovered came from the substrate stage 

feed through device.  This source was not originally easily detected, because it took time to 

progress.   The substrates are all held on a sample stage, which is coupled via rotary shaft to an 

external motor.  This shaft which holds the sample stage on one end inside the chamber passes 

through a fabricated stainless steel feed through to a motor located above the lid of the 

chamber, outside of the vacuum region.  Inside the feed through the shaft is sealed half way into 

the vacuum chamber via two rubber o-rings and vacuum grease.  A diagram of the feed through 

is shown in Figure 2.2.  When new, these o-rings held vacuum quite well, but as time went on 

the constant rotary movement of the shaft cause these o-rings to wear down.  If not maintained 

and replaced regularly, they would become a constant source of contamination. 

 The approach to fix this problem was to create a feed through device that did not have 

to break through the seal of vacuum.  The answer to this was a device that employed magnets.  

A design was created to make a two part shaft, with one half inside the chamber, connected to 

the sample stage, and the other half outside the chamber, connected to the motor.  These two 

shafts would be coupled in the middle by a serious of magnets.  This design would allow for the 

sample stage to still be couple to the external motor for rotary movement but keep the vacuum 

completely sealed.  Figure 2.3 shows the feed through assembly.  On the left of the figure is a 
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schematic of the internal parts displayed over the completed assembly, and on the right are all 

the individual parts. 

 The design of this new rotary feed through had its complications along the way.  Due to 

the high strengths of the magnets and their layout, even the slightest misalignment would cause 

the inside shaft to rotate in an imperfect circle.  This problem was solved by installing a Teflon 

sleeve half way down the inside shaft, to keep from swaying as it rotates.  This Teflon sleeve was 

2” in length and featured two grooves for o-rings on either end, to keep it accurately aligned.  A 

small notch was required through the length of it however to allow air to pass through while 

puling vacuum.   

 Other improvements to the PVD chamber include a thickness deposition monitor, an 

electron-beam gun, and a resistance temperature detector (RTD).  A custom mount was made 

for the deposition monitor, to hold the face of the crystal parallel with the RF magnetron sputter 

gun.  The RF magnetron gun is positioned at an angle of 65 degrees up from the bottom, so the 

deposition monitor was angled 25 degrees down from the top.  The electron-beam gun was 

installed in one of the two empty chamber positions, for any future projects it may be used.  The 

RTD was connected to the RF magnetron gun in order to monitor the sputtering gun’s 

temperature during film deposition.  
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Figure 2.2: Schematic of original sample stage feed through device.   Due to constant rotation of the shaft, the rubber 
o-rings shown progressively wear down, continually allowing more contamination in the vacuum chamber over time. 

 

Figure 2.3: Diagram of internal working parts of magnetic feed through overlaying actual feed through housing in 
background b) Machined parts for magnetic feed through assembly 
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2.3 – Results and Discussion 

 Due to the constant wear on the o-rings of the old sample stage feed through, there was 

a constant need to monitor the vacuum level and replace the o-rings when necessary.  With the 

new feed through device sealing off the vacuum completely, there’s less need to regularly check 

contamination and the assembly rarely needs to be taken apart for maintenance.  This design 

will be used in any future feed-throughs that will be installed for the other deposition processes 

in the chamber. 

Previous to these experiments, the deposition chamber only had two PVD processes 

installed.  With the addition of the electron-beam gun, there is now the capability of creating a 

thin film deposition process that uses three different types of deposition.  This will lead to much 

more opportunities and applications in multiple step PVD processes.   

 Due to the need to bond certain targets, specifically ceramics and other materials of low 

heat transfer, to backing plates, the RTD is necessary to prevent melting the bonding material.  

Indium is a common material used to bond sputter targets because of its great wettability and 

high heat transfer.  The limitations to indium, however, are that it melts at a relatively low 

temperature of 156.6 °C, making it quite possible to melt the indium out, if the gun heats up too 

hot.  If any material were to melt out during processing and get inside the sputtering gun, the 

damage caused could be catastrophic.  The new RTD installation allows for continuous 

temperature monitoring as to not allow it to ever reach a dangerous level. The entire PVD 

chamber setup is shown in Figure 2.4. The chamber itself is shown on the right with all control 

panels along the left.  The top part of sample stage feed through modification can be seen on 

the lid of the chamber.   
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Figure 2.4: Physical Vapor Deposition Chamber 

 

2.5 – Conclusion 

 Contamination can become a major roadblock in any deposition process if not taken 

care of.  The work done here found a major source of continuous contamination in the sample 

feed through, and was able to create a new design to cut off the contamination source 

significantly.   With the addition of the electron-beam gun to the previously installed RF 

magnetron gun and thermal evaporation source, this deposition chamber is now equipped with 

three different types of deposition processes.  The RF magnetron sputter process was also 

improved, with an RTD added allowing real time monitoring of gun temperature during 

sputtering deposition.   
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Chapter 3  - Effects of CAPAD Produced Targets on Thin Films 

 

3.1 - Introduction 

 There are a variety of methods to creating sputter targets, but one method that has not 

commonly been used is the CAPAD technique.  Many of the various methods commonly used, 

including typical sintering, are used to produce targets of high quality.  In this work, the CAPAD 

technique was used to densify bulk samples of copper and yttria stabilized zirconia because of 

its ability to control microstructure.  The CAPAD parameters found to produce samples of 

sufficient density and structure are presented.  The experimentation between copper and yttria 

stabilized zirconia differed in that two different sized powders of copper were used to densify 

different grain size targets while only one size powder of yttria stabilized zirconia was used.   

Post densification grain growth through heating was used to vary yttria stabilized zirconia target 

grain sizes. The effect of controlling post densification grain growth will be explored along with 

the effect of grain size of sputter targets on their resultant sputtered films.   

 

3.2 - Experimental Procedures   

3.2.1 - Producing PVD Targets with CAPAD 

 For these experiments, each material was loaded into a graphite die and plungers to be 

processed with CAPAD.  Traditionally, the CAPAD uses a die setup for producing samples with a 

diameter of 19mm.  In this work, a larger system was used to produce samples of 2” diameter. 

This system comprised of a circular graphite die with an outer diameter of 3”, an inner diameter 

of 2”, and a height of 1 ½”.  Inside the inner die diameter the powder was pressed between two 
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graphite plungers, each with a diameter of 2” and a height of approximately 1 ¼”.  Both plungers 

were polished on the inside surfaces to minimize the formation of stresses and cracks.  Also 

pressed in between the two plungers are four, 2” diameter sheets of graphite foil, two on either 

side of the powder between the powder/plunger interfaces, along with two layers of graphite 

foil wrapped between the plunger-powder/die interface.   

 Each sample powder went through a pre-desnification process to maximize CAPAD 

processing.  In order to minimize outgassing during CAPAD processing, each sample powder was 

previously degassed, either by preheating the powder in the die and plunger system before 

processing or by baking the powder out on a hot plate before die loading.  After each powder is 

loaded into the die and plungers system, they are compressed with 25 MPa at room 

temperature for one minute.   

CAPAD experiments typically involve applying pressure to system while also heating the 

sample.   Often times the majority of the heating is applied after the desired maximum pressure 

is reached.  Due to limitations of the system overheating however, the bulk of the heating for 

these samples is applied during the pressure ramp.  Some samples also require a negative load 

ramp at the end of densification processing in order to relieve any internal stresses caused by 

loading.  The instrument used to apply the pressure in this setup is an Instron model 5584 

testing machine.  This device allows for real time densification monitoring by providing precise 

control over compressive forces and extension.  

 During CAPAD processing, a specific total pressure was applied to each sample at a rate 

of 4.9 MPa/min.  Two different total pressures of 70 MPa and 35 MPa were used.  In order to 
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reach different desired temperatures, each powder was heated at a rate specific to its own 

processing parameters.  

 Two different sized copper powders were used in this experiment.  Both powders were 

purchased from Alfa Aesar.  The larger powder was a 325 mesh size, particle size of about 100 – 

200 µm.  The smaller powder had a nominal size of 70nm. Scanning Electron Micrographs of the 

copper powders are shown in Figure 3.1. The yttria stabilized zirconia used in this experiment 

was doped with 3% yttrium oxide.  Due to the large volume change accompanying the phase 

transition from the monoclinic to tetragonal, it is difficult to obtain a stable sintered pure 

zirconia ceramic product. Doping zirconia with yttria replaces some of the larger, Zr4+ ions with 

smaller, Y3+ ions, stabilizing the tetragonal polymorph of zirconia over a wider range of 

temperatures.  The phase transition of zirconia from monoclinic to tetragonal typically occurs at 

1170 °C.  In yttria stabilized zirconia doped with 3% yttria, the majority of the powder is already 

in the tetragonal phase, minimizing disruptive phase changes during CAPAD processing.  The 

powder used was purchased from Tosoh and had a particle size range of 5 – 100 µm.   

 

Figure 3.1: a) SEM micrograph (secondary electron) of 325 mesh Cu powder as received b) SEM micrograph of 70 nm 
Cu powder as received 

200 

μm 

200 μm 200 nm 

a) b) c) 
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Figure 3.2: SEM micrographs (secondary electron) of 50 nm 3YSZ powder 

 

3.2.1.1 – Producing Copper Targets 

 For the experiments done on copper, a densification temperature of 700 °C was aimed 

for along with a pressure of 70 MPa at a rate of 4.9 MPa/min.  Based on the 2” diameter sample 

size a maximum pressure of 70 MPA was applied.  The temperature was attained using three 

Xantrex 1200A DC power supplies connected in parallel with a maximum current of 3600 A.  

Each sample of copper powder was outgassed after being loaded into the die and plungers 

system, prior to actual CAPAD processing.  This outgassing step involved heating up and holding 

each sample at 150 °C for approximately 5 minutes.  

During the densification process each copper sample was heated at a rate of 

approximately 45 °C/min.  The pressure ramp of 4.9 MPa/min up to 70 MPa was started and 

applied simultaneously with heating.  Once temperature and load were both reached, the 

power was immediately cut off and sample was allowed to cool under minimal load.  An 

example of the temperature and pressure versus time profile for these experiments is shown in 

Figure 3.2.  

200 nm 500 nm 
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Figure 3.3: Sample CAPAD temperature and pressure curves during an experiment with 325 mesh Cu powder. The 
experiment lasted 870 seconds using a pressure of 70 MPa and a temperature of 700 °C 

 

3.2.1.2 – Producing 3YSZ Targets 

 Due to previous work [12] with yttria stabilized zirconia done on the same CAPAD 

system as the work done in this paper, it was known that a 19mm diameter 3% yttria stabilized 

zirconia (3YSZ) sample densifies up to 99.99% when held at 1200 °C.  The pressure used in these 

experiments however was 140 MPa.  To make sure high, desired densities could still be reached 

with lower pressure it was experimentally determined that with a 19mm diameter sample 

system that high densities could be reached with a pressure of 35 MPa.  This pressure of 35 

MPa, 10kN load, in the 19mm system converted to a 71.5kN load of equal pressure in the 2” 

diameter system used.  Through experimentation it was also determined at the larger size, 

higher temperatures were needed to reach desired densities.  To reach desired density, 3YSZ in 

the 2” system was processed at 1300 °C.  
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 The CAPAD target processing for 3YSZ had to be altered from that of copper due to the 

difference in each materials susceptibility to stress and crack formation.  It was found that 

during CAPAD processing, if power and pressure were cut off immediately after the sample was 

sufficiently held at load and temperature, the produced sample contained internal stresses. 

These residual stresses caused crack formation in the sputtering process.  To prevent these 

internal stresses from forming, a few steps were added to the CAPAD process.  

 All yttria stabilized zirconia powder was baked out at 250°C on a hotplate for 24hrs prior 

to being loaded into die and plunger system.  Sample processing with CAPAD began with a 

pressure ramp of 4.9 MPa/min up to a maximum pressure of 35 MPa.  Each sample was heated 

simultaneously with the pressure ramp, at a rate of approximately 130 °C/min up to the desired 

temperature of 1300 °C.  The heating rate was designed so the sample reached 1000 °C shortly 

after maximum load was reached, and reaching 1300 °C shortly thereafter. The sample was held 

under a pressure of 35 MPa for 5min, roughly 2 minutes at 1300 °C, followed by a controlled 

pressure removal step (-4.9 MPa/min) applied while holding temperature at 1300 °C.  Once the 

pressure dropped to below 2.5 Mpa, the power was cut and the top electrode was lifted. This 

removed the remaining load off the sample while also removing half of the samples contact with 

water cooling, causing it to cool down at a much slower rate.  An example of the final processing 

parameters determined for densifying 3YSZ samples can be seen in Figure 3.3.  
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Figure 3.4: Sample CAPAD temperature and pressure curves during an experiment with zirconia.  The experiment 
lasted 1150 seconds using a pressure of 35 MPa and a temperature of 1300 °C 

 

3.2.2 – Post Densification 3YSZ annealing and grain growth 

 After densification in the CAPAD the 3YSZ samples needed to be annealed to replace 

oxygen in the vacancies.  Based on an oxygen diffusion constant obtain by Knoner [9] for 3YSZ, 

the proper time and temperature to fully anneal the targets was determined.  They were all held 

in a furnace at 800 °C for 40 hours.   

 To avoid the problems associated with using two different powders in the densification 

process to obtain different grain sizes, only one size of 3YSZ powder was used.  The grains would 

then be grown post densification in a box furnace.  An experiment was run to determine what 

temperature to grow the grains at and how long to hold them.   Multiple 3YSZ samples were 
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held for time of 24 and 48 hours at temperatures of 1000 °C, 1100 °C, 1300 °C, 1400 °C, and 

1500 °C.  Each sample was then examined using SEM to obtain micrographs of the grains.  Ten 

grains were measured from each micrograph, using the largest diameter of each.  From these 

sizes the average grain size was determined.  

 

3.2.3 – Thin Film Deposition 

 Following CAPAD processing, each sample required added preparation in order to work 

as a sputter target.  The sputtering system used in these experiments is a model ST20-MT, 

RF/DC Magnetron sputter gun from AJA International.  This gun is designed to sputter targets 

with a circular diameter of 2” and a thickness of ¼”.  It is because the RF magnetron gun used in 

these experiments processes targets of 2” diameter that all samples were densified in a graphite 

die and plunger system of 2” diameter.    This allowed the densified samples to be immediately 

incorporable with minimal preparation.  Each material was densified to a thickness of roughly 

1/8” in order to allow space for a bonded backing plate.  Bonding plates are necessary to 

prevent target cracking in low thermal conductivity materials.   

For copper, a circular piece of copper mesh placed in intimate contact between the 

target and backing plate was all that was needed to provide sufficient heat transfer.  For a 

ceramic like yttria stabilized zirconia with low heat transfer, a copper mesh is not sufficient 

enough.  In this case, indium was used to bond the targets to a copper backing plate.  Indium is 

very ductile and has high thermal conductivity, making it ideal as a compressible thermal 
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interface material.  Indium also has very high wettability, allowing it to adhere well to most 

materials.   

In order to compare the effects of power and pressure on deposition rates, each target 

was sputtered at multiple powers and vacuum levels.  The micron target of 98% density and the 

nanometer target were each sputtered with powers of 75 W and 150 W, at vacuum levels of 7 

mTorr, 10 mTorr, and 15 mTorr at each power.  These films were all laid on 5x5 mm silicon 

wafers.  The micron target of 83% density was also sputter with powers of 75 W and 150 W, but 

only at vacuum levels of 10 mTorr, and 15 mTorr at each power.  Due to complications in silicon 

chip availability, these films were deposited on glass slides.    

 

3.2.4 – Microstructure and Thin Film Analysis  

 Analysis of powders, targets, and thin films was conducted using a Philips FEG XL30 

scanning electron microscope (SEM) and a Bruker D8 Advance for x-ray diffraction (XRD).  

Analysis with XRD was used to monitor the structure of the powders, targets, and films of each 

process.   Following sputter deposition, each thin film was studied individually to determine the 

differences in properties.   To observe surface quality, each sample film examined using SEM.   

 To determine the effect of target properties and processing parameters on deposition 

rates, the thickness of each film was measured.  This was obtained by examining a cross-section 

of each film.  Each film deposited on a silicon chip was wedged to an identical silicon chip with 

no film laid on, and polished down to increase visibility.    For samples deposited on glass slides, 
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an identical glass slide with no film was used instead.  Each cross section was then examined 

under SEM. 

 

3.3 - Results 

3.3.1 – Analysis of Densified Targets and Thin Films 

 The materials analyzed in this thesis comprise of multiple processing steps, making it 

important to examine the composition at each stage.  Figure 3.4 shows the XRD peaks for the 

copper powders, targets, and thin films at both crystal structure sizes compared with that of a 

copper reference [10].  Both the nanometric and micrometric starting powders show peaks 

corresponding to Cu.  The nanopowder also has a peak at about 37°.  This peak corresponds to a 

form of Copper Oxide, Cu2O.  It can be seen that at each process of the experiment (CAPAD 

densification, thin film deposition), the copper samples retained their composition.  Figure 3.5 

shows the XRD peaks for the 3YSZ sample powder and target with a reference plot [11], 

confirming its own retainment of microstructure. 

Densities were measured using the Archimedes method in water.  This method relies on 

the difference in object weight due to the buoyancy force acting on a submerged object in a 

fluid with known properties to calculate density of the object.   Figure 3.6 below shows two of 

the copper and 3YSZ targets produced.  

 The two copper starting powders responded to the CAPAD processing quite differently.  

Under the same processing parameters (70 MPa and 3600 A) the larger, micron sized copper 

powder was able to heat up to the desired 700°C with the available power, but the smaller, 
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nanometer sized powder could only heat up to a maximum temperature of roughly 670°C.  The 

targets produced from the micron powder had a high density of approximately 98% while the 

targets produced from the nanometer powder had a lower density of 85%.  To accurately 

compare thin film deposition of the two different grain sized copper targets, a second target 

was created from the micron sized powder, processed at a lower temperature of 450 °C to 

produce a density of 83%.   

 Each 3YSZ sample densified and held at 1300 °C produced a density of >99%.  Table 3.1 

below displays the material, starting powder size, densification temperature, and resultant 

densities for the samples produced.   

 To confirm that each target retained a grain size similar to that of their starting 

powders, the microstructure of each was examined using SEM.  A SEM micrograph for each 

target is shown in Figure 3.7.  Fig. 3.7 a. is a target densified from the larger copper powder and 

Fig. 3.7 b. is one densified from the smaller copper powder.   
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Figure 3.5: Comparison of XRD peaks for each form of Copper presented and a Cu reference [10] 

 

Figure 3.6: Comparison of XRD peaks for 3YSZ powder, target, a tetragonal lattice zirconia reference [11], and a 
monoclinic lattice zirconia reference [13] 
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Figure 3. 7: a) a partially sputtered Cu target, b) a polished, unsputtered 3YSZ target 

Table 3.1: Nominal powder sizes, processing temperatures, and resulting densities are shown for Cu and 3YSZ 

Material Powder Size (nm) Processing 
Temperatures (°C) 

Density (g/cm3) 

Cu 325 mesh 700 8.72 

Cu 325 mesh 450 7.39 

Cu 70 nm 642 7.64 

3YSZ 50 nm 1200 2.87 

3YSZ 50 nm 1300 6.03 

 

 

Figure 3. 8: a) SEM micrograph (secondary electron) of Cu sample densified from 325 mesh Cu powder with CAPAD 
technique  b) SEM micrograph (secondary electron) of Cu sample densified from 70 nm Cu powder with CAPAD 
technique 
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3.3.2 - Zirconia Target Grain Growth and Measurement 

The results of the 3YSZ grain grown experiment showed that samples held at 1400 °C 

and below did not exhibit much grain growth, but a sample held at 1500 °C did.  The initial post 

densification target grain sizes were approximately 100 – 150 nm in size.  These would be the 

grain sizes of the targets used for the first set of film deposition.  The second target used was 

held at 1500 °C for 24 hrs, effectively growing the grains to approximately 1.5 – 2.0 µm in size, 

an order of magnitude larger than the original post densification samples.  The results of these 

experiments can be seen in Figure 3.8.  A plot of grain size versus temperature for these samples 

is shown in Figure 3.9.  

 

Figure 3.9: SEM micrographs (secondary electron) observing post densification grain growth of zirconia.  Each sample 
was annealed and grains grown by holding in a box furnace. a) ungrown grains, b) 24hrs at 1000 °C, c) 48hrs at 1100 
°C, d) 24hrs at 1300 °C, e) 24hrs at 1400 °C, f) 24hrs at 1500 °C 
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Figure 3. 10: Grain size versus hold temperature for zirconia samples.  All samples grown were held for 24 hours at 
the specified temperature, except the 1100 °C sample which was held at temperature for 48 hours. 

 

3.3.4 – Effects of Sputtering Parameters and Grain Size on Film Properties 

 The cross section analysis of each film allowed a thickness measurement to be 

determined.  It was found that although an increase in power results in an increased deposition 

rate, an increase in vacuum caused a slower deposition rate.  The thickness measurements for 

the films sputtered from the copper target of large grain sizes and high density (98%) are shown 

in Figure 3.10.  

 When comparing the nanometer target (85%) with that of the micron target with similar 

density (83%), it can be seen smaller grain sizes lead to increased deposition rates.  A plot of 

thickness versus pressure for the nanometer grain size target is shown in Figure 3.11 and that of 

the low density, micron grain size target in Figure 3.12.  
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 When examining the surface quality of the films deposited on silicon wafers, it can be 

seen the micron films exhibit a large amount of cracking effect, while the nanometer films did 

not show such behavior.  The SEM micrographs for the micron thin films are shown in Figure 

3.13.  It can be seen that with an increase in pressure comes an increase in observable cracking.   

The SEM micrographs for the nanometer thin films are shown in Figure 3.14.  Although there is 

no major cracking effect as with the micron films, there’s what looks to be the beginning of the 

cracking formation occurring at the films laid under higher pressures.    

 

Figure 3. 11: Thickness versus pressure for nanometer copper films 
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Figure 3. 12: Thickness versus pressure for micron copper films 

 

Figure 3.13: Thickness versus pressure for low density (83%) micron copper films 
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Figure 3. 14: SEM micrographs (secondary electron) observing surface structure of Cu films sputtered from targets of 
micron sized grains at various powers and pressures. a) 7 mTorr at 150 W, b) 10 mTorr at 150 W, c) 15 mTorr at 150 
W, d) 7 mTorr at 75 W, e) 10 mTorr at 75 W, f) 15mTorr at 75W 

 

Figure 3.15: SEM micrographs (secondary electron) observing surface structure of Cu films sputtered from targets of 
nanometer sized grains at various powers and pressures. a) 7 mTorr at 150 W, b) 10 mTorr at 150 W, c) 15 mTorr at 
150 W, d) 7 mTorr at 75 W, e) 10 mTorr at 75 W, f) 15 mTorr at 75W 

 

3.4 – Discussion 

 In order to develop proper processing parameters for both Copper and 3YSZ, multiple 

samples of each were produced.  When comparing the Copper experiments to the 3YSZ 

experiments, the Copper was much easier to work with.  When producing copper targets in 
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CAPAD, the process allowed for samples to have minimal hold time at temperature, minimizing 

grain growth.   Samples of 3YSZ however required additional processing steps to produce targets 

suitable for sputtering.   In order to achieve high densities, samples required being held at 

temperature for a set amount of time.  The 3YSZ samples also contained large residual stresses 

that led to target cracking if not processed properly. This problem never occurred in the copper 

samples.  The lack of cracking in Cu targets can be attributed to the much higher fracture 

toughness of Cu (a ductile metal) compared to YSZ (a ceramic).  It was for this reason the 3YSZ 

samples needed a negative pressure ramp while the copper samples did not.  

 When it came to sputtering the materials responded similar in comparison to each other 

as with the CAPAD processing.  Due to high thermal conductivity of copper, sputtering can be 

done with minimal preparation after densification.  Because 3YSZ has low thermal conductivity, 

preparing a suitable sputter target requires more preparation and awareness of film deposition.   

This awareness of film deposition is particularly important in terms of starting and finishing 

sputtering sequences. For the 3YSZ, a power ramp was required to both raise and lower the 

power before and after processing.  This was not necessary for the copper, not only is no ramp 

needed to start sputtering, but also much higher powers can be used.  Although the deposition 

rate of copper is already much higher than that of zirconia, higher power allows that rate to 

increase even further.   

 The large difference in surface quality between the targets of different microstructure is 

a cause for further interest.  In particular is the large amount of cracking seen in the films 

produced from targets of micron sized grains.  It is assumed this cracking feature is consistent 

throughout the film, which would most likely have a negative effect on many other material and 
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film properties.  Because smaller grain sizes lead to enhanced properties, it is possible the films 

produced from the targets of nanometer sized grains have improved properties beyond that of 

deposition rate and surface finish. 

 Microstructure had an effect on deposition rates due to the increase of grain boundaries 

present in nanocrystalline structures.  Because grain boundaries have a lower atomic density, 

increased number of grain boundaries leads to an overall decrease in atomic density.  Lower 

atomic density leads to higher deposition rates.   

  

3.5 - Conclusion 

 Sputtering targets of varying grain sizes were successfully produced using the CAPAD 

technique and subsequent heating in a furnace.  Thin films were successfully deposited from 

these targets in a custom assembled, one of a kind multi-process deposition chamber.  As 

expected, sputtering power was shown to have a positive effect on deposition rate, while 

pressure exhibited the opposite effect.  Refinement of microstructure in CAPAD showed to have 

a positive effect on deposition rate while also having a positive effect on film surface quality.  

More intensive analysis of sputter target microstructure could lead to the discovery of other 

ways to enhance film surface quality.   
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