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Figure 5.15: FE-SEM top-down (top) and cross sectional (bottom) of 100 vol. % 
ZnEO PRESS control sample.  A dense film is observed. 

 
XRD, Figure 5.16, indicates that the film consists of polycrystalline zincite (ZnO) 

and ZnO2.  XPS is used to determine the composition of the film.  XPS, Figure 5.17, 

indicates an atomic ratio of Zn:O::1:1 at the surface and a different atomic ratio of 

Zn:O::2:3, with no carbon contamination, in the bulk of the film.   
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Figure 5.16: XRD of 50 vol. % ZnEO PRESS sample.  XRD indicates polycrystalline 
zincite (ZnO) and ZnO2 are formed. 
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Figure 5.17: XPS sputter depth profile (top) and survey scan (bottom) of 50 vol. % 
ZnEO PRESS sample.  XPS indicates an atomic ratio of Zn:O::1:1 at the surface 

and a different atomic ratio of Zn:O::2:3, with no carbon contamination, in the bulk 
of the film. 



165 
 

5.4 Discussion 

The control experiments are used to validate that the PRESS process, through the 

use of high pressure carbon dioxide, is affecting the characteristics of the deposited metal 

oxide films.  Dense films are observed at 100 volume % for either Ttip or ZnEO.  This is 

also true at relatively low concentrations for both precursors.  The highly dendritic 

structures occur in the middle of the concentrations range.  This is likely due to the 

vapor-liquid (VL) equilibria of the two systems.  Typically, when dealing with carbon 

dioxide and another component whose molecular size varies greatly, a “cigar” shaped VL 

envelope defines the phase of system in a P-x diagram.35  At both extremes of 

composition of the heavy component, a single phase persists throughout the range of 

pressure.  However, between these extremes, there exists a region of two phases.  When 

the system is initially injected with CO2 at high pressure, the system is forced into a 

single phase.  As the solution expands across the nozzle, the two components are forced 

through this two phase region, resulting in increased atomization of the precursor.  It is 

because of this quick phase change that highly dendritic films are deposited in the range 

of 25 to 75 volume %.   

The acetic acid concentration study is performed at the 25 % Ttip concentration 

because the change in carbon dioxide concentration, from the addition of at most 15 

volume % of acetic acid, is negligible between the range of 25 % and 75 % precursor 

concentration since the characteristics of the deposited film are not changed in this range.  

It is reported that the addition of acetic acid during the formation of titania nanoparticles 

via a modified sol-gel process with titanium isopropoxide is used to control the 

hydrolysis and condensation reactions in order to achieve the titania polymorph, 
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anatase.36  The anatase phase of titania is the most favorable phase for photocatalysis and 

solar energy conversion due to its high photoactivity.37, 38  It is hoped that the addition of 

acetic acid to Ttip PRESS deposited films would reduce the main polymorph, rutile, and 

yield anatase titania, however this was not observed.  It is known that at temperatures 

above roughly 700 ºC, both anatase and brookite, another polymorph of titania, are 

converted to rutile.  Since plasma flame temperatures are typically on the order of 1500 

ºC, it is likely that any control over the crystallinity is quickly lost to the extreme 

temperature of the plasma flame thus giving rise to consistent rutile titania results.   

The XPS data, Figure 5.17, for the ZnEO PRESS deposition indicate that a 1:1 

ratio of Zn to O is at the surface.  This is confirmed with XRD, Figure 5.16, which means 

that zincite (ICSD 00-036-1451) is the mineral form of the zinc oxide at the surface.  It is 

less clear in determining the exact mineral structure of the bulk film.  XPS indicates a Zn 

to O ratio of 2:3 in the bulk, however, Zn2O3 is a very uncommon form of zinc oxide.  

XRD also indicates the presence of polycrystalline ZnO2.  Given the XPS and XRD data, 

it is concluded that both ZnO and ZnO2 are in a 1:1 ratio throughout the bulk of the film.   

5.5 Conclusions 

A new process that uses both plasma spray technology and the rapid expansion of 

supercritical solutions is combined to form a brand new process that is called plasma-

enhanced rapid expansion of supercritical solutions, labeled PRESS.  The PRESS process 

is used to deposit a variety of metal oxides, specifically, titanium oxide and zinc oxide.  

Ttip is used in the PRESS system to deposit highly porous dendritic, with cylindrical 

macro scale, polycrystalline rutile titania films, consisting of agglomerated sub 100 nm 
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titania crystals.  ZnEO is used in the PRESS system to deposit highly porous dendritic 

zinc oxide nanostructure consisting of columnar assemblies of agglomerated zinc oxide 

particles of approximately 100 nm in size.  These high surface area films are the first step 

towards making high efficiency inorganic solar cells that will be cost effective and have 

short fabrication times.   
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CHAPTER 6 

CONCLUSIONS AND FUTURE WORK 

6.1 Conclusions 

The main goal of this work is take the supercritical fluid deposition technique 

from a demonstrated technology to a point where it is a viable option for the 

miniaturization of microelectronic devices in industry.  Other technologies are identified 

to overcome certain aspects of the entire miniaturization challenge, from a top-down 

method, as a whole, however none can fully satisfy all the needs for industrial 

integration.  From conformal coverage over large surface areas in complex geometries to 

industry scale cost-effective solutions for depositing thin films, supercritical fluid 

deposition technology can meet these challenges.   

6.1.1 Kinetics 

The challenge of industrial acceptance of SFD technology is first approached 

from the scale-up demands.  An in depth study to understand the chemistry behind the 

deposition of thin films in supercritical fluid technology is undertaken.   

The kinetics of ruthenium thin film deposition by supercritical fluids using 

bis(2,2,6,6-tetramethyl-heptane-3,5-dionato)(1,5-cyclooctadiene)ruthenium(II) as the 

precursor is studied. Reaction rate orders are determined and a Langmuir – Hinshelwood 

deposition mechanism is proposed.  The apparent activation energy is found to be 45.3 

kJ/mol over the temperature range of 240 °C to 280 °C.  A study on the growth rate 

dependence of precursor concentration indicates a first order reaction rate order for 

concentrations less than 0.06 wt. % and zero order for concentrations higher than 0.06 wt. 
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%.  The zero order deposition kinetics of SFD at high precursor concentration is the 

enabling feature of this technology that provides conformal film deposition in high aspect 

ratio and topographically complex features that overcomes the limitations of CVD 

technology to deposit conformal films.  Next, reaction pressure is studied and is shown to 

have no effect on the growth rate over a large process window of 135 bar to 200 bar.  

Hydrogen concentration is also studied and has a second order effect on growth rate for 

concentrations less than 0.26 wt. % and a zero order effect on concentrations above that.  

The precursor decomposition products (tmhd, cod and cot) are studied to determine their 

affect on growth rate.  Tmhd and cod have a negative first order effect on film growth 

which is attributed to their competition for surface active sites thereby decreasing the 

probability of a successful surface reaction.  Cot shows negligible negative effects on 

growth rate which is attributed to cot having no affinity for the surface.  The surface 

reaction is proposed to be rate determining. 

6.1.2 Adhesion Enhancement and Mechanical Testing 

The next challenge is that of performance and reliability of films for 

microelectronics after their deposition.  A study to quantify the adhesion of metallization 

layers with and without the use of sacrificial interfacial adhesion promotion layers is 

performed.  

A fivefold increase in adhesion strength is observed for PAA modified Cu/TaN 

interfaces in which the thin copper films are deposited by the hydrogen assisted reduction 

of bis(2,2,7-trimethyloctane-3,5-dionato) copper in supercritical carbon dioxide.  PAA 

pretreatment is carried out via spin coating.  The remaining 15 nm layer at the interface 
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becomes sacrificial at the reaction conditions used, leaving behind no trace of the PAA.  

The resulting average interfacial adhesion energy is just above 5 J/m2, which meets 

adhesion standards in the semiconductor industry.  The adhesion measurements are 

performed with a custom built four-point bend fracture mechanics testing system.  

Comparison of the copper film thickness to the measured adhesion energy indicated that 

there is no effect on the adhesion energy as the film thickness changes.  Finally, it is 

observed that the growth rate of copper during deposition on surfaces pretreated with 

PAA is faster due to the higher number of available surface sites for the reduction 

reactions.   

6.1.3 Applications 

The final challenge sought out by this work is to both identify areas of 

development that would benefit from the SFD technology and then seek to demonstrate 

the ability of SFD to satisfy the difficulties associated with that technology.  By doing 

this, the versatility of SFD technology is established and its ability to satisfy many 

industrial applications. 

6.1.3.1 Cobalt/Platinum 

The successful co-deposition of cobalt and platinum onto TaN capped silicon 

wafers using CoCp2 as the cobalt source and Pt(Me)2cod as the platinum source in a hot 

wall reactor at both 60 ºC and 150 ºC is performed.  The deposition of platinum itself or 

no deposition at all in the cold wall reactor is attributed to parasitic deposition to the 

heated sample stage.  The tmhd ligand in Co(tmhd)3 is etching the cobalt during 

deposition resulting in high purity platinum films being deposited.  Finally, XRD is used 
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to analyze the crystal structure of the deposited film and the desirable alloying of cobalt 

and platinum is not observed.   

6.1.3.2 Ceria/Platinum 

The catalytically enhanced deposition of polycrystalline ceria (+3 state) and 

polycrystalline platinum from Ce(tmhd)4 and Pt(Me)2cod, respectively, is discovered.  

This low temperature co-deposition is extended towards fuel cell applications, 

specifically, fabrication of methanol oxidation fuel cell electrodes.  The resultant 

electrodes are shown to be catalytically active.  

6.1.3.3 Barium Titanate 

The deposition of barium titanate, BaTiO3, as a high k dielectric material for high 

density energy storage applications is studied.  Recently, a method for the single step 

synthesis of BaTiO3 powders was identified.  The method is modified and applied to the 

deposition of a thick dense film from a supercritical ethanol/water solution.  Two 

important aspects of this reaction are studied in order to evaluate the ability to induce 

BaTiO3 film formation in this new process.  First, the water ratio, which controls BaTiO3 

crystallinity is tested and no film formation is detected.  Next, the propoxide 

concentration, used in precursor synthesis, is evaluated and is found to have no affect on 

the ability to deposit high purity polycrystalline BaTiO3 films.  Given the experimental 

findings and the high BaCo3 concentrations deposited on the films, it is proposed that the 

high purity polycrystalline BaTiO3 did not form due to equipment limitations in reaching 

the desired reaction temperature of 380 ºC, which is responsible for BaTiO3 crystallinity.   
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6.1.3.4 Neodymium/Nickel 

In the area of solid oxide fuel cells, there exists a need to decrease the operating 

temperature.  With this need comes the opportunity to find cheaper materials for 

electrode fabrication.  Neodymium and nickel have been identified as candidates for high 

performance and low temperature solid oxide fuel cell cathodes  

Simultaneous deposition of nickel and neodymium, in trace amounts, films are 

deposited by the hydrogen assisted reduction of both precursors via SFD.  An important 

aspect of the co-deposition of neodymium and nickel when using beta-diketonate 

organometallic precursors is the gas phase temperature.  By causing the precursor to melt, 

dissolution rates are increased for the precursor into the supercritical carbon dioxide.  

Given that the precursors have a very tight range between melting and decomposition 

points, it is necessary to precisely control temperatures in the reactor.  Given the 

monitored gas phase and reaction stage temperatures, the low neodymium concentration 

is proposed to be a function of the near or surpassed decomposition temperature of the 

precursor.  Additionally, the high purity nickel that is deposited is attributed to a melting 

point depression from the interaction of the precursor with the carbon dioxide.   

6.1.3.5 Stacks via Layered Deposition 

The ability to deposit conformal layers is being extended to the fabrication of 

devices by layer-by-layer deposition, which is no more complex than a simple deposition 

repeated numerous times to achieve the intended result.  For demonstration of this 

technique, thin film capacitors are fabricated from three consecutive supercritical fluid 

depositions.   
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The fabrication of a mutli-layer stacks of Ru/TiO2/Ru and Ru/HfO2/Ru on silicon 

substrates via three consecutive SFD steps is reported.  It is observed that the Ru/TiO2/Ru 

stacks have decreased definition at the interfaces.  This is a result of the heating, which is 

essentially an annealing step.  Additionally, it is proposed that the ruthenium is catalyzing 

the deposition of titania and the increased amount of ruthenium on closed corners of the 

substrate yields local increased growth rates thereby producing unconformal deposition.  

Ru/HfO2/Ru stacks are also studied and show much more defined interfaces regardless of 

the additional thermal cycles.  Additionally, all three stacks are observed to have 

deposited conformally across the high aspect ratio features of the substrate.   

6.1.4 Plasma Enhanced Rapid Expansion of Supercritical Solutions 

A new process that uses both plasma spray technology and the rapid expansion of 

supercritical solutions is combined to form a brand new process that is called plasma-

enhanced rapid expansion of supercritical solutions, labeled PRESS.  The PRESS process 

is used to deposit a variety of metal oxides, specifically, titanium oxide and zinc oxide.  

Tiip is used in the PRESS system to deposit highly porous dendtritic, with cylindrical 

macro scale, polycrystalline rutile titania films, consisting of agglomerated sub 100 nm 

titania crystals.  ZnEO is used in the PRESS system to deposit highly porous dendtritic 

zinc oxide nanostructure consisting of columnar assemblies of agglomerated zinc oxide 

particles of approximately 100 nm in size.  These high surface area films are the first step 

towards making high efficiency inorganic solar cells that will be cost effective and have 

short fabrication times.   
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6.2 Future Work 

6.2.1 Kinetics 

The kinetics of SFD are now established for metal deposition via a copper SFD 

kinetics study and the ruthenium kinetics study detailed here.  Further understanding of 

the deposition of metal oxides via hydrolysis reactions is currently under investigation.  

With the current level of understanding of the deposition kinetics for SFD reactions, 

many well educated guesses could be made about the variety of techniques that are 

discussed in Chapter 4.  However, kinetic studies are essential to confirm them.  

Additional studies are needed to understand the interaction of multiple precursor systems 

during co-deposition reactions in supercritical fluids.  Other works include understanding 

the kinetics of film formation from other supercritical solvents, such as the water/ethanol 

system studied for BaTiO3 film formation.  Finally, understanding more complex ligand 

systems for single precursor SFD reactions lends itself to better predicting the results of 

new systems without having to perform tedious kinetic studies.  

6.2.2 Adhesion Enhancement and Mechanical Testing 

The results of this study indicate that copper metallization layers have increased 

adhesion on TaN barrier layers.  However, dependency on the metallization layer type 

and the substrate type are uncertain.  In order to establish this important piece of 

information, an additional adhesion studies should be performed.  First, a study on other 

barriers layers, such as TiN, should be performed.  Next, a study using other metals 

should also be performed.  This will establish whether or not there is a dependency on the 
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FOUR POINT BEND APPARATUS DESIGN 
BASE COMPONENT (x2) – SCHEMATIC 

 

 
Figure A.1: Schematic of base plate for four point bend apparatus.  
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FOUR POINT BEND APPARATUS DESIGN 

BASE COMPONENT (x2) 
 

 
Figure A.2: Top view of base plate for four point bend apparatus. 

 

 
Figure A.3: Side view of base plate for four point bend apparatus. 

 

 
Figure A.4: Bottom view of base plate for four point bend apparatus. 
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FOUR POINT BEND APPARATUS DESIGN 

SLIDER COMPONENT (x4) SCHEMATIC – TOP AND BOTTOM VIEW 

 
Figure A.5: Schematic (top and bottom view) of slider component for four point bend 

apparatus. 
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FOUR POINT BEND APPARATUS DESIGN 
SLIDER COMPONENT (x4) – SIDE VIEW 

 
Figure A.6: Schematic (side view) of slider component for four point bend apparatus. 
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FOUR POINT BEND APPARATUS DESIGN 

SLIDER COMPONENT (x4) 
 

 
Figure A.7: Top view of slider component for four point bend apparatus. 

 
Side View 

 
Figure A.8: Side view of slider component for four point bend apparatus. 

 

 
Figure A.9: Bottom view of slider component for four point bend apparatus. 
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FOUR POINT BEND APPARATUS DESIGN 

ASSEMBLED APPARATUS – DIGITAL IMAGE 
 

 
Figure A.10: Top view of assemlbed four point bend apparatus. 

 

 
Figure A.11: Side view of assemlbed four point bend apparatus. 

 

 
Figure A.12: Bottom view of assemlbed four point bend apparatus. 
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APPENDIX B 

HEATED STAGE DESIGN FOR COLD WALL REACTOR 
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HEATED STAGE DESIGN FOR COLD WALL REACTOR 
TOP COMPONENT 

 
Figure B.1: Schematic of top plate of heated stage designed for the cold wall reactor. 



189 
 

HEATED STAGE DESIGN FOR COLD WALL REACTOR 
BOTTOM COMPONENT 

 
Figure B.2: Schematic of bottom plate of heated stage designed for the cold wall reactor. 
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