
  

ABSTRACT 

SPAGNOLA, JOSEPH CHARLES.  Atomic Layer Deposition on Fiber Forming Polymers 
and Nonwoven Fiber Structures.  (Under the direction of Gregory N. Parsons.) 
 

Recent advances in fiber processing technology have allowed the formation of fibers 

with sub-micron and nanoscale dimensions.  Such fibers have received much recent attention 

due to their potential in wide ranging applications including but not limited to tissue 

scaffolds, affinity membranes, and other advanced filtration applications.   This is due to 

their ability to provide high surface area, high porosity and good mechanical properties.  

However, in order to expand the range of applications and improve chemical and physical 

functionality, the ability to uniformly and predictably modify the surface of fibers in highly 

dense and tortuous nonwoven structures, in an environmentally friendly manor, is required.  

A variety of different techniques are currently used to modify the surface of planar polymers 

as well as nonwoven fiber structures.  In this study, a vapor phase film deposition technique 

called atomic layer deposition (ALD) has been used to modify the surface of planar films of 

fiber forming polymers as well as nonwoven fiber structures.  In-situ gravimetric and 

chemical analyses have been employed to investigate film precursor and polymer chemical 

and physical interaction, as well as the effect of process variables such as temperature on the 

nucleation and growth of ALD films on polymer materials.  
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CHAPTER 1. Introduction 
 

Nonwoven fibers, defined by the Association of Nonwoven Fabrics industry (IDNA), 

are “any sheet, web or batt of fibers, excluding papers, that have not been converted into 

yarns, and that are bonded together by adhesives, thermal or chemical fusing, or by creating 

tangles among fibers.”1 In the year 2000 over 2.8 million tons of nonwovens were produced 

world wide, with 967,000 tons produced in North America1 and the industry continues to 

grow at a rate of 6-8% annually.2 Nonwoven fabrics find applications in areas ranging from 

medical to automotive, building construction, filtration, as well as apparel.2 Due to the wide 

range of application, nonwovens with different properties are required, and the properties of 

a nonwoven material will in large part be the result of the characteristics of the type of fiber 

of which it is made.1  The most common materials used in nonwoven fabrics are polyolefins 

such as polypropylene, polyesters such as polyethylene terephthalate, and polyamides such as 

polyamide-6.3 Polypropylene fibers are the most commonly used due to their excellent 

chemical resistivity, low hygroscopicity and relatively low cost.  However, polypropylene 

generally has lower elasticity and resistance to UV degradation as well as a somewhat lower 

thermal resistance of 110 °C compared to other materials.  This low thermal resistance is 

common to polyolefins, which are characterized by weak van-der-Waals interactions leading 

to lower melting points.  Polyester fibers offer good elasticity, chemical resistance and higher 

long-term thermal resistance of 180 °C.  Polyamide fibers have moderate UV stability, low 

chemical resistance, and a moderate long-term thermal resistance of 160 °C.  One polyamide, 
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polyamide-6 has the largest economic significance due to the low cost and availability of its 

starting material ε-caprilactam.1 Another polymer, polyvinyl alcohol has received much 

recent attention due to its thermal and UV stability as well as its solubility in water and 

compatibility with an electrospinning process capable of producing fibers with nanoscale 

diameters.1, 4, 5   

Nonwovens are generally regarded as commodity materials for low-cost and 

disposable applications.  However, recent advances in processing technology have allowed 

the formation of fibers with sub-micron and nanoscale dimensions.  Such fibers have 

received much recent attention due to their potential in wide ranging applications6 including 

but not limited to tissue scaffolds,7, 8 affinity membranes,9 and other advanced filtration 

applications.10, 11 This is due to their ability to provide high surface area, high porosity and 

good mechanical properties.   

However, the ability to uniformly and predictably modify the surface of fibers in 

highly dense and tortuous nonwoven structures, in an environmentally friendly manor, could 

expand the usefulness of low cost commodity fibers as well as expand the breadth of 

applications for nonwoven materials in general.   One possible area of improvement is 

surface chemistry control and enhancement of commodity fibers such as polypropylene, 

which are generally regarded as being chemically inert.  This would allow these fibers to be 

exposed to a broad range of modification techniques that are currently available only to 

polymer fibers with reactive chemistries, and allow for low cost commodity fibers to be used 
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in more specialized value-added applications.  Another opportunity is in the area of fiber 

encapsulation for protection from harsh environmental conditions and solvents.  This could 

have significant implications for some filtration applications where specialized organic, or 

inorganic fibers are required due to exposure to a broad range of influent pH levels and 

organic solvents, which would degrade other types of fibers.  Yet another area of interest is 

improvement of fiber electrical properties, specifically low resistivity fibers for applications 

ranging from wearable medical devices, electromagnetic shielding, and filtration devices that 

can signal the user when hazardous materials are trapped, or when their useful lifetime has 

ended.    

Much research and development into nonwoven finishing is conducted with the aim 

of using environmentally friendly and solvent free processes.  Such processes must provide 

coatings of materials of interest as well as enhanced surface functionality, uniformly 

throughout the fabric.  A variety of different techniques are currently used to modify the 

surface of planar polymers as well as nonwoven fiber structures. An overview of these 

processes will be presented in the following text. 

1.1 Surface modification of and thin film deposition on planar polymers 

1.1.1 Plasma processing  

 Plasma is defined by Francis Chen as “a quasi-neutral gas of charged and neutral 

particles which exhibits collective behavior.”12 The term “collective behavior” refers to the 

characteristic of particles in a plasma to be influenced not only by collisions from other 
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particles, but also by long range forces due to the state of the plasma in remote regions.  The 

term quasi-neutral refers to another unique characteristic of plasmas which is imparted by a 

phenomena called Debye shielding which acts to shield the bulk of the plasma from applied 

electric potentials for systems where the size of the system is much larger than the Debye 

shielding length and allows the approximation of equal concentrations of electrons and ions.  

Plasmas are created by coupling energy into atoms and molecules by electric fields.13  

Energy transfer in a plasma system generally occurs by means of acceleration of electrons in 

an applied field, impact of those electrons with gas molecules which create excited-state 

particles, diffusion of those particles out of the plasma and into the substrate and chamber 

walls, and finally acceleration of ions into the substrate and chamber walls due to Debye 

shielding.13  Plasmas can be used to effect the surface of a substrate in order to provide free 

radicals, vaporize solid materials for physical vapor deposition (PVD, sputtering), and for the 

dissociation of gaseous sources in plasma enhanced chemical vapor deposition (PECVD) in 

order to allow film deposition to occur at lower temperatures than thermally activated CVD.   

Plasma treatment of nonwoven materials has been shown to produce chemically 

active functional groups such as C-O, C=O, and O-C=O through degradation of the polymer 

surface.14 It is generally accepted that this treatment does not degrade the properties of the 

bulk fiber, but as fiber diameters continue to shrink to provide higher surface areas and 

smaller pore sizes, this may become a challenge.  It has also been shown that these functional 

groups reorient into the bulk polymer over time in order to reduce the fiber’s surface 
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energy.14 Penetration of active species into the tortuous nonwoven fiber structures has also 

been shown to be a challenge, especially for atmospheric pressure plasma treatment.14  

1.1.2 Kiss roll coating 

The most widely used industrial coating process is called kiss roll coating and it 

involves the nonwoven fabric contacting a rotating roller which is partially submerged in a 

coating solution call a liquor.1 The penetration depth of the liquor into the nonwoven 

structure as well as liquor uptake can be modified by changing the rotation direction and 

speed of the roller, but the coating material is limited by a narrow viscosity window and 

solubility concerns.1 Additionally, capillarity becomes a factor for nonwovens containing 

hydrophobic or oleophobic fibers with small diameters and pore sizes.   

1.1.3 Electroless metal plating 

 Electroless metal plating involves the deposition of a metal film from solution, 

through the use of a reducing agent, which causes a neutral metal film to be reduced on the 

surface of a substrate.15  Unlike electroplating, the substrate does not need to be electrically 

conductive allowing for the coating of organic, insulating substrates.   

In order to coat a non-conducting organic material, a plasma is generally used to activate the 

surface, promoting absorption of a sensitizer, generally reported as being an acidic solution 

containing stannous (tin) chloride.  During the sensitization step, the sample is submerged in 

an acidic solution of the stannous (tin) chloride and then rinsed in water.  After rinsing, the 

sample is then submerged in another acidic solution, generally reported as being palladium 
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chloride.  This provides a catalytic (hydrogenation or de-hydrogenation) surface for the 

deposition of the electroless metal film from an aqueous metal salt solution.  The most 

common metals deposited through electroless plating are copper16 and nickel.17  The 

aforementioned plasma treatment may be sufficient to hydrophilize a film of polymer, or the 

top surface of a fiber web, but in order to plate a thick fiber mat, the plasma would need to 

activate the entire web to allow the sensitizing and catalytic solutions to be absorbed on the 

entire fiber mat surface, and as noted in section 1.1.1 this is usually not the case with plasma 

treatment of nonwoven fiber mats.  This will likely lead to non-uniform coating of fibrous 

samples which is discussed in section 1.2.1.   

1.1.4 Sol-gel coating 

 Another coating technique applied to fibers is the sol-gel method.  The term “sol” 

refers to a dispersion of colloid particles in solution, and the “Gel” term refers to the 

networked growth of an array of particles.18  Sol-gel is a wet chemical method, the most 

common and oldest of which is the deposition of silica gels or colloidal particles.  In this 

process a silicon alkoxide undergoes hydrolysis when exposed water.18   The hydrated silica 

groups are now able to interact with one another and through condensation form Si-O-Si 

linkages and water.  Additional linkages are made to other hydrated silica through 

polycondensation and in this way colloidal particles of SiO2, or a “sol” is formed.  The size 

of the particles and the degree of cross-linking will depend on the pH of the solution they are 

formed in as well as the starting water to silicon alkoxide ratio.18   Because the solution has 
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low viscosity it may be cast into a mold and penetrate high aspect ratio structures.  With 

increasing time, the sol will begin to “gel”, becoming more interconnected and the viscosity 

will increase as more linkages are made.  The sol is then allowed to age until it solidifies.  

The remaining liquid is removed from the porous network through one of drying processes.  

The process by which the sol-gel is dried, because of significant capillary forces will also 

determine several key properties such as density and porosity.18, 19    

1.1.5 Liquid phase deposition 

 Another category of techniques is labeled liquid phase deposition, and involves the 

direct deposition of a metal oxide films such as SiO2, TiO2, and SnO2 from aqueous 

solutions.  These techniques are discussed individually below in section 1.2.3. 

1.1.6 Physical vapor deposition (PVD) 

Two techniques, physical vapor deposition (PVD) and chemical vapor deposition 

(CVD), are used commercially and in research to modify the surface of planar polymer films 

by depositing films of metals and metal oxides. PVD is generally performed in vacuum by 

one of two methods, evaporation and sputtering.  Evaporation takes place in the molecular 

flow regime where the mean free path of gaseous species is larger than the distance from the 

source material and the substrate.  In evaporation, the source material is identical to that of 

the deposited film, which means (along with the high vacuum) very high purity, films can be 

achieved.  The source material is heated, resistively or with a high-energy beam until 

atoms/molecules have enough energy to leave the surface of their condensed phase and travel 
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through the vacuum chamber until they strike a surface and are re-condensed.  In this manor, 

deposition proceeds by line of sight from the source, so substrates with complex geometries, 

such as nonwoven fiber mats, will not be coated uniformly. 

In the second type of PVD, sputtering, the source material or “target” becomes eroded 

by a plasma and atoms/molecules are accelerated away from the target, towards the substrate 

where they strike the surface where the are either deposited or reflected.13  Sputtering has 

several advantages over evaporation, including an almost universal compatibility of target 

materials, enhanced large area uniformity, improved conformality due to resputtering effects 

from high energy species, and compound materials such as metal oxides can be sputtered 

stoichiometrically.13  PVD of metals and metal oxides on polymers to enhance oxygen and 

water vapor barrier properties20 has been accomplished by evaporation,21-27 as well as 

plasma-assisted sputtering.28-33 In some cases the polymer is exposed to plasma before film 

deposition in order to enhance film nucleation and properties such as adhesion.22, 25, 27, 30, 32   

1.1.7 Chemical vapor deposition (CVD) 

In CVD the source material, or precursor, can be a metal organic compound or a 

metal containing molecule capable of being transported to the substrate in the vapor phase.  

A key distinction of CVD from PVD is that in CVD the source material has vapor a pressure 

above 750 mTorr and will not condense when it touches the walls of the reaction chamber 

above room temperature.13  This allows for CVD processing in the viscous gas flow regime 

where the mean free path of a gaseous species is much less than the distance from the films 
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source to the substrate.  The CVD process involves the convective transport of the gaseous 

source or precursor to the substrate, diffusion of the precursor in the near-surface region to 

the surface, followed by adsorption onto the surface, surface reaction, and desorption of the 

gaseous products.  The film deposition rate is determined by the flux of the film precursor to 

the surface and the sticking coeffecient, or the probability that a precursor species reacts and 

becomes part of the deposited film.  When the sticking coefficient is low the precursor may 

undergo many collisions with the surface before it reacts which allows the CVD process to 

provide much more conformal films than a PVD process where the source material 

condenses as it touches a surface.  Reactions in the gas phase of heated precursor molecules 

are also possible and may lead to the incorporation of particles or powders on the surface of 

the substrate if process conditions are not adequately controlled to suppress them.  Two 

common CVD processes include the deposition of 1) amorphous silicon from silane (SiH4), 

and 2) silicon dioxide from silane and oxygen gas.  The energy to activate the precursor 

molecule for reaction on the surface may come from heating of the system or substrate, in 

which case the process is referred to as being thermally assisted, or it may come from 

activation by a plasma which is referred to as plasma enhancement, or plasma enhanced 

CVD (PECVD). 

1.1.8 Atomic layer deposition 

 Atomic layer deposition, or atomic layer epitaxy (ALE) as it was first called, was 

originally demonstrated by Suntola and coworkers as a method to deposit ZnS for 
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electroluminescent displays.34 By separating the two film precursors, either by physical 

means, or by using an inert gas purge as a diffusion barrier,35 gas phase chemical reactions 

which can lead to non-uniform film growth are suppressed.  When the process temperature is 

below the precursor’s thermal decomposition temperature, the precursor may only react with 

available surface chemistry on the substrate.  Once all the available surface sites react with 

gas phase precursor, the chemisorbed precursor molecules will not react with the remaining 

gas phase precursor and the surface is saturated.  This characteristic of the atomic layer 

deposition process means that once saturation is achieved, the film growth rate is 

independent of the amount of precursor available for reaction, and atomic layer deposition 

process can be described as self-limiting.  Excess precursor and reaction products are 

removed by an inert gas purge. The unique self-limiting nature of the ALD process was 

leveraged to enable uniform and conformal coating of large area and/or three-dimensional 

substrates36-38 because ALD does not suffer from the same kind of line of sight problems that 

occur in PVD or precursor concentration gradients that can lead to non-uniformity in CVD.   

 One of the most well studied ALD processes is that for the deposition of aluminum 

oxide (Al2O3).
39  The most commonly used chemical precursors for this process are 

trimethylaluminum (TMA, Al(CH3)3) and water.  The TMA/water ALD process is shown 

schematically in figure 1.1.  However, ALD growth of Al2O3 has been demonstrated with 

other processes such as aluminum trichloride (AlCl3)
40 with water, and TMA and ozone (O3) 

as an oxidizing agent,41 but these processes require high temperatures to proceed (350 °C - 
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500 °C).  The TMA/water ALD aluminum oxide deposition process has been shown to 

proceed at temperatures close to room temperature,42 making it an ideal process for film 

deposition on temperature sensitive substrates such as polymeric or biological materials.   

1.1.9 Self limiting ALD film growth 

In order to achieve true self-limiting ALD film growth two experimental condition 

requirements must be met.  The first is that the substrate temperature must be located inside 

the ALD processing window.  If the substrate is below the ideal temperature window, the 

growth rate diverges from the expected trend.  The growth rate may increase due to precursor 

condensation, or it may also decrease in the case of precursors where the thermal energy 

supplied is insufficient to support the removal of excess ligands during the second precursor 

dose.  If the substrate temperature is above the ideal window, the film growth rate will also 

deviate from the expected trend.  The growth rate may be lower than expected due to 

precursor re-evaporation from the substrate.  The film growth rate may be higher than 

expected if the substrate temperature is too high, due to thermal decomposition of the 

precursor compound in the gas phase.  In a review article39 Puurunen collects the data from 

several reports of ALD Al2O3 film growth at temperatures ranging from 150 °C to 300 °C 

and shows that the film growth rate ranges from 0.12 nm per ALD cycle at 150 °C 

temperature, to 0.9 nm per ALD cycle at 300 °C.39  Another report of Al2O3 ALD by Groner 

et. al. addresses low-temperature and reports film growth rates of 0.13 nm per ALD cycle at 

125 °C and 0.11 nm per ALD cycle at 33 °C.42  Data collected in our ALD system and for 
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Al2O3 growth on silicon at 90 °C shows at growth rate of 0.11 nm per ALD cycle consistent 

with the reports above.  This data can be seen in section 2.1 

 The second experimental condition that must be met in order to achieve self-limiting, 

one monolayer per ALD cycle film growth, is that enough precursor is supplied during the 

dosing step, such that the surface of the substrate becomes saturated with precursor.  Also, 

any additional precursor supplied after this saturation limit is achieved, should not lead to an 

increase in film growth rate.   In work published by Ott and coworkers in Applied Surface 

Science in 1996, saturation was achieved after dosing TMA for 0.3 seconds where the 

pressure increase upon dosing was 0.003 Torr.43  This results in a required exposure of 

approximately 104 Langmuir (L, 1x10-6 Torrs). In experiments described below in section 

2.1, saturation was observed for TMA and water after exposures of 0.02 Torr S , or ~104 L, 

consistent with the report from Ott et al.   

Atomic layer deposition has been demonstrated on many widely used polymers such 

as polypropylene (PP),44, 45 polystyrene (PS),45, 46 polyethylene terephthalate (PET),33, 42 and 

polymethyl methacrylate (PMMA)45-48 as well as many others.49-58 ALD films on polymers 

have been shown to enhance barrier properties,47, 51, 56-59 alter surface energy and wetting 

properties,44 serve as components of organic electronic devices,60 and be compatible with 

biomaterials.61-63 The majority of research in this new field has been motivated by the desire 

for increased gas and water vapor barrier properties for packaging and organic electronic 

device encapsulation.  A summary of the polymer materials studied along with the reference 
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number is shown in table 1.1.  Key advances in this research field are described in section 

1.2.9.   

1.2 Key reports from literature of coating techniques 

1.2.1 Electroless metal plating 

There have been several reports64-66 of metal plating of nonwoven structures.  Simor 

and coworkers in 2003 demonstrate the electroless deposition of nickel onto polyester 

nonwoven fibers.65  From scanning electron micrographs (SEM) of the surface of the 

nonwoven, the resulting nickel coating was largely conformal, but non-uniform.  Stefecka 

and coworkers in 2004 demonstrate the electroless plating of copper ontopolypropylene.64  

Nonwoven samples not exposed to plasma pretreatment  showed poor copper adhesion. SEM 

of plasma pretreated sample showed a qualitatively conformal and uniform copper film.  

However, it is unclear to what extent conformality and uniformity extend into the nonwoven 

structure.  More recently, Guo and coworkers studied the electroless plating of Ni-Cu-P on 

polyester nonwoven fabric.66   They showed that an increase in copper content of the film 

lead to an increase in film crystallinity as well as electromagnetic shielding effectiveness.  

SEM of the top of the fabric, as well as X-ray diffraction measurements confirmed the 

presence of a film on the fiber samples, however it is unclear if the conformality seen in the 

SEM extends throughout the depth of the nonwoven fabric.  Furthermore due to the solution 

based processing requirements there may be capillarity problems as well as environmental 

concerns.    
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1.2.2 Sol-gel coating on polymer fibers 

Research into using sol chemistry to coat polyester nonwoven fibers with a variety of 

nanosol particle materials has been performed by Mahltig and coworkers.19 They investigated 

the effect of nanosol particle coatings to enhance several properties including 

hydrophobicity, oleophobicity, as well as abrasion and UV resistance.  They employed 

polysiloxanes for hydrophobic modification of normal inorganic silicon or titanium nanosol 

particles that were used to coat fibers, and perfluorinated alkylsilanes were used to modify 

nanosols to improve fiber oleophobicity.  Titania and silica nanosols were used to enhance 

the UV absorption of cotton fabrics.  However, because this technique is solution based and 

requires the transport of the nanosol particles in solution to the fiber in order to achieve a 

coating, it will be difficult to control coating uniformity on complex three-dimensional 

substrates such as nonwovens where capillarity effects are significant may be a significant 

challenge.    

1.2.3 Liquid phase deposition on polymer fibers 

Shimizu and coworkers use a solution based technique to deposit films of anatase 

TiO2 between 40-70 °C using TiF4 as a precursor in aqueous solutions with pHs ranging from 

1 to 3.1 on borosilicate glass and cotton fibers.67  Film thickness was measured to be 

approximately 150 nm after 4 hours in the solution, and the films on glass and cotton fibers 

were shown to be the anatase phase by X-ray diffraction (XRD).  Decreasing the temperature 

to 40 °C lead to a much smaller growth rate, and films thicker than 200 nm were shown to 
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peel off when rinsed with water.  SEMs of coated cotton fibers were provided, but uniformity 

of the film on each fiber, as well as throughout the woven structure was not investigated.  

Coatings on non-hydrophilic organic substrates were shown to have poor adhesion and wash 

off with water rinsing.   

Drew and coworkers provide a report of a very similar solution-based technique 

which also produces titanium, as well as tin, oxide coatings on nonwoven polyacrylonitrile 

(PAN) fibers68 with the aim of improving the fiber’s chemical and electrical properties.  This 

technique used a precursor of hexafluorotitanate ammonium (TiF6-(NH4)2 with boric acid (to 

consume HF) in the presence of water to precipitate films of TiO2 and hexafluorostannate 

ammonium (SnF6-(NH4)2 to deposit films of SnO2 onto the PAN fibers.  Coating presence 

and elemental composition was confirmed by XPS analysis.  However the coatings were not 

uniform, with dendrite-like structures produced during TiO2 deposition and spherical nodules 

and particles created during SnO2 deposition, which were seen in TEM analysis.  Coating 

times of 12-36 hours were required to produce measureable (~10 nm) coating thicknesses on 

the fibers.  In addition to the lack of coating thickness uniformity and particle formation, the 

long coating times would be a barrier to large scale coating of nonwoven fibers using this 

technique.  

1.2.4 PVD on polymer films 

Rotger and coworkers used X-ray photoelectron spectroscopy (XPS) and scanning 

electron microscopy (SEM) to characterize film growth behavior of SiOx on polyethylene 



16  

(PE) and polyethylene terephthalate (PET) during thermal evaporation of SiO in the presence 

of a partial pressure of O2 gas.22  Ar, N2, and O2 plasma pretreatment of the PE was also 

investigated as a means to activate the surface for enhanced nucleation of metal oxide.  The 

only plasma pretreatment that showed any significant alteration of the surface, via XPS 

measurement, was N2.  However, plasma treatment was performed ex-situ prior to SiOx 

deposition and XPS measurements, and potential reaction of activated polymer surface 

species with species present in the ambient after the plasma treatment could lead different 

results than if the plasma treatment and XPS measurements were perfumed in-situ before and 

after film deposition.  XPS depth profiles for the N2 treated PE and virgin PET were almost 

identical, with both showing an abrupt interface.   Results of detailed XPS scans for the N2 

plasma treated PE showed evidence of both Si-O-C and Si-N-C bonding after coating, and 

those for PET showed evidence of interaction between the carboxylic group in PET as well 

as evidence of decreasing C-C and C-H intensities which the author ascribes to chemical 

interaction of the aromatic ring in PET.   This work highlights the significance of polymer 

chemical structure and potential of plasma activation of surface radicals on the success of 

inorganic film nucleation and growth.  It also highlights the need for in-situ analysis of film 

nucleation behavior so that exposure to the ambient does not affect surface properties.       

Deng and coworkers evaporated aluminum oxide onto planar films of polypropylene 

(PP) and polyethylene terephthalate (PET) and investigated the barrier properties, including 

oxygen transmission rate (OTR) and water vapor transmission rate (WVTR) of the coated 
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polymers.21  They find that the enhancement of the barrier properties varies significantly 

depending on the substrate polymer; specifically, the barrier properties of the PET are 

significantly (>20X) enhanced for water vapor and oxygen gas, while the coated 

polypropylene only shows a marginal enhancement.   The surface roughness was also 

measured and it was observed that the roughness of the PET slightly decreased after 10 nm of 

aluminum oxide, which the roughness of the PP slightly increased.   It is suggested that the 

carbonyl group in PET may interact with the aluminum oxide during deposition, but there is 

no data to support this, other than the enhanced barrier properties and the unchanged 

roughness of only PET after deposition.  This work also highlights the significance of 

polymer chemical structure on the success of inorganic film nucleation and growth, as well 

as the need for quantitative measurements of polymer, metal oxide interaction during film 

nucleation and growth.     

Cueff and coworkers used the magnetron sputtering technique with an argon (Ar) 

plasma, to deposit alumina coatings, from an alumina target, onto PET in order to enhance 

the polymer’s gas barrier properties for packaging applications.28  Different plasma pressures 

and powers were used to determine conditions in which dense films having low stresses 

could be deposited.  XPS was used to study the elemental composition of the deposited film 

and determine if there was any chemical interaction between the sputtered alumina and the 

PET, and microindentation was used to determine the stress within the coating.  The 

properties of the deposited alumina films were shown to be dependent on plasma gas 
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pressure during deposition, where low argon pressure (~1 mTorr) resulted in compact 

coatings which lead to film stress, high pressure ( > 40 mTorr) lead to porous films with 

significant hydroxyl group incorporation, and intermediate pressures (4-8 mTorr) resulted in 

dense films with low film stresses.  XPS results indicated interaction of the alumina with the 

oxygen present in the carbonyl group of the PET.  This work highlights an advantage of the 

sputtering process, over thermal evaporation in that there are many process variables 

(pressure, plasma power, etc.), which can be manipulated to deposit films with certain 

desired characteristics.  This study also highlights the importance of understanding the 

substrate-film interface and the effect of film deposition conditions on the properties of the 

interface.   

Low and coworkers investigated barrier property enhancement of several polymer 

substrates, PET, polyethylene naphthalate (PEN), and polycarbonate after sputtering of 

alumina films as well as the effect of substrate’s surface roughness and surface energy on 

resulting barrier properties.33  They use atomic force microscopy and contact angle 

measurements to determine the surface roughness and surface energy, and they also expose 

the samples to ultraviolet radiation in the presence of ozone (UVO) in order to increase the 

surface energy.  For PET, the surface was intermediately smooth and had intermediate 

surface energy and after the deposition of an 80 nm alumina film, the moisture permeation 

decreased by an order of magnitude.  The UVO pretreatment increase the surface area, but 

also led to significant roughening and did not have a significant effect on the barrier 
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properties of the PET.  For PEN, the surface was rough, but had a high surface energy.  

However, neither the deposition of the alumina film, nor the UVO pretreatment prior to film 

deposition led to enhancement of the barrier properties.  For PC, the surface was very 

smooth, with the same surface energy as PET and the alumina film resulted in an order of 

magnitude enhancement of the water vapor barrier property, and for the UVO treated PC, the 

alumina film resulted in approximately two orders of magnitude barrier property 

enhancement.  These results indicate that the most significant factor in determining the film’s 

barrier property enhancement is the presence of a smooth starting surface.   This is likely due 

to the line-of-sight nature of the PVD film deposition process, and highlights the fact that for 

a film deposition technique to be compatible with a wide range of polymer substrates, it must 

be able to deposit uniform and dense films on substrates with rough morphologies.   

1.2.5 PVD on polymer fibers 

Dietzel and coworkers used arc evaporation, a type of PVD to produce elemental 

metal as well as metal nitrides and carbides of titanium and zirconium through the use of 

nitrogen and acetelene as reactive gases during deposition from titanium and zirconium 

targets onto polyamide-6,6 fibers.69  X-ray photoelectron spectroscopy was used to confirm 

the presence of Ti, TiN and TiC. Surface properties were highly dependent on deposition 

conditions, with smooth fiber morphology reported for titanium deposition and a roughened 

surface reported after reactive deposition of TiC and TiN.  It was also reported that the 

adhesion of Zr coatings was higher than Ti coatings, and that the use of a reactive gas during 
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deposition also led to better adhesion for both Ti and Zr coatings.  Both Ti and Zr coatings 

were shown to improve the fibers’ abrasion resistance.  However, due to the PVD process’ 

line of sight limitation, it is assumed that the coating is only deposited on the top layer of the 

fabric, which may limit the applications for PVD metalized fibers. 

1.2.6 Thermal CVD on polymers films 

The temperature required to deposit metal oxides of interest for barrier films on 

polymers (mainly SiO2) by a thermally assisted CVD process would cause severe 

degradation of most polymeric materials.  In order to perform CVD at temperatures 

appropriate for most polymers, inert or reactive plasma is used to break precursor bonds, 

leading to film nucleation and growth. PECVD of SiO2
70-75

 and TiO2
76 onto planar polymers 

has been widely studied.   

1.2.7 PECVD on polymer films 

Sobrinho and coworkers employ PECVD to deposit films of SiO2 and SiN onto PET 

substrates from hexamethylsiloxane (C6H18Si2O, HMDSO) and molecular oxygen, and SiH4 

and NH3 respectively using Ar as a carrier gas.72  They investigate the barrier properties of 

the PECVD films in terms of oxygen and water vapor transmission rates.  Their results show 

that for SiO2 films, barrier properties were enhanced by two orders of magnitude for water 

vapor, and three orders of magnitude for oxygen.   Silicon nitride (SiN) films showed similar 

enhancement to both the water and oxygen barrier properties.  The authors also developed a 

procedure for viewing defects in the deposited films and postulated that the oxygen and water 
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vapor transmission are the result of mass transport through those defects in the deposited 

film.  They also examined films deposited by PVD and found those to have inferior barrier 

properties, which they ascribed to the absence of an appreciable interfacial layer, found only 

in the PECVD films.  This work highlights the effect that the deposition technique used to 

produce inorganic films may lead to different interfacial characteristics, which in turn will 

influence film and device performance.   It also shows that a technique that can provide 

defect free films at low temperatures is likely to produce the most effective barrier coatings.   

This work, along with several other reports of inorganic films deposited onto 

polymeric substrates highlights the need for continued work in the area of defining film 

precursor-polymer interaction, specifically in the early stages of deposition where interfacial 

characteristics are determined.  In-situ chemical analysis will likely provide a pathway to 

probe possible chemical reaction mechanisms that determine interfacial characteristics and 

film deposition behavior.   

 While CVD and PVD processes are capable of coated planar polymer films, dense 

mats of nonwoven sub-micron and nanoscale fibers pose a serious challenge for these 

techniques.  PVD processes can deposit films only by line of sight from the source (crucible 

or sputtering target), which would lead to film deposition only on the top layer of the 

nonwoven.  In CVD, be it thermally assisted or plasma enhanced, the film deposition rate is 

controlled by the flux of precursor and diffusive precursor transport to the substrate to 

deposit films.  This would also lead to non-uniform films because the flux of precursor and 
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thus the thickness of the deposited film would be different at the top surface of the nonwoven 

than in the middle or at the bottom surface.   

1.2.8 CVD on polymer fibers 

 Ma and coworkers employed a chemical vapor deposition process to coat electrospun 

polycaprolactone (PCL) fibers with polymerized perfluoroalkyl ethyl methacrylate (PFEMA) 

in order to enhance fiber hydrophobicity.77  This deposition process involves the resistive 

heating of a filament array to 250 °C in order to achieve the thermal decomposition of tert-

butyl peroxide, which serves as a polymerization initiator that is used to aid in PFEMA film 

uniformity.  The PFEMA was heated to 90 °C and transported in the vapor phase into the 

reaction chamber.  The PCL fibers as well as a reference silicon wafer substrate are placed on 

a water-cooled stage that maintains a temperature of 35 °C during the deposition process.  

The PFEMA polymerizes in the presence of the oxygen radicals from the thermally 

decomposed ter-butyl peroxide.  Water contact angle was increased from 138° on 100 nm 

diameter uncoated PCL to 175° after the CVD process.  The thickness of the coating, as well 

as conformality and uniformity was not measured on the fibers, but ranged from 70 nm to 

100 nm on a silicon wafer.  Achieving a uniform and conformal coating on the entire fiber 

mat surface is unlikely due to the transport challenges imposed by the structure of the 

nonwoven.  
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1.2.9 Initial reports of ALD films on polymer structures 

In 2003, Elam and coworkers reported on the nucleation and growth of aluminum 

oxide on an organic polymer dielectric material manufactured by Dow Chemical called 

SiLK.78 This material was suggested to replace SiO2 as a dielectric barrier material used to 

insulate the areas around device signal and power interconnects.  The goal of the work was to 

deposit a diffusion barrier layer of TiN by ALD, which would prevent diffusion of plated Cu 

into the dielectric.  Because the TiN process suffered from poor nucleation, a thin layer of 

ALD aluminum oxide was initially deposited at 177 °C to act as a nucleation and adhesion 

layer for TiN ALD.  It should be noted that the high temperature of this process is unsuitable 

for the majority of polymers.  As little as 10 ALD cycles of aluminum oxide proved to be 

enough to allow for continuous films of TiN to be grown.  This work demonstrated that the 

aluminum oxide ALD process was compatible with polymeric materials.   

Shortly after this work was published, Ferguson (also working in the George group 

and the University of Colorado at Boulder), published a report of in-situ FTIR analysis of the 

aluminum oxide ALD process on low density polyethylene particles at 77 °C.79 Results were 

unable to illustrate whether ALD film nucleation occurred through adsorption onto or 

absorption into the polyethylene.  Alternating methyl and hydroxyl chemistry were observed 

after the TMA and water dosing, similar to that observed by in-situ FTIR during aluminum 

oxide deposition onto an anodic aluminum oxide membrane.80 These results were significant 

because they demonstrated that the ALD process could proceed on chemically inert polymers 
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without available surface chemistry for film nucleation.  This work led to questions about 

how the ALD film is able to nucleate in/on the polymer although no chemical interaction 

between the polymer and precursor occurs.   

In 2005, Wilson and coworkers in the George group published results of in-situ quartz 

crystal microgravimetry (QCM) mass uptake analysis of aluminum oxide ALD on several 

polymers, including polypropylene, polyethylene, and polymethyl methacrylate.45 They were 

able to spin coat QCM crystals with the various polymers of interest and expose them to the 

TMA and water ALD process at 85 °C.  Wilson found that the mass up-taken by the polymer, 

a measure of the chemical and physical interaction between the polymer and ALD precursor, 

varied significantly depending on the nature of the polymer material serving as the substrate.  

Also, in the case of each polymer, after a nucleation period, the growth rate of the ALD film 

remained constant, likely indicating growth of aluminum oxide on itself.  This work further 

demonstrated the compatibility of the ALD aluminum oxide process with a wide variety of 

polymer materials.   However, the effect of process parameters such as temperature or 

precursor exposure was not investigated.   

1.2.10 ALD on polymer films for barrier layers 

In 2006, the George group published two studies of the barrier properties of ALD 

aluminum oxide on polymers. The motivation for these studies was the development of a 

process by which to protect devices such as organic light emitting diodes (OLEDs) from 

water and oxygen gasses that can be harmful to their both the polymer and metal electrode 
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used in the device.  In the first report, aluminum oxide was deposited from TMA and water at 

temperatures ranging from 100-175 °C on polyethylene naphthalene and Kapton®.59 Water 

vapor transmission rates of 0.001 g/m2/day were reported for polymer films with 26 nm of 

ALD aluminum oxide. The reported water vapor transmission rate is more than three orders 

of magnitude lower than polymer films with no barrier films.  Their second report used the 

Ca-test method, which involves measuring the optical transmission through test cell 

consisting of patterned Ca metal on glass, epoxied to a PEN film, which has been coated with 

25 nm of ALD aluminum oxide.51 The ALD coated PEN films performed better than glass 

and provided water vapor transmission rates lower than 0.0001 g/m2/day for over 3000 hours.  

These two reports showed that ALD films with nanoscale thickness have great potential to 

serve as gas diffusion barriers.  However, in both studies, only the coating thickness was 

changed and it is likely that process parameter such as temperature may have a significant 

impact on the presence of an interfacial polymer/inorganic film region which was shown to 

be significant in determining the effectiveness of PVD inorganic barriers.  

Langereis and coworkers in 2006 employed a plasma enhanced ALD process to 

deposit aluminum oxide from TMA and remote O2 plasma at room temperature on 

polyethylene naphthalate (PEN) with the aim of decreasing the water vapor transmission rate 

for OLED applications.56 They were successful in reducing the water vapor transmission rate 

by two orders of magnitude with a 20 nm thick ALD aluminum oxide film.  In this work, the 

effect of the deposition temperature on barrier effectiveness was investigated and lower 
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deposition temperatures were shown to provide more effective water vapor transmission 

barriers.  This work is significant because it shows that deposition conditions for ALD films 

may significantly effect the properties of the resulting polymer/inorganic film structure 

which could be the result of differences in interface structure and different temperatures.   

In 2009, Meyer and coworkers published a report on the performance of 

nanolaminate Al2O3 and ZrO2 ALD film encapsulation of OLEDs.57 Film deposition 

occurred at 80 °C and the performance of both 100 nm thick neat Al2O3 films and 100 nm 

thick nanolaminate of alternating 2.1nm/3.1nm Al2O3/ZrO2 films were tested by measuring 

voltage and luminance over times.  Laminate films showed higher voltage and luminance 

over time, indicating enhanced performance compared to the neat aluminum oxide films, and 

resulting in a device lifetime of 22,000 hours.  This work is significant because it shows the 

flexibility of the ALD process to deposit nanolaminate coatings on polymeric substrates with 

significantly enhanced gas barrier properties.  However, the effect of deposition temperature 

was not investigated.      

1.2.11 ALD films on biomolecules 

In 2006, Knez and coworkers published a report demonstrating the decoration of the tobacco 

mosaic virus (TMV) as well as the protein ferritin with aluminum and titanium dioxide by 

ALD at 35 °C.62 TEM was used to study the morphology of the decorated 

biomacromolecules and showed that films were deposited in pores less than 4 nm in 

diameter, indicating that biomolecules can be used as templates to create structures not able 
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to be produced by conventional means.  In 2009, Lee, a colleague of Knez published a report 

demonstrating the toughening of spider silk, a mixture of semi-crystalline polyalanine and 

amino acids, after exposure to the TiO2 and Al2O3 ALD processes.63 TiO2 films were 

deposited from titanium isopropoxide and water and the TMA and water ALD process was 

used deposit aluminum oxide.  The spider silk exposed to the ALD process for aluminum 

oxide and titanium dioxide showed increased mechanical toughness, and an approximate 

four-fold increase in the yield stress over the virgin spider silk.  These results, along with 

energy dispersive x-ray spectroscopy (EDS) analysis indicate chemical interaction between 

the ALD precursor and hydrogen bonded areas of the spider silk.  This work is significant 

because it suggest pathways to enhance an organic material’s performance through chemical 

reaction with ALD precursors.   

1.2.12 Contributions from our group 

 In 2007 Hyde and coworkers showed that the TMA and water ALD process was 

capable of producing aluminum oxide coatings on cellulose cotton fibers inside of a woven 

yarn structure.54 TEM of fiber cross-sections showed the films to be conformal and uniform 

despite the complex morphology of the cotton fibers and the high surface area and tortuosity 

of the woven fibrous substrate.  Results also indicated no barrier to ALD film nucleation, 

which was likely due to the prevalence of surface hydroxyl groups on the cotton fiber 

available for reaction with the TMA precursor.  This work demonstrated the unique ability of 

ALD to provide conformal coatings on complex three-dimensional fibrous structures, as well 
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as provide evidence of the chemical interaction, through rapid nucleation of the ALD film on 

the cellulose fibers.    

Also, in 2007, Peng and coworkers demonstrated the conformal and uniform coating 

of electrospun polyvinyl alcohol nanofibers.81 High resolution TEM was used to determine 

the extent of film uniformity and conformality.  Results indicated that when the polymer 

contains reactive hydroxyl groups on the surface, an abrupt interface is formed between the 

polymer and the ALD film, there is no barrier to film nucleation, and the growth rate of the 

ALD film is very similar to that measure on silicon.  This work was also significant in its 

demonstration of the ability of the ALD process to conformally coat a dense, tortuous web of 

nonwoven fibers, and through the rapid nucleation of the Al2O3 film, suggest a chemical 

interaction between the ALD precursor and the polymer fiber itself. 

In 2010, Jur and coworkers investigated the effect of process temperature on 

nucleation and growth of ALD aluminum oxide from TMA and water on polypropylene 

fibers and film at 60 °C and 90°C.82  In-situ QCM mass uptake analysis showed higher 

precursor up take at higher temperature, and high-resolution TEM results show that the at 60 

°C a continuous film with a smooth interface was formed, but at 90 °C particles were formed 

beneath the surface and a rough interface was formed.  This result is in contrast with ALD 

film growth on silicon, which is largely temperature independent.  This work is significant 

because it shows small changes in deposition temperature can have significant effects on the 

morphology of the polymer/ALD film interfacial region. 
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1.2.13 ALD’s unique compatibility with nonwoven fibers 

 Due to atomic layer deposition’s unique ability to provide conformal and uniform 

films on complex three-dimensional substrates, ALD films have been used to produce and/or 

modify a variety of nanostructures.83-86 One common method is to use an organic substrate 

such as electrospun nanofibers as a template to produce nanotubes.81, 86, 87 Other studies have 

been performed on porous metallic fiber matrices to determine which reactor geometries are 

appropriate for coating fibers by ALD.88  It was shown that either flowing the gasses over the 

top of the sample, or forcing the gas to flow through the porous sample, results in uniform 

and conformal films throughout the depth of the substrates.  Other studies by our group 

performed in the “flow over” geometry also show that uniform and conformal films are 

deposited throughout the depth of a polymeric nonwoven fiber matrix.44, 54, 81, 82 

1.3 Related work 

1.3.1 Polydimethylsiloxane (PDMS) 

 In addition to organic polymer materials we decided to investigate an organic-

inorganic polymeric material, polydimethylsiloxane (PDMS, (C2H6OSi)n).  The ability of 

PDMS to be simply and quickly molded into geometries with sub-micron dimensions has 

lead to it being widely used in the fields of soft lithography89 and microfluidics90, 91. 

However, PDMS has several characteristics such as surface hydrophobicity and solvent 

incompatibility, which limit its application.  Currently, techniques such as exposure to 

Ultraviolet radiation with ozone92-94 (UVO), Oxygen plasma95, 96, and corona discharge97 
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treatments have been used to modify the surface of PDMS.  These techniques break the 

backbone of the PDMS molecule and result in hydroxyl group formation on the surface, 

enhancing the wetting properties by increasing the surface energy and creating a thin layer of 

SiOx at the PDMS/air interface.  However, the enhanced wettability is not permanent, and the 

surface energy will decrease over time in a process known as hydrophobic recovery.  It is 

generally agreed in the literature that this process occurs through one of two mechanisms, or 

a combination of both:  1) the reorientation of polar groups from surface facing, towards the 

bulk; and 2) the diffusion of oligomers, small low molecular weight polymer chains, through 

the SiOx layer to the surface through voids or cracks in the silica layer.   

 We investigated the effect of the Al2O3 ALD process on the surface wettability and 

morphology of PDMS as well as PDMS activated by UVO treatment.  Our hypothesis was 

that because the ALD process does not damage the PDMS backbone and results in highly 

conformal and defect free films even at low temperatures, the ALD process could provide a 

permanent hydrophilic surface on PDMS. 

1.3.2 Carbon Nanotubes 

 In the late 1990s and early 2000s, initial research into applications for carbon 

nanotubes (CNTs) focused on producing transistor devices where the CNT was the 

semiconductor98-100, however several practical barriers prevent CNT device scaling.  Two 

such barriers are: 1) the large scale production of semiconducting single walled CNTs with 

identical electrical properties; and 2) the precision with which they must be grown on or 
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transported to the appropriate site on the nanoscale device.101  Another application that is 

potentially realizable for carbon nanotubes is low resistivity nanoscale interconnects in 

advanced CMOS devices102-109.   

We decided to work on synthesis of carbon nanotubes (CNTs), because we 

recognized potential value in a better understanding of CNT CVD growth kinetics from the 

viewpoint of possible reductions in required growth temperature.  For example, growth at 

400 °C would allow for direct integration of a CNT CVD process into back-end 

semiconductor processing where interconnects are deposited.  Our group also has much 

experience in depositing thin films by atomic layer deposition, a key technology that could 

help integrate carbon nanotubes by providing conformal metal coatings on their outer 

surfaces, which could serve as seed layers that allow for metal filling by electroplating or 

other metallization techniques.  Collaboration in our group resulted in experiments involving 

the coating of carbon nanotubes in supercritical CO2, and by ALD, described in chapter 11, 

appendix 4, lead to the author’s later work studying ALD precursor/polymer interactions.   

1.4 Prospects of atomic layer deposition 

I believe that the future of atomic layer deposition is very promising.  The ability to 

provide conformal and uniform films on complex three-dimensional nanoscale materials at 

low temperatures gives ALD great flexibility.  Even though the majority of ALD work is 

focused on electronic materials for semiconductor processes, in my opinion, a subtle, but 

important shift in the inertia of the overall ALD research effort has occurred and every year 
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there are more and more researchers working with organic or hybrid material substrates, or 

using an ALD-like process to deposit hybrid materials (sometimes called molecular layer 

deposition (MLD).  The semiconductor industry will certainly command the attention of 

many, and likely the majority, of ALD research as feature sizes and aspect ratios scale to 

below (or above) the limits by which PVD and CVD to provide conformal and uniform 

coatings, however it is the belief of this researcher that ALD on and/or of organic, biological, 

and hybrid materials has become a sustainable and important research platform and will 

continue to grow in terms of both number of research and publications as well as scientific 

and commercial impact.   
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Figure 1.1  Diagram of the TMA/water ALD process, showing the sequential self-limiting surface 
 reactions between TMA and water as well as the cyclic nature of the ALD process. 
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Table 1.  References for ALD on Polymers 

 

Table 1.1. References for studies of atomic layer deposition (ALD) on polymers and molecules.  Asterisks (*) 
denote in-situ quartz crystal microbalance investigations and addition symbols (+) denotes in-situ FTIR 
investigations.  The number of references and polymers highlights the broad compatibility of the ALD process 
with polymers, but the lack of in-situ investigations of film deposition behavior highlights a need for better 
understanding of polymer/ALD precursor interaction and film growth behavior.  
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CHAPTER 2. Experimental Tools 

2.1 Atomic Layer Deposition 

Atomic layer deposition of Al2O3 was performed at temperatures between 25 °C and 

90 °C at an operating pressure of ~1 Torr.  The metal-organic precursor used was 

trimethylaluminum (Al(CH3)3, TMA, 98%, Strem®), and the oxidizing agent was deionized 

water (DI H2O).  Ultra-high purity Argon (Ar, 99.999, National Welders Supply Co.) was 

used as the purge and carrier gas, and was further purified by an inert gas filter (Aeronex 

GateKeeper, Sigma-Aldrich) before entering the reactor.  A diagram of the custom built, hot-

wall, viscous flow reactor (base pressure ~ 1 mTorr) is shown in figure 2.1. The reaction 

chamber consists of a stainless steel tube 1.5 inches in diameter and ~24 inches long, and 

equipped with external resistive heaters modulated using two temperature controllers 

(Eurotherm, model 808).  Precursor and reactant gases are introduced at the end of the tube 

reactor via separate, heated 0.25 inch stainless steel gas lines.  The system is brought to 

vacuum via a rotary mechanical pump and pressure is monitored using a convectron gauge 

(Granville-Phillips).  The precursor ampoules were kept at room temperature, but elevated 

gas line temperatures were maintained by heating tapes (Omega) connected the Variacs.     

 In order to deposit films of Al2O3 by ALD, samples were inserted into the reactor and 

allowed time (~20 minutes) to equilibrate to the desired reaction temperature.  To initiate 

film deposition, TMA was introduced into the chamber for 1.2 seconds, resulting in an 

exposure of 0.12 Torr-seconds.  TMA exposure was followed by inert gas purging for 40 
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seconds to remove excess unreacted TMA as well as surface reaction products.  DI H2O was 

then introduced into the chamber for 1.2 seconds, resulting in an exposure of 0.12 Torr-

seconds.  Following DI H2O exposure, inert gas purging was used to remove excess H2O and 

surface reaction products.  One unique aspect of ALD processing, discussed in chapter one, 

is that the film growth rate should be independent of precursor flux and exposure.  

Experiments were preformed to produce saturation curves to determine the effect of 

precursor exposure to the film growth rate.  figure 2.2 shows the results of different TMA 

and water exposures for ALD Al2O3 growth on silicon substrates.  For these experiments, 50 

cycles of ALD were preformed on SiO2 at 90 °C and the purging time after each precursor 

exposure was held constant 60 seconds.  The pressure increase during precursor exposure 

was approximately 0.2 Torr and the different exposures were achieved by varying the 

precursor dosing time.  For the TMA dose tests, the water exposure was held constant at 0.1 

Torr seconds, and during the water dose tests, the TMA exposure was held constant at 0.1 

Torr seconds.  The film thicknesses and thus the film growth rate were determined by ex-situ 

ellipsometry measurements.  These results indicate that this range of exposures is sufficient 

for the surface to become saturated with TMA and water, and the film growth rate is shown 

not to be dependant on precursor exposure in agreement with previous reports of ALD Al2O3 

film growth discussed in chapter 1.  The film thickness on silicon after exposure to between 

50 and 200 ALD Al2O3 cycles at 60 °C was also measured by ellipsometry, and the data is 

shown in figure 2.3.  The data shows that the film thickness increases linearly with the 
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number of ALD cycles, which is expected, and yields a growth rate of ~0.11 nm per ALD 

cycle.  The linear relationship between the film thickness and number of ALD cycles, along 

with the saturation data, shows that in the ALD process can provide excellent control over 

deposited film thickness.   

 Additionally, When ALD films were deposited onto fibrous substrates, a 2 cm X 2 cm 

piece of silicon was inserted into the reactor to allow for ex-situ film thickness measurements 

to determine film growth rate on a planar substrate.   

Previous Reactor Design 

 Another ALD reactor design that was evaluated used an 8” stainless steel conflat 

blank flange whith a 6” diameter circle, 1” deep, milled out of the center to form a reaction 

chamber.  The flange also had four 0.25” stainless steel gas lines, one for each ALD 

precursor, one for monitoring chamber pressure, and one to connect to the mechanical pump.  

A diagram of the reactor is shown in figure 2.4.  The design was called labeled “pancake” 

because of the flat and round shape of the reaction chamber.  A hotplate directly beneath the 

chamber was used to heat the system, and the lid, another 8 inch stainless steel conflat flange, 

was not heated.  While films of Al2O3 were successfully deposited, there were problems with 

film thickness and growth rate uniformity.    Substrates of SiO2 placed in different parts of 

the reaction chamber were exposed to 75 ALD Al2O3 cycles and the resulting film 

thicknesses were measured by ellipsometry.  In general, the film growth rate ranged from 

between 1.05 A/cycle to 2.2 A/cycle for samples placed in different quadrants of the reactor.  



51  

This could be due to temperature non-uniformities imparted by the non-uniform heating 

supplied by the hotplate, as well as the cold (unheated) top surface of the reactor.  Precursor 

molecules can condense on cold spots of the reactor and then outgas during purging and 

precursor exposure, leading to non-uniform growth rates.  Additionally, this reactor design 

was incompatible with in-situ analysis techniques such as quartz crystal microgravimetry 

(QCM) and Fourier transform infrared spectroscopy (FTIR), and was abandoned in favor of 

the hot-wall, flow-tube reactor described at the beginning of section 2.1.   

2.2 Spin coating of polymer films 

In order to produce planar polymer thin films for contact angle measurements, FTIR 

absorbance measurements, and quartz crystal microgravimetry (QCM) it was necessary to 

spin coat solutions of polymers of interest on to planar silicon and QCM crystals.  In order to 

accomplish this a Laurell Technologies Corporation spin coater, model number WS-400BZ-

6NPP/Lite with programmable spin speed, spin time and acceleration rate, which is capable 

of achieving spinning speeds of up to 8000 rotations per minute (rpm) was used.  The spin 

coater requires purging with 60 psi clean dry air (CDA) and vacuum suction is also required 

to secure the sample during the spin coating process.  In general each spinning cycle was 

composed of two parts, the acceleration step where the sample is accelerated at 800 rpm per 

second to the desired set point, and then the spinning time step where the spin speed set point 

is maintained for 60 seconds. 
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Polyvinyl Alcohol (PVA) 

Polyvinyl alcohol (PVA) solutions for spin coating were prepared by dissolving PVA 

resin (Aldrich Chemistry, Mowiol® 40-88, MN = 112 kDa) in deionized (DI) water at 60 °C 

overnight.  Prepared solutions were stored at 8 °C until use.  A stock solution of 5% by 

weight was prepared for spinning trials, and solutions of 5 %, 1 % and 0.5 % by weight PVA 

were made through simple dilution of the stock.  Spin coating was performed at room 

temperature, where several drops of PVA solution were placed on the sample, which was 

then spun at between 2000 and 8000 rpm for 60 seconds at an acceleration rate of 800 rpm 

per second.  A plot of PVA film thickness measured by ellipsometry is shown in figure 2.5.  

For QCM measurements 30 nm films spun at 2000 rpm for sixty seconds were selected.   

Polypropylene (PP) 

Achieving spun cast film of polypropylene was challenging.  Previous reports of 

QCM on PP films from Wilson et al. suggest using toluene as a solvent, and report that a 

time of several hours is sufficient to achieve a well-dispersed solution.  However, we were 

unable to dissolve our PP ((C3H6)n, Sunoco Chemicals Polymers Division, product CP360H 

(Reported number average molecular weight, MN = 58.5 kDa)) in toluene (BP 110 °C) even 

after several days.  After more research, an open report from the Naval Research Laboratory 

authored by Lock, Walton, and Fernsler, and published in 2008 suggests the use of a high 

temperature solvent, decahydronaphthalene (C10H18, Decalin, cas number: 91-17-8) to 

prepare PP spinning solutions.  Using Decalin (BP 190°C) and upon heating the decalin/PP 
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solution to 165 °C for 90 minutes, the PP became completely dissolved in the Decaline.  

Fresh solution was prepared as needed for PP films.  In addition to heating the solution, the 

heating of silicon and QCM crystal substrates, the droppers that were used to transport the 

solution to the sample, as well as the spin coater chuck that secures the sample, were all 

heated to 165 °C in order to achieve smooth films.  The silicon and QCM crystal substrates 

were placed on a hot plate, and the spin coater sample chuck and droppers were heated in a 

furnace until needed, and then were quickly used and replaced in the furnace after each 

spinning experiment.   1 % by weight PP in decaline solutions were prepared and spun at 

between 1000 and 5000 rpm for 60 seconds, and the resulting film thicknesses, measured by 

ellipsometry, were between ~9.5 nm and 45 nm.  Films used to QCM measurements were 

spun at 3000 rpm for 60 seconds and were ~30 nm thick.  A plot of the resulting film 

thickness versus spinning speed is shown in figure 2.6.   

Polyamide-6 (PA-6) 

In order to prepare PA-6 solutions for spin coating, 1% by weight, Polyamide-6 

(Ultramid(R) B27 02, BASF MWn≈16 kDa) was dissolved in formic acid (Fluka Analytical, 

~98% purity, 2% H2O).  Fresh solution was produced each time films were required.  Several 

drops of solution were dispensed onto substrates and the spinning speed was varied from 

2000 rpm to 8000 rpm with an acceleration rate of 800 rpm per second to determine 

conditions appropriate to produce 30 nm thick films.  Spinning was preformed at room 

temperature on samples at room temperature.  The results of that trial are shown in figure 2.7.  



54  

A spinning speed of 8000 rpm for 60 seconds produced a ~30 nm film measured by 

ellipsometry.  These conditions were used to produce films for QCM measurements.    

Polydimethylsiloxane (PDMS) 

Thin films of polydimethylsiloxane were produced by dissolving uncured PDMS in 

chloroform (CHCl3, Aldrich, 99+% anhydrous, CAS # 67-66-3).  The uncured PDMS 

(Sylgard ® 184 Silicone elastomer base, Dow Corning) was produced by mixing the silicone 

base with the supplied cross-linking agent in a 10:1 mass ratio.  The base and cross-linking 

agent were then mixed in a small glass vial, using a glass stir rod.  Mixing produced bubbles, 

which were removed by placing the mixture in a vacuum desiccator for ~ 20 minutes.  Once 

no bubbles were present, the chloroform was then added to produce the spin coating solution.  

The solution was then transferred to a syringe and a syringe filter (Polyvinylidene fluoride, 

0.22 μm pore size, Fisher Scientific) was added to remove any particulates present in the 

PDMS upon transfer to the substrate.  Once several drops of the solution were transported to 

the substrate, spinning began at an acceleration rate of 800 rpm per second until the desired 

set point was achieved and then maintained for 60 seconds.  Solutions of 1 % and 0.5 % by 

weight PDMS in chloroform were produced using this procedure and the results of the 

spinning trial are shown in figure 2.8.  For IR absorbance analysis, the conditions used to 

produce films were 1 % PDMS by weight and 6000 rpm for 60 seconds, which resulted in a 

~1.3 μm thick film of PDMS, measured by spectroscopic ellipsometry. 
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Polymer film thickness for QCM Measurements 

In order to investigate the effect of polymer film thicknesses on mass uptake 

behavior, as well as to determine the appropriate polymer film thickness for QCM 

experiments, several films of polyvinyl alcohol (PVA) having thicknesses of 50, 150, and 

300 Å were deposited onto QCM crystals and the mass uptake during the first several ALD 

cycles was recorded.  The results, shown in figure 2.9, show that for a thickness of 50 Å, a 

mass uptake of 70 ng/cm2 was recorded, and samples with 150 Å and 300 Å thick PVA films 

had between 180 and 190 ng/cm2.  These measurements indicate that there is a thickness 

dependence for mass uptake on films less than 150 Å.  Samples with 150 and 300 Å of PVA 

had nearly identical mass uptakes during the first ALD cycle.  This indicates that 150 Å of 

PVA is enough to allow for saturation of the ALD precursors in the polymer at 90°C.  To 

ensure saturation, all following QCM measurements involving polymer films used 300 Å 

films.   

2.3 Atomic layer deposition onto polymer fibers and films 

Melt blown polypropylene ((C3H6)n) nonwoven fiber mats were prepared from 

Sunoco Chemicals Polymers Division, product CP360H (Reported number average 

molecular weight, MN = 58.5 kDa) using a 0.56 meter pilot-scale melt blowing line located 

in the Nonwoven Cooperative Research Center at NC State University.  The PP fibers in the 

resulting nonwoven mat have diameters between 1 m and 10 m, and the overall mat 

thickness is ~0.3 mm.  Polypropylene films were prepared by dissolving 1 wt.% PP in 
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decahydronaphthalene (C10H18, Decalin, cas number: 91-17-8) at 165 °C for 1 hour.  

Approximately 80 μl of the solution was then dispensed onto a heated substrate and spuncast 

at 3000 rpm for 1 min to evaporate the solvent.  Ellipsometry analysis (Alpha SE, J.A. 

Woollam) of the spuncast PP films on silicon showed the film thickness to be ~30 nm. 

Polyvinyl alcohol ((C2H4O)n) solutions for electrospinning were prepared by mixing 7 

wt.% PVA resin (Aldrich Chemistry, Mowiol® 40-88, MWn = 112 kDa) in deionized (DI) 

water at 60 °C overnight.  Prepared solutions were stored at 8 °C until use.  The 

electrospinning apparatus was based on a point-plate configuration and included a precision 

syringe pump (Harvard Apparatus, Holliston, MA) that operated at a flow rate 0.5 ml/hr.  

The high-voltage power supply (Gamma High Voltage Research, model D-ES30 PN/M692 

with a positive polarity) operating voltage was approximately 12 kV at a tip-to-collector 

distance of 15 cm.  The solutions were loaded into 10 mL syringes with luer-lock 

connections fitted to 2 inch long, 22-gauge blunt tip needles.  A continuous random 

nonwoven fiber mat was collected on an aluminum foil-covered stainless steel flat collector 

plate for 400 minutes, resulting in a typical fiber diameter of 250 nm.  Polyvinyl alcohol 

films were prepared by dissolving 2 wt.% PVA in DI water.  Approximately 80 μl of the 

solution was then dispensed onto a substrate and spuncast at 2000 rpm for 1 min, resulting in 

films ~30 nm thick (from ellipsometry).  

Polyamide-6 ((C6H11N)n) fibers (typically 10μm diameter) were used as received 

from Allaso Industries.  Polyamide-6 thin films were produced by dissolving 1 wt.% PA-6  
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(Ultramid(R) B27 02, BASF MWn≈16 kDa) in formic acid (Fluka Analytical, ~98% purity, 

2% H2O).  Approximately 80 μl of the solution was then dispensed onto a silicon or quartz 

substrate and spuncast at 6000 rpm for 1 min., also resulting in a film ~30 nm thick. 

2.4 Carbon Nanotube Chemical Vapor Deposition 

Chemical vapor deposition of carbon nanotubes was performed in a hot wall, 48” 

long, 1.5” diameter quartz tube furnace (model F79440, Barnstead-Thermolyne) equipment 

with a temperature controller (Eurotherm, model 808). The carbon source was ethanol (200 

Proof, Aaper Alcohol and chemical company) placed in a glass bubbler that was chilled to 0 

°C in order to limit the amount of ethanol transported to the reactor by the carrier gas.   The 

carrier gas was nitrogen (99.999%, National Welders) and the flow rate (0.75 slm) was 

maintained by a mass flow controller (MKS).  The reactor effluent was sampled by a residual 

gas analyzer (RGA) to determine the concentration of gasses in the reactor and identify 

conditions appropriate for CNT forest growth.  A diagram of the reactor is shown in figure 

2.10.  The RGA proved valuable as later attempts to repeat experiments described here and 

conducted at IBM’s T.J. Watson research lab, were challenging in Parsons lab at NC State 

University in a very similar CVD reactor, due to a lack of in-situ gaseous species analysis.   

For CNT synthesis, the substrates with deposited catalyst films and buffer layers, 

were placed in the hot wall CVD reactor with a residual gas analyzer (RGA) shown in figure 

2.10 and allowed to sit in the cold zone under 750 sccm of N2, while air was purged out of 

the system.  After the concentration of O2 and water dropped to background levels, the flow 
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of N2 was diverted through the chilled ethanol bubbler and ethanol vapor was introduced into 

the reactor.  Upon reaching the appropriate consistent growth conditions determined by the 

output of the RGA, usually within minutes, the sample was moved into the hot zone via a 

magnet on the outside of the reactor and CNT growth began.  After the designated growth 

time, the ethanol flow was turned off.  When no appreciable amount of ethanol products were 

measured by the RGA, the sample was removed from the hot zone with the magnet, and was 

allowed to cool to near room temperature before removing it from the reactor.  Experiments 

involving the growth of carbon nanotubes are discussed in detail in chapter seven. 

2.5 Characterization Methods 

2.5.1 Surface energy analysis 

 Surface energy analysis was performed by measuring the contact angle of deionized 

water on the substrate of interest.  The Young equation relates the contact angle of a material 

at an interface between a substrate and a surrounding medium to the balancing of the 

thermodynamic interactions at the three interfaces.  It is given by:                    γsubstrate-water + 

γwater-air cosθ = γsubstrate-air, where γ represents the surface energy of the interface and theta is 

the contact angle a droplet of water forms on the substrate.  For our investigations, the 

material used was deionized water (γwater-air = 73 mJ m2) and the surrounding medium was air.  

Generally, if the material is “wetting”, it is considered hydrophilic and has a low contact 

angle (<90°) and a high surface energy and if the material is hydrophobic, it is considered 

“non-wetting” and has a high contact angle (>90°) and a low surface energy.    
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The Young equation is generally only applicable for planar substrates and 

investigations performed by this author, described in chapter 9 appendix 2 included 

measurements of planar polymers as well as nonwoven fiber structures.  The rough, porous 

nature of the nonwoven structure presents several practical challenges for contact angle 

measurements.  Due to the inherent roughness of the fibrous surface it is difficult to view the 

exact interface between the water droplet and the fibrous substrate.  Glass slides, placed on 

the edges of the substrate were used to flatten the nonwoven mats during measurements.  

Another challenge is that capillary forces can be significant if the nonwoven material is 

hydrophilic and measurements of small contact angles are impossible due to the wicking of 

the water into the porous structure of the nonwoven.  In these cases the contact angle was 

reported as being zero.   

In the case where the fibrous substrate is hydrophobic, it is likely that the water 

droplet only contacts the top of the porous nonwoven mat.  The behavior of the contact angle 

on this kind of surface is governed by the Cassie-Baxter relationship,                    cos θ* = 

ϕsubstrate cos θ - ϕair, where θ* is the contact angle on the rough surface, θ is the contact angle 

on a planar surface of the same material, ϕsubstrate is the faction of the interfacial area in which 

the water is in contact with the substrate, and ϕair is the faction of the interfacial area in which 

the water is in contact with air. The contact angle of the water/air interface is considered to 

be 180°, resulting in an increase of the apparent contact angle as ϕair increases and the surface 

become more rough.  For a system both   cos θ*
 and cos θ are negative, the behavior of the 
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water droplet is considered to be stable.  It is important to note that because of the 

contribution of ϕair it is possible to measure an apparent contact angle greater than 90° 

(hydrophobic) on a rough nonwoven fibrous substrate where a planar substrate of the same 

material would have a contact angle of less than 90° (hydrophilic).  In this case the behavior 

of the water droplet is considered to be meta-stable.   

For the work described in chapters 5 and 9, advancing water contact angles on planar 

and fibrous samples were measured using a Model 200 Rame-Hart contact angle goniometer. 

The advancing contact angle can be defined as the largest contact angle before the size of the 

water/substrate interface increases.  After proper tool alignment, a water droplet was allowed 

to stabilize on the sample for a few seconds.  Then more water was added and measurements 

were recorded as the droplet size increased and the interface between the water droplet and 

the surface of the substrate began to advance. The reported water contact angle values 

correspond to averages from between 10 and 25 measurements of each sample, with typical 

uncertainty (one standard deviation) of less than 10°. Measurements were taken within 1 hour 

or less after deposition in order to reduce possible effects of exposure to ambient lab air. 

Generally only the advancing water contact angle was recorded.  

2.5.2 Electron microscopy 

 Both scanning electron microscopy (SEM), and transmission electron 

microscopy (TEM) were used to characterize sample morphology, as well as film thickness 

and uniformity.  TEM was used to evaluate the growth of the aluminum oxide on the 
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polypropylene and polyamide 6 fibers.  Samples were prepared by embedding the coated 

samples in Spurr low-viscosity epoxy resin (Ladd Research Industries) and allowed to cure 

overnight at room temperature.  The blocks were then trimmed and cut using a Lecia Ultracut 

diamond knife microtome to a thickness of 70 nm. The sections were then floated onto 300 

mesh grids and allowed to dry.  The polyvinyl alcohol fibers were incompatible with both the 

microtome procedure as well as sample preparation by focused ion beam processing.  TEM 

images were obtained using a Hitachi HF-2000 system using a cold field emission electron 

source with an accelerating voltage of 200 kV.  SEM images were obtained from a FEI 

Phenom scanning electron microscope (SEM) which analyzes backscattered electrons and 

operates with a 5 kV accelerating voltage.  A Hitachi S-3200 SEM was used for higher 

resolution imaging. In some cases, coated and uncoated fiber and film samples were sputter 

coated with <50 Å of Au/Pd using a dc magnetron source to reduce charging effects.   

2.5.3 Gravimetric Measurements and Film Growth Model on Fibers 

 In order to better understand the ALD film growth behavior on nonwoven fiber mats 

we obtained spun bond polypropylene fibers from Sara Arvidson who is also an NCRC 

student.  The fiber diameters were 12 µm with a standard deviation of 0.5 µm.  The process 

for producing these fibers is described in detail in chapter 4.    Using the fiber diameter and 

the density of polypropylene  (0.9 g/cm3) we computed the polypropylene’s mass per unit 

length.  We then used the ALD film growth rate measured on planar silicon (0.12 nm/cycle) 
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and the estimated film density of 3.0 g/cm3, to calculate the mass increase as a function of 

number of ALD cycles on the nonwoven.   

To evaluate the ALD film growth behavior samples of spun bond polypropylene 

(approximately 4 inch2) were weighed and then placed into the reaction and exposed to a 

number of ALD cycles.  After the coating was deposited the mass was measured again and 

the mass of the coated sample was compared to that of the uncoated samples.  The results of 

those experiments are shown below in figure 2.11.  The data in on the mass increase of the 

sample after exposure to the ALD process shows good agreement with the model and shows 

and incubation time needed before film deposition occurs is approximately 25 cycles. The 

large disparity in the fiber size (tens of microns) and the thickness of the ALD film 

(nanometers) should be noted and may also be responsible for the reduced measured mass 

compared to the model.  Another system, polyvinyl alcohol electrospun nanofibers were 

chosen to repeat this experiment due to their nanoscale size. 

In order to characterize the ALD film growth behavior on dense electrospun 

nonwoven nanofiber mats, we obtained electrospun polyvinyl alcohol (PVA) fiber.  The fiber 

production process is described in chapter 4, and fiber diameters were 250 nm with a 

standard deviation of 25 nm.  Using the fiber diameter and the density of polyvinyl alcohol  

(1.5 g/cm3) we computed the PVA’s mass per unit length.  We then used the ALD film 

growth rate measured on planar silicon (0.12 nm/cycle) and the estimated film density of 3.0 
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g/cm3 to calculate the nanofiber mat’s mass increase as a function of number of ALD cycles 

on the nonwoven.   

To measure the amount of ALD film growth, samples of electrospun PVA (~1 in2) 

were weighed and then placed into the reactor and exposed to a number of ALD cycles.  

After the coating was deposited, the mass was measured again and the mass of the coated 

sample was compared to that of the uncoated samples.  The results of those experiments are 

shown below in figure 2.12.  The data on the mass increase of the sample after exposure to 

the ALD process shows a somewhat lower growth rate than expected.   This may be the 

result of the removal of absorbed water from the PVA fibers upon insertion into the ALD 

vacuum chamber.  These two measurements highlight the need for in-situ characterization, 

which takes place inside of the reactor during the ALD process. Methods of and 

measurements from in-situ characterization will be described in the following sections. 

2.5.4 In-situ Quartz Crystal Microgravimetry 

 Quartz crystal microgravimetry (QCM) is a common technique used to 

monitor the thickness of a deposited film in thin film deposition processes, and employs the 

same types of quartz crystals used in radio frequency control and timing applications.1 Quartz 

crystals are piezoelectric materials and as such will generate and oscillating voltage across 

themselves when vibrating at their resonant frequency (νr).
1 When connected to an external 

power supply via top and bottom electrical contacts, this oscillating voltage can be amplified 

and used to drive the crystal at its νr.
1 One surface of the crystal is exposed to the flux of 
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incoming vapor from the deposition process, and as film deposition proceeds, the mass on the 

crystal surface increases.  This leads to a decrease in the crystal’s νr .  The frequency of the 

crystal with a deposited film is compared to the νr of a virgin reference crystal, and the 

difference in frequency can be used to calculate the mass of the deposited film via the 

Sauerbrey relationship shown below. 

 

Where Δν is the difference of the frequency of the crystal with mass deposited and the 

original resonant frequency, ρq is the density of crystalline quartz (2.684 g/cm3), μq is the 

shear modulus of the quartz crystal (2.947 x 1011 g cm-1 s-2) and Δm/A is the change in the 

mass on the crystal per area, usually reported in units of ng/cm2.  If the surface area exposed 

to deposition is known then it is simple to calculate the change in mass and use the density of 

the deposited material to convert that change in mass to a change in film thickness.    

 The QCM apparatus generally consists of the crystal itself (SC-101, AT-cut, resonant 

frequency nominally 6 MHz, Inficon) having gold electrodes on the top and bottom surface, 

the crystal holder, into which the crystal is inserted and contacts to the top and bottom 

electrode are made, and the sensor head/feed-through (BSH-150, Maxtek) into which the 

sensor head with the crystal is inserted which allows for the transfer of electrical signals to 

pass to and from the external power supply (SQM-160, Inficon) that allows for computer 

interface to collect frequency data every 0.15 seconds., and water to cool to pass behind the 

crystal holder during deposition.  Pictures of the QCM apparatus are shown in figure 2.13.    
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In order for the QCM apparatus to be compatible with the ALD process, significant  

modification of the apparatus was required with the goal of protecting the electrical 

contacts between the quartz crystal and the crystal holder, as well as the crystal holder and 

the sensor head/feed-through.2 In order to maintain good contact to the top surface of the 

crystal a conductive epoxy (EPO-TEK® P1011, Epoxy Technology) is used to form a gas-

tight electrically conductive seal.  Once the epoxy is added to the crystal holder and the 

crystal is inserted, it requires a bake at 75 °C for 30 minutes followed by 1 hour at 125 °C to 

cure.  To prevent deposition on the back side of the QCM crystal and to protect the electrical 

contacts between the crystal holder and the sensor head, a small hole was drilled through the 

sensor head housing (beneath and behind where the crystal is seated) to allow for the 

continuous flow of an inert purging gas to the back side of the crystal holder during the ALD 

process.  

A diagram showing the QCM arrangement in the flow tube reactor is shown in figure 

2.14.  For some experiments, the quartz crystal surface was coated with a spuncast polymer 

film.  Details of the procedure for producing quartz crystals coated with thin polymer films 

are given in section 2.2.  Particular care was taken to ensure that the temperature of the QCM 

setup was stable within the reactor.  Typically, following the loading of the QCM apparatus, 

the temperature was allowed to equilibrate for several hours (often overnight) before 

collecting QCM data.   
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Once the QCM apparatus was fitted to the reactor, several experiments were 

performed to evaluate processing conditions required to achieve self-limiting ALD growth.  

The first experiment was designed to determine if the Ar carrier gas (National Welders, ultra-

high purity, 99.999%) was sufficiently free of water contamination.  In order to investigate 

the presence and extent of water contamination the frequency change upon a TMA dose was 

recorded following a water exposure, and then after subsequent TMA dosing for several Ar 

purge times.  The hypothesis was that if water contamination is present in the carrier gas, the 

frequency change upon the second sequential TMA exposure should depend on the length of 

the purging step between the first and second TMA doses, as a longer purging time would 

likely deliver more water to the surface than a shorter purge.  The resonant frequency change 

upon TMA dosing after water exposure is ~4.5 Hz.  If no water contamination is present in 

the system, the frequency change should be zero for when dosing TMA following a TMA 

exposure and show no dependence on purging time.  Purge times of 20, 40, and 80 seconds 

were used, and the frequency changes upon the second sequential TMA dose are show in 

figure 2.15.  We found that a TMA exposure following another TMA dose results in resonant 

frequency that does depend on purging time suggesting the presence of water contamination 

in the Ar purge gas.  Following this experiment, the system was fitted with an inter gas 

purifier (Arronex Gate Keeper) which is designed to remove impurities to below parts per 

billion concentration level.  After the purifier was installed, the experiment was repeated and 

there was no change in frequency and mass uptake upon subsequent TMA dosing, shown in 
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figure 2.16.  Mass uptake data recorded by QCM for seven ALD cycles is shown in figure 

2.17.  The resolution of the QCM technique is sufficient that the adsorption during each 

precursor exposure results in a change in the resonant frequency of the QCM crystal, which 

is then converted into a change in mass per unit area.  QCM during ALD of Al2O3 at 60 °C 

and 90°C was performed to determine the effect of reactor temperature on mass uptake 

behavior.  For this experiment, QCM crystals were mounted using the procedure described 

above.  Before the data begins, each QCM crystal substrate is exposed to 100 ALD cycles to 

prepare the surface for film growth.  The frequency response of the QCM crystal was then 

recorded during 100 ALD cycles, converted into mass change data, and plotted in figure 

2.18.  Similar growth rates are measured for both 60 °C and 90°C as expected, and we also 

observed slightly more scatter in the 60 °C data.  Additionally, we also encountered difficulty 

with the stability of the frequency signal over long measurement times.  This could be due to 

contact problems either between the QCM crystal holder and the top surface electrode, which 

is some cases, was covered with a spun-cast polymer film or contact problems between the 

QCM crystal holder and the sensor head/feed-through due to ALD film deposition despite 

inert gas purging, or bugs in the LabVIEW program responsible for reading the frequency 

data from the power supply every 0.15 seconds and writing the frequency along with a 

timestamp to a .txt file.  

In-situ QCM along with in-situ FTIR absorbance was used to determine the effect of 

temperature and polymer chemistry on the ALD film nucleation and deposition behavior on 
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polypropylene, polyvinyl alcohol, and polyamide-6.  That work is discussed in detail in 

chapter 4.   

2.5.5 In-Situ Fourier Transform Infrared Spectroscopy 

Infrared spectroscopy is a powerful tool to study a surface chemistry sensitive 

technique such as ALD.  Because infrared spectroscopy can observe the presence of chemical 

groups at specific group frequencies it is possible to determine the effect of precursor 

exposures during the ALD process on specific chemical groups in the sample and surmise a 

reaction pathway.  This is key to understanding ALD film nucleation and growth behavior, as 

well as possible effects of the ALD process the starting substrate.  However, one limitation of 

this technique is that since ALD films are deposited one monolayer at a time, it is difficult to 

detect a change in the absorbance spectra of a planar substrate.  Several techniques for 

solving this practical problem have been demonstrated such as using an attenuated total 

reflectance (ATR) crystal3, or a high surface area substrate such as an anodic aluminum 

oxide (AAO) membrane4-6, an oxide powder substrate7-9, or a fibrous substrate such as those 

used in chapter 4.     

A diagram showing the FTIR-compatible reactor used for experiments in Parsons lab 

is shown in figure 2.19.  The reaction system is composed of a stainless steel tube 1.5 inches 

in diameter with a resistively heated jacket to achieve the desired temperature.  A controlled 

temperature gradient was maintained along the entire gas flow path to prevent precursor 

condensation.  Ultra-high-purity (99.999%) Argon gas is used as the purge and carrier gas 
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after further purification by a gas filter (DRIERITE Gas Purifier).  To allow for transmission 

of the IR beam through the sample, two single crystal CsI IR windows are attached on the 

sides of the sample area, and two gate valves were installed between the IR window and 

chamber to prevent deposition on the IR windows during ALD precursor exposure.  The IR 

beam is produced by a Nicolet 6700 FTIR system and enters through the CsI IR window to 

impinge on the sample.  The transmitted beam then exits through the second window and is 

focused by a gold parabolic mirror into an external mercury-cadmium-telluride detector with 

type-A sensitivity (MCT-A).  In a typical TMA/water deposition cycle, the TMA and H2O 

was allowed to flow for 5 s, followed by 60 seconds of chamber isolation, during which the 

gate valve to the pump was closed and gas flow was stopped. This isolation step ensured full 

reaction saturation on the substrate, in some cases, polymer surface.  Argon gas is then 

allowed to flow for 120 s to purge the reactor before IR measurement.  Transmission IR data 

was collected under static Ar gas pressure of ~ 7mTorr.  All depositions and spectra 

collection steps were performed with temperature fixed at 90 °C.   

As a control experiment, FTIR transmission studies of Al2O3 ALD were performed 

using anodic aluminum oxide (AAO) membranes (Anodisc), and these substrates were used 

as received.   This substrate is ideal as it provides a high surface area alumina platform for 

ALD film growth.  Data, in the form of differential absorbance measurements is shown in 

figure 2.20.  The alternating methyl and hydroxyl surface chemistry after the TMA and water 

exposures indicate that the ALD Al2O3 process proceeds successfully. 
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High-resistivity polished silicon wafers (Silicon Valley Microelectronics) were used 

as substrates for FTIR characterization of spun-cast polymer films.  Polymer fiber samples, 

which were used in several experiments described in later chapters, were also supported on 

high resistivity silicon wafers for IR measurement. 
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Figure 2.1 ALD Reactor Diagram showing the chamber and precursor ampoules 
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a)  

b)  

Figure 2.2  Precursor saturation curves for TMA (panel a) and water (panel b).  Inert gas purging was held constant and 60 
seconds. 
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Figure 2.3  ALD Al2O3 film thickness as a function of number of ALD cycles, measure by spectroscopic ellipsometry.   
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Figure 2.4  Diagram of pancake ALD reactor design.  This design was abandoned due to issues with uniformity and 
repeatability. 
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Figure 2.5  Polyvinyl alcohol film thickness versus spinning speed for 5.0 % by weight PVA (squares), 1.0 % PVA 
(triangles) and 0.5 % PVA (circles) in deionized water. 
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Figure 2.6  Polypropylene film thickness versus spinning speed for 1.0 % by weight polypropylene in decaline.  Films were 
produced on substrates heated to 165 °C. 
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Figure 2.7  Polyamide-6 film thickness versus spinning speed for 1.0 % by weight polyamide-6 in formic acid. 
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Figure 2.8 PDMS film thickness versus spinning speed for 1.0 % (squares) and 0.5 % (circles) by weight 
 polyamide-6 in formic acid.  Films used for infrared absorbance measurements were ~1.3 μm thick. 
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Figure 2.9  QCM of Al2O3 ALD on PVA showing 25 cycles (panel a), close up of first two cycles (panel b), and 
 the mass uptake as a function of PVA film thickness (panel c) 
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Figure 2.10 Diagram of a Chemical Vapor Deposition (CVD) reactor setup.  Nitrogen gas is bubbled into liquid 
ethanol whose temperature is controlled by a chiller in order to control the amount of ethanol delivered into the 
reactor where CVD of carbon nanotubes is performed in various substrates. 
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Figure 2.11 Plot of the mass increase in the sample upon exposure of a number of ALD cycles for samples of spun bond 
polypropylene.  The black line shows the model’s prediction with error bars representing the variation in fiber diameter.  
The blue data points show measurements of samples after exposure to the ALD process.  The data fits the model for a linear 
increase in sample mass with number of ALD cycles and shows an incubation period of 25 cycles 
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Figure 2.12 Plot of the mass increase in the sample upon exposure of a number of ALD cycles for samples of electrospun 
PVA.  The black points show the model’s prediction.  The red data points show measurements of samples after exposure to 
the ALD process.  Disagreement could be due to the removal of absorbed water from the native PVA nanofibers after being 
inserted into vacuum.   
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Figure 2.13 Images of QCM sensor head (left) and crystal holder (right). 



84  

 

 

 

 

Figure 2.14  Diagram showing the configuration of the ALD system with the QCM sensor head inserted.   
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Figure 2.15  Frequency change during sequential TMA doses measured by QCM.  Data suggests water contamination as 
frequency change is dependant on purge time. 
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Figure 2.16  Mass uptake measured by QCM for sequential TMA doses following installation of inert gas purifier.  
 Data shows no water contamination and saturated growth.   
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Figure 2.17  QCM of the TMA/water Al2O3 ALD process at 90 °C.  TMA and water adsorption can be detected in real time.   

 



88  

 

 

 

Figure 2.18 QCM of TMA/water Al2O3 ALD process at 60 °C and 90 °C.  Shows almost identical growth rate 
, but slightly more scatter in the 60 °C data. 
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Figure 2.19 Diagram of In-Situ FTIR reactor showing IR source, detector and sample orientation 
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Figure 2.20 In-situ differential FTIR spectra collected during two cycles of Al2O3 ALD on an anodic aluminum 
oxide disk at 90 °C.  Features of interest include: OH stretching (3750 and 2830 cm-1), CH3 stretch (2930, 2900, 
2830 cm-1), OH bending (1660 cm-1), CH bending (1210 cm-1), CH3 bending (1190 cm-1), and CH3 rocking 
(690 cm-1).  Alternating surface chemistry of methyl groups after TMA doses and hydroxyl groups after water 
doses is readily observed. 
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CHAPTER 3. Overview of Key Results of the Dissertation 

This dissertation explores the application of atomic layer deposition at low 

temperatures to organic nonwoven fibers as a pathway to achieving nonwovens with desired 

materials properties and increased functionality.  Atomic layer deposition has been shown to 

provide uniform and conformal coatings on each fiber in a nonwoven fiber matrix regardless 

of fiber diameter or density.  This work has been specifically focused on understanding the 

nucleation and film growth behavior during atomic layer deposition on polymers of interest 

for nonwoven materials, as well as the resulting properties of the coated polymer.   

Chapter four discusses, in detail, the application of two in-situ analysis techniques, 

quartz crystal microgravimetry (QCM) and Fourier transform infrared (FTIR) absorbance 

measurements to several polymers during atomic layer deposition of Al2O3 from 

trimethylaluminum (TMA) and water at 60 °C and 90 °C.  The polymers studied were 

polypropylene (PP), polyvinyl alcohol (PVA) and polyamide 6 (PA6).  The PP system 

showed the lowest overall mass uptake (50 ng/cm2) during the ALD process, but the mass 

uptake was dependent on process temperature; specifically the mass uptake was enhanced at 

higher temperatures.  Transmission electron microscopy (TEM) of ALD coated PP fiber 

cross-sections showed that the enhanced mass uptake measured at higher temperature was the 

result of significant sub-surface nucleation of alumina particles.  The FTIR absorbance data 

for PP fibers showed little chemical interaction between the PP and TMA, as expected.   
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For the PVA system, the TMA mass uptake during the first ALD cycle was enhanced 

by a factor of 4 (up to 200 ng/cm2) as compared to the PP system.  The FTIR data later 

confirmed this was due to interaction between the TMA and hydroxyl groups present on the 

PVA polymer.  The PVA system was shown to be only marginally effected by process 

temperature and the mass uptake was nearly identical at 90 °C and 60 °C.   

The PA6 system exhibited the most chemical interactivity with TMA during ALD 

with a mass uptake of ten times that of the PVA system (~2000 ng/cm2).  The FTIR 

absorbance measurements showed significant interaction between TMA and the amide 

bonding units in PA6 and a reaction mechanism similar to Grignard chemistry was proposed.  

QCM and TEM measurements showed that the PA6 system was the least effected by process 

temperature and sharp well-defined interfaces between the ALD film and the PA6 polymer 

were observed.  In addition to the standard ALD processing, PA6 was also exposed to 

extended TMA exposures and then imaged with TEM.  The result was a significantly thicker 

contrast region with a more graded interface visible in the PA6 after TMA exposure, 

compared to PA6 fibers exposed to the standard ALD process.  It was originally 

hypothesized that PVA would show the most reactivity due to the high concentration of 

reactive hydroxyl groups present.  However, we now hypothesize that the lower 

concentration of reactive sites in PA6 allow for TMA to diffuse into the polymer’s near 

surface region to react with buried amide groups. The precursor soaking experiments 

described above and in more detail in chapter four showed that TMA could diffuse and react 
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with sub-surface amide groups in PA6.  In addition to this phenomenon, the high 

concentration of hydroxyl groups in PVA cause chemisorbed TMA molecules to hinder the 

diffusion of additional unreacted TMA, as well as act to quickly nucleate a continuous ALD 

film which would inhibit further precursor penetration during subsequent dosing.   

This work illustrated the benefits of in-situ analysis techniques in the study of gas 

phase deposition of inorganic films by ALD on organic materials.  The in-situ QCM proved 

valuable in examining the effect of process temperature on mass uptake as well as  each 

polymer’s relative reactivity with TMA.  The in-situ FTIR absorbance measurements also 

proved valuable by allowing reaction mechanisms between polymer and ALD precursor to be 

probed and described.   

Chapter five studied the effect of the Al2O3 ALD process and ultraviolet with ozone 

(UVO) pretreatment on the wetting properties of polydimethylsiloxane (PDMS).  It was 

shown that the ALD process is able to create a hydrophilic surface on PDMS, but as with 

other treatment techniques (UVO, O2 plasma exposure, etc.) the PDMS surface is restored to 

a low surface energy state over 24-48 hours, even when samples are stored in an inert gas 

(N2) environment.  In-situ FTIR absorbance measurements were used to probe the 

interactions between the precursor and PDMS, and results highlighted the effect of UVO 

pretreatment prior to ALD processing on subsequent ALD film growth.  The FTIR spectra 

showed TMA penetration in the virgin PDMS material, similar to results obtained for PP 

(chapter 4).  The similar TMA penetration results in PP and PDMS are likely related to the 
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lack of reactive chemical species in these two materials.  FTIR spectra of UVO treated 

PDMS showed no penetration, likely do to enhance Al2O3 film nucleation due to the creation 

of surface hydroxyl groups by the UVO process.  Reports of nano-laminate Al2O3/ZrO2 ALD 

films show increased gas diffusion barrier performance over single component Al2O3 ALD 

films of the same thickness.  Future work aimed at successfully achieving a stable 

hydrophilic surface on PDMS may benefit from this technique.  Additionally techniques to 

store coated samples in a hydrocarbon-free environment in combination with surface 

elemental analysis may lead to a better understanding of the ALD film’s performance as a 

diffusion barrier for PDMS oligomer material.  

Chapter six focuses on the effect of the ALD process on the mechanical response, via 

tensile measurements, of several types of PP fibers; single 12 μm fibers, as well as 

meltblown and spunbond nonwoven mats.  The PP single fibers exposed to the ALD process 

showed a marginally enhanced yield stress, elastic modulus and tenacity.  The meltblown 

fiber mats exposed to low temperature (50 °C) ALD process also showed enhanced yield 

stress and modulus.  The meltblown samples exposed to higher temperature (90 °C) ALD 

processing had poorer mechanical properties over the virgin fiber mats.  The effect of the 

ALD process on the mechanical response of the spunbond nonwoven mats was not apparent.  

While the affect of ALD treatments on mechanical properties of polypropylene fibers was 

minimal, vapor phase modification of other, more reactive fiber materials may prove 

valuable for increased toughness and resiliency.  The significant interaction between PA6 
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and may suggest a pathway to further enhance the mechanical properties of this PA6 fibers 

which are used in applications required high-strength fibers such as tire chord.    

Chapter seven discusses the first work in the author’s graduate career, which focused 

on carbon nanotube chemical vapor deposition.   Vertically aligned forests of carbon 

nanotubes were grown using iron and cobalt catalyst systems at different temperatures to 

determine apparent activation energies for carbon nanotube growth.  Results indicated that 

thin (0.5 nm) iron films on Al2O3 buffer layers had lower activation energy over thicker (2 

nm) films.  Atomic force microscopy (AFM) showed that upon annealing at the CNT growth 

temperature, the thinner iron film resulted in smaller, more dense arrays of catalyst particles.  

The activation energy of the 0.5 nm Co system was also shown to be significantly lower than 

for both iron catalyst systems, suggesting that Co may be a better candidate for low-

temperature carbon nanotube growth.  Our results were consistent with previous reports of 

activation energies of CNT CVD from similar systems. 
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Abstract 

Fundamental reaction processes between vapor-phase chemical precursors and high 
molecular weight polymers are important for polymer coating, encapsulation and surface 
modification.  Using trimethylaluminum and water in an atomic layer deposition (ALD) 
exposure sequence, reactions between vapor-phase trimethylaluminum and common 
polymers with different substituents are quantified using in-situ infrared transmission 
analysis. Exposing polypropylene to trimethylaluminum results in reactant uptake with 
minimal precursor/polymer reaction, but the precursor/water ALD sequence leads to 
subsurface alumina nucleation.  A similar treatment to polyvinyl alcohol and polyamide-6 
result in rapid precursor diffusion and reaction observed by IR, and the extent of reaction is 
consistent with results from in-situ quartz crystal microgravimetry and transmission electron 
microscopy. Reacting trimethylaluminum with polyamide-6 polymer leads to methyl group 
insertion into the amide carbonyl group and interaction with the hydrogen-bonded amine 
units. Multiple ALD reaction cycles produce film coatings on all polymers studied, but the 
coating structure depends strongly on the starting polymer composition. For the weakly 
interacting polypropylene, cross-sectional transmission electron microscopy demonstrates 
enhanced sub-surface growth at 90 °C as compared to that at 60 °C, while images of coated 
polyamide-6 fibers showed that growth is not strongly temperature dependent in that range. 
Micrograph images of polyamide-6 samples exposed to extended TMA doses revealed 
significant modification of the fiber surface region, demonstrating that the precursor could 
diffuse and react to depths in excess of 100 nm into the surface of the polymer at 90 °C.  
Improved understanding of specific precursor/polymer reaction pathways can be important to 
optimize the performance of conformal inorganic thin film coatings on polymers.  
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4.1 Introduction 

Specialized applications of organic polymer film and fiber materials are expanding 

the need for well defined and controlled inorganic thin film coatings.  A few important 

applications where inorganic thin film coatings can add function and longevity to polymer 

films and fibers include passivation and encapsulation layers for organic photovoltaics and 

light emitting diodes,1 food and medical packaging barriers,2 nanofiber coatings for chemical 

separations and protective systems,3, 4 and surface modification for bioengineering and 

biocompatibility.4-6  For many material systems, the function and performance of the 

inorganic coating depends on the nature of the resulting polymer/inorganic interface.  The 

detailed structure of the interface is determined largely by the chemical or physical process 

used for inorganic film deposition, as well as the specific chemical interactions between 

depositing species and the polymer surface or chain.7-11   While studies addressing properties 

and performance of thin film inorganic coatings on polymers are widely found, detailed 

investigations of the chemical reaction mechanisms between the polymer and the vapor-

phase deposition species are less common.7-11 Understanding the chemical reaction pathways 

enables the interface to be better defined and controlled. In addition, surface reaction control 

can also enable direct formation of useful structures.  For example, patterns of self-assembled 

organic monolayers with designed surface termination can spatially-define sites to promote12 

or impede13-15 film nucleation and growth, producing self-patterned films for electronic 

devices or other pre-determined function. 
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 Plasma processes generate reactive radicals and ions in the gas phase that function to 

modify or coat polymers, or activate nonreactive surfaces to promote film nucleation. 1, 2, 16, 17   

However, plasma-generated radicals and ultraviolet radiation can also act to break down and 

degrade polymers.   Recent interest18-26 is turning to atomic layer deposition (ALD) for 

inorganic film growth on polymers because it can produce well defined conformal coatings at 

low deposition temperatures using thermally-driven reactions. Atomic layer deposition 

involves a binary sequence of self-limiting reactions that produces a highly conformal film 

with precise thickness control at low deposition temperatures.  The conformality and 

precision of ALD coatings also makes the process interesting for coating polymer fibers and 

fiber mats with high surface area.27-30 

This study focuses on chemical reactions that occur upon vapor-phase metal organic 

precursor exposure during low-temperature atomic layer deposition on reactive and non-

reactive polymer surfaces.  Several common polymers with different substituents were 

chosen to quantify distinct reaction mechanisms.   Results show, for example, that cast 

polyamide-6 (PA-6) thin films with reactive amide bonding units, hydrogen bonding between 

polymer chains, and affinity for water absorption, undergo rapid reaction with 

trimethylaluminum (TMA) at 90 °C. The mass uptake in polyamide-6 during TMA exposure, 

measured using in-situ quartz crystal microgravimetry analysis, is 10 larger than for similar 

exposures on polyvinyl alcohol (PVA) films containing reactive hydroxyl bonding units.  

Polypropylene (PP) films lacking reactive functional groups show smaller mass uptake 
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during TMA exposure, similar to that measured during Al2O3 ALD on dense Al2O3 

substrates.  The mass uptake observed on PP, however, is more sensitive to deposition 

temperature than the other polymers investigated.    In-situ infrared transmission during the 

ALD reaction sequence on polymer films and fibers permits chemical mechanisms associated 

with polymer/precursor interaction to be probed and quantified, and the mechanisms 

identified are consistent with the mass uptake analysis performed using quartz crystal 

microbalance.  

An improved understanding of initial reactions during vapor phase ALD reaction 

processing, including more clearly defined conditions for inorganic film nucleation on 

polymers, are expected to help improve the viability and function of inorganic coatings and 

surface modification of polymer films and fibers for advanced applications, including control 

of polymer reactivity, wettability, and chemical affinity and adhesion. 

4.2 Experimental Materials and Methods 

Preparation of Polymer Fibers and Films   

Melt blown polypropylene ((C3H6)n, Tg≈-10°C)  nonwoven fiber mats were prepared 

from Sunoco Chemicals Polymers Division, product CP360H (Reported number average 

molecular weight, MWn = 58.5 kDa) using a 0.56 meter pilot-scale melt blowing line located 

in the Nonwoven Cooperative Research Center at NC State University.  The PP fibers in the 

resulting nonwoven mat have diameters between 1 m and 10 m, and the overall mat 

thickness is ~0.3 mm.  Polypropylene films were prepared by dissolving 1 wt.% PP in 
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decahydronaphthalene (C10H18, Decalin, cas number: 91-17-8) at 165 °C for 1 hour.  

Approximately 80 μl of the solution was then dispensed onto a heated substrate and spuncast 

at 3000 rpm for 1 min to evaporate the solvent.  Ellipsometry analysis (Alpha SE, J.A. 

Woollam) of the spuncast PP films on silicon showed the film thickness to be ~30 nm. 

Polyvinyl alcohol ((C2H4O)n, Tg≈85°C) solutions for electrospinning were prepared 

by mixing 7 wt.% PVA resin (Aldrich Chemistry, Mowiol® 40-88, MWn = 112 kDa) in 

deionized (DI) water at 60 °C overnight.  Prepared solutions were stored at 8 °C until use.  

The electrospinning apparatus was based on a point-plate configuration and included a 

precision syringe pump (Harvard Apparatus, Holliston, MA) that operated at a flow rate 0.5 

ml/hr.  The high-voltage power supply (Gamma High Voltage Research, model D-ES30 

PN/M692 with a positive polarity) operating voltage was approximately 12 kV at a tip-to-

collector distance of 15 cm.  The solutions were loaded into 10 mL syringes with luer-lock 

connections fitted to 2 inch long, 22-gauge blunt tip needles.  A continuous random 

nonwoven fiber mat was collected on an aluminum foil-covered stainless steel flat collector 

plate for 400 minutes, resulting in a typical fiber diameter of 250 nm.  Polyvinyl alcohol 

films were prepared by dissolving 2 wt.% PVA in DI water.  Approximately 80 μl of the 

solution was then dispensed onto a substrate and spuncast at 2000 rpm for 1 min, resulting in 

films ~30 nm thick (from ellipsometry).  

Polyamide-6 ((C6H11N)n, Tg≈50°C) fibers (typically 10μm diameter) were used as 

received from Allaso Industries.  Polyamide-6 thin films were produced by dissolving 1 wt.% 
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PA-6  (Ultramid(R) B27 02, BASF MWn≈16 kDa) in formic acid (Fluka Analytical, ~98% 

purity, 2% H2O).  Approximately 80 μl of the solution was then dispensed onto a silicon or 

quartz substrate and spuncast at 6000 rpm for 1 min., also resulting in a film ~30 nm thick. 

Atomic Layer Deposition Reactor and Process 

Atomic layer deposition of aluminum oxide was performed in a custom hot wall 

reactor system using sequential exposures to trimethylaluminum (TMA, 98% purity, STREM 

chemical) and water (UV-deionized). Ultra-high purity argon gas, further purified by an 

Aeronex gatekeeper inert gas purifier, is used as a reactant carrier gas and to purge the 

reactor between exposure steps.   The reaction chamber consists of a stainless steel tube 1.5 

inches in diameter and ~24 inches long, equipped with external resistive heaters modulated 

using a temperature controller (Eurotherm, model 808).  Precursor and reactant gases are 

introduced at the end of the tube reactor via separate, heated 0.25 inch stainless steel gas 

lines.  The system is brought to vacuum via a rotary mechanical pump and pressure is 

monitored using a convectron gauge (Granville-Phillips).  The system operates at ~1.5 Torr 

with a gas flow rate of approximately 200 standard cubic centimeters per minute (sccm).  

Typical precursor dose and purge times were TMA/Ar/H2O/Ar = 1.2/40/1.2/50 seconds, 

which corresponds to a single ALD cycle.  One hundred ALD cycles at 60 °C on an oxide-

coated silicon substrate produced a film that was 112 Å thick (as determined by 

ellipsometry), corresponding to a growth rate of ~1.1 Å/cycle.      
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In situ quartz crystal microgravimetry (QCM) was used during ALD to characterize 

mass changes during reactant exposure steps. Quartz crystals (SC-101, resonant frequency 

nominally 6 MHz) were obtained from Inficon and used as received.  A diagram of showing 

the QCM arrangement in the flow tube reactor is shown in Figure 1a.  For some experiments, 

the quartz crystal surface was coated with spuncast polymer film.  The QCM crystal was 

mounted to the sensor head (Maxtek BSH-150) and vacuum sealed into the reaction chamber. 

The sensor head was modified to allow inert gas purging (~ 10 sccm) to the backside of the 

QCM crystal to prevent film deposition near the electrical contacts to the crystal.  The QCM 

sensor head was connected to a crystal thickness monitor (Inficon SQM-160) which allows 

for computer interface to collect a frequency signal every 0.15 seconds.  Particular care was 

taken to be sure that the temperature of the QCM setup was stable within the reactor.  

Typically, following the loading of the QCM crystal, the temperature was allowed to 

equilibrate for several hours (often overnight) before collecting QCM data. Some of the 

polymer coated QCM crystals occasionally gave intermittent signals, especially after 

exposure to many ALD cycles, due to the challenge of securing good electrical contact to the 

polymer-coated crystal in the QCM housing and the ability of the ALD coating to penetrate 

into the contact region on these samples.  

The polymer fibers and films were also exposed to ALD reactant species in a separate 

custom built, viscous flow vacuum reactor equipped with in-situ transmission FTIR 

capability.   A diagram showing the sample configuration in the FTIR-compatible reactor is 
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shown in Figure 1b.  The reaction system is composed of a stainless steel tube 1.5 inches in 

diameter with a resistively heated jacket to achieve the desired temperature.  A controlled 

temperature gradient was maintained along the entire gas flow path to prevent precursor 

condensation.  Ultra-high-purity (99.999%) Argon gas was used as the purge and carrier gas 

after further purification by a gas filter (DRIERITE Gas Purifier).  To allow for transmission 

of the IR beam through the sample, two single crystal CsI IR windows are attached on the 

sides of the sample area, and two gate valves were installed between the IR window and 

chamber to prevent deposition on the IR windows.  The IR beam produced by a Nicolet 6700 

FTIR system enters through the CsI IR window and impinges on the sample.  The transmitted 

beam then exits through the second window and is focused by a gold parabolic mirror into an 

external mercury-cadmium-telluride detector with type-A sensitivity (MCT-A).  In a typical 

TMA/water deposition cycle, the TMA and H2O was allowed to flow for 5 s, followed by 60 

seconds of chamber isolation, during which the valve to the pump was closed and gas flow 

was stopped. This isolation step ensured full reaction saturation on the polymer surface.  

Argon gas was then allowed to flow for 120 s to purge the reactor before IR measurement.  

Transmission IR data was collected under static Ar gas pressure of ~ 7mTorr.  All 

depositions and spectra collection steps were performed with temperature fixed at 90 °C.  As 

a control, FTIR transmission studies of Al2O3 ALD were performed using anodic aluminum 

oxide (AAO) membranes (Anodisc), and these substrates were used as received.   High-

resistivity polished silicon wafers (Silicon Valley Microelectronics) were used as substrates 
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for FTIR characterization of polymer films.  Polymer fibers were also supported on high 

resistivity silicon wafers for IR measurement. 

Transmission Electron Microscopy 

Cross-sectional transmission electron microscopy (TEM) was used to evaluate the 

growth of the aluminum oxide on the polypropylene and polyamide-6 fibers. Coated fiber 

samples were embedded in Spurr low-viscosity epoxy resin (Ladd Research Industries) and 

allowed to cure overnight at room temperature.  The resulting solid blocks were then 

trimmed and cut using a Lecia Ultracut diamond knife microtome to a thickness of 70 nm. 

The sections were then floated in water onto 300 mesh grids and allowed to dry.  

Transmission electron microscopy of coated PVA fibers was not feasible because the fiber 

material is highly soluble in water and therefore was incompatible with the water-based 

microtome and focused ion beam sample preparation methods.31 The TEM images of PA-6 

and PP coated fibers were obtained using a Hitachi HF-2000 system using a cold field 

emission electron source with an accelerating voltage of 200 kV.  Because of the difference 

in mechanical response of the epoxy, fiber, and coating, shearing can occur during the 

microtome process resulting in void formation and thin film cracking which are visible in the 

resulting TEM images.  Cross-sectional samples of Al2O3 coated PP fibers prepared by 

focused ion beam processing and imaged by SEM (images not shown) did not show cracking 

in the aluminum oxide films.   
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4.3 Results & Discussion 

A. In-situ analysis of ALD Al2O3 film growth on Al2O3 

To better understand chemical processes during Al2O3 ALD on polymers, we first 

applied our in situ characterization tools to examine Al2O3 ALD on Si and Al2O3 surfaces. 

Figure 2a shows the mass uptake measured using in-situ QCM during sequential exposures to 

TMA and H2O separated by Ar gas purge steps.  To prepare the Au-coated quartz crystal 

surface before data collection, the surface was exposed more than 100 cycles of Al2O3 ALD 

(film thickness ~10 nm).  Figure 2b shows the mass uptake in ng/cm2 plotted versus data 

collection time for 100 ALD cycles at 60 °C and 90 °C. The mass uptake rate is linear with 

time and average values of the data points shown in Figure 2b are 53.5 ± 3.5 ng/cm2 per 

cycle at 90 °C, and 58.6 ± 5.0 ng/cm2 cycle at 60 °C, consistent with previous reports.32-34  

The uncertainties represent the standard deviation of 100 measured values.  The mass uptake 

is constant through the film growth and nearly the same at the two temperatures studied, with 

somewhat larger scatter in the data collected at 60 °C.  

Figure 3 shows FTIR differential spectra collected during two ALD Al2O3 cycles at 

90 °C on an anodic aluminum oxide membrane substrate.  Key features of interest include the 

broad Al-OH mode between 3750 cm-1 and 2900 cm-1 and the methyl stretching bands at 

2930 cm-1, 2900 cm-1, and 2830 cm-1.  Features near 1660 cm-1 and 1210 cm-1 correspond to 

bending modes of surface physisorbed water molecules35 and C-H bending modes, 

respectively.  When the Al2O3 growth surface was exposed to TMA, the Al-OH absorbance 
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decreased, and the methyl band intensity increased.  A decrease in the water mode and an 

increase in the methyl bending feature are also noted.  During the subsequent water dose, 

hydroxyl bands increased and C-H modes decreased in intensity, consistent with expected 

ALD surface reaction sequence.35, 36  

B. In-situ Mass Uptake Analysis on Polymer Films. 

For several experiments, QCM crystals were spin-coated with a polymer film and 

initial mass uptake was measured on the untreated polymer under the same deposition 

conditions used for the data in Figure 2.  Figure 4a shows the resulting mass uptake in ng/cm2 

plotted versus time during the first 5 Al2O3 ALD cycles on a QCM crystal coated with ~30 

nm of PVA and PP.  The data from Figure 2 for mass uptake on an Al2O3 coated crystal is 

also reproduced at higher resolution in Figure 4a as a reference.  The mass uptake during the 

TMA exposure step on PVA is significantly larger than that measured for the same exposures 

on Al2O3 or virgin PP surfaces.  Several mass uptake experiments were performed using 

different thicknesses of PVA coatings on the QCM crystal.  A PVA layer ~5 nm thick 

showed less mass uptake whereas a ~15 nm PVA film showed mass uptake similar to the 

data for the ~ 30 nm film shown in Figure 4a.  This result indicates that the ~30 nm PVA film 

was sufficiently thick that the TMA uptake during the 1.2 second exposure did not saturate 

the film.  Figure 4b shows mass uptake results recorded using a QCM crystal coated with 

~30 nm of PA-6 alongside the control data for ALD on Al2O3. The PA-6 shows a much 

larger mass gain during the first ALD cycle than for deposition on Al2O3 or on PVA.   
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The mass gain during each TMA exposure cycle on PP, PVA, and PA-6 was recorded 

over the initial 25 ALD cycles at 60 °C and 90 °C, and results are shown in Figure 5a-c for 

deposition on PP, PVA, and PA-6 respectively.  Over the initial 25 cycles on PP at 60 °C, the 

mass gain per ALD cycle remains nearly constant at 35 ng/cm2/cycle, whereas at 90 °C the 

mass gain increases to 62 ng/cm2/cycle by the 25th cycle.  This trend is ascribed to TMA 

diffusion and reaction with water in the near-surface region of the PP during the early growth 

cycles, followed by increased mass uptake during subsequent cycles as aluminum oxide 

deposits onto surface and subsurface aluminum oxide nuclei.  The growth on PVA in Figure 

5b demonstrates a large mass uptake during the first ALD cycle, followed by a nearly 

constant mass uptake.  Some enhanced mass uptake is also observed at 90 °C versus 60 °C 

on PVA, similar to the trend observed on PP.   Data in Figure 5c shows that the large mass 

uptake on PA-6 proceeds over the first 5 cycles at both 60 and 90 °C, then continues nearly 

independent of temperature.   

C.  In-situ FTIR analysis of precursor-polymer interaction 

Figure 6 shows in-situ FTIR differential absorbance spectra collected during two 

ALD aluminum oxide cycles on nonwoven melt-blown PP fibers at 90 °C.  A reference 

absorbance spectrum of the virgin PP fibers is also shown, and absorbance scales are 

included for the substrate and difference spectra.  A nonwoven fiber mat presents a useful 

surface for direct IR transmission analysis of conformal ALD growth because the surface 

area of the fiber mat is larger than a planar cast or spin-coated film, and the density of the 
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nonwoven mat can be readily adjusted.5 Vibrational modes37 associated with polypropylene 

include –CH2 scissors at 1452 cm-1, -CH3 deformation at 1375 cm-1, C-C stretching + –CH3 

rocking + C-H bend at 1166 cm-1,  and –CH3 rocking + CH bending at 997 cm-1, –CH3 

rocking + C-C stretching at 971 cm-1, and CH2 rocking near 841 and 810 cm-1.  Modes near 

1550 and 1640cm-1 are ascribed to some oxidation of the polypropylene backbone resulting 

in blue shift of the C-H scissors deformation and combination modes. This is also consistent 

with weak features near 1200 cm-1 associated with C-O stretching.   

After exposing the fiber mat to TMA during the first ALD cycle, changes in the 

spectrum are observed.  Note that the signal for the difference spectra is multiplied by a 

factor of 100 compared to the starting fiber spectrum.  The CH3 mode at 1375 cm-1 shows a 

small increase, and new modes appear at 1437 cm-1, 1190 cm-1, and 706 cm-1. Vibrational 

data from TMA adsorbed on Si(100) indicate that these modes are due to CH3 rocking, and 

CH3 symmetric and asymmetric deformation, respectively,38 and are consistent with TMA 

present on or within the polymer fiber structure.  The most noticeable change upon TMA 

exposure is the oscillatory shape in the difference spectra between 1450 and 1600 cm-1. 

These features are ascribed to the shift of CH2 bending modes to higher wavenumber that 

occur when TMA penetrates into the polymer network. In this process, the electrophilic 

TMA will induce a polarization that strengthens the C-H bonds resulting in a blue shift.  The 

CH2 rocking modes near 800 cm-1 undergo similar changes upon TMA exposure.  Upon 

water exposure, the Al-CH3 features at 1437 cm-1, 1190 cm-1, and 706 cm-1 decrease in 
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intensity, and the changes between 1450 and 1600 cm-1 and near 800 cm-1 indicate a reversal 

in the mode shifts observed in the previous TMA exposure step. Similar intensity oscillations 

are observed in Figure 6 after the second TMA and water exposure cycles. Ferguson et al. 18 

observed similar oscillatory shifts in CH2 modes in polyethylene upon exposure to TMA/H2O 

ALD cycles.  In addition, TMA exposure to C-10 alkane ((CH2)10-COOH) self assembled 

monolayers on silicon39 also produced derivative-shaped features at 1467 cm-1 which could 

also be ascribed to CH2 mode shifts upon reversible TMA penetration into the monolayer.  

The oscillations in mode intensity, with little change in chemical structure observed in the IR 

data after one TMA/H2O exposure cycle further indicate minimal chemical interaction 

between polypropylene and TMA.   

Exposing PVA and PA-6 fibers and films to TMA resulted in significant changes in 

the IR spectra consistent with reaction. Figure 7a shows in-situ FTIR differential spectra 

collected during two ALD Al2O3 cycles on PVA electrospun nanofibers at 90 °C.  The 

spectrum of the virgin PVA electrospun nanofibers and the absorbance scale bars are also 

shown.  Characteristic modes37 associated with PVA include a large associated O-H stretch at 

3380 cm-1, CH2 asymmetric stretch at 2910, and C=O stretch at 1736 cm-1 due to the 

presence of acetate groups.  Modes between 1500 and 1100 include CH2 and O-H 

deformation at 1435 cm-1, CH3 symmetric deformation at 1374cm-1, C-O (acetate) stretching 

at 1246 cm-1 and C-O (alcohol) stretching at 1096 cm-1.  Upon TMA exposure, negative-

going features correspond to decrease in O-H stretching, C=O stretching, O-H bending, and 
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acetate-related C-O stretching modes at 1246 cm-1. These changes are consistent with TMA 

reacting with O-H and C=O bonding units.  Similar to the PP case, new modes appear at 

1200 and 700 cm-1 indicating the presence of Al-CH3. The Al-CH3 rocking mode expected 

near 1437 cm-1 is obscured by the O-H bending feature.  A derivative-shaped feature is also 

observed in the C-H2 stretching region near 2929 cm-1.  This is again consistent with TMA 

interacting with the polymer producing a blue shift in C-H vibrations.  Any changes in the C-

H2 bending region near 1450 cm-1 are hidden by the relatively larger changes in the O-H 

bending modes.  Water exposure led to a small increase in -OH features and a decrease in Al-

CH3 group intensities near 1200 and 700 cm-1.  The water also appears to remove C-H2 

stretching modes, as opposed to the reversible change observed in PP, again consistent with 

reaction between PVA and TMA. Changes in the acetate impurity features near 1736 cm-1 

are also noted.   Repeating the TMA/H2O cycle produced similar changes with smaller 

changes in intensity.  The significant decrease in OH related absorbance upon the first TMA 

exposure is consistent with the large initial mass uptake observed with in-situ QCM observed 

in Figure 4a.  Minimal reactivity upon water exposure indicates that the TMA reacts nearly 

completely in the previous step with surface hydroxyl groups.  This is also consistent with 

the QCM data in Figure 4a that shows minimal mass uptake after water exposure during the 

first ALD cycle on PVA. 

Figure 7b shows in-situ FTIR results collected at 90 °C after similar TMA and water 

exposures on a 30 nm thick planar PVA film cast onto a high resistivity silicon substrate.  
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The spectrum of the virgin PVA film and the absorbance scale bars are also shown.  The 

spectra show the same characteristic modes as the PVA fibers. Upon the first TMA exposure, 

data in Figure 7b shows a decrease in the -OH signal intensity, but as expected for the 

smaller surface area available on a film relative to a fiber, the sensitivity to changes in mode 

signal is significantly reduced compared to the fiber substrates.   

A silicon wafer coated with a ~30 nm thick PA-6 film was also exposed to Al2O3 

ALD cycles at 90 °C and characterized by FTIR.  The resulting differential absorbance 

spectra are shown in Figure 8.  The absorbance of an uncoated PA-6 film shows 

characteristic peaks associated with hydrogen bonded N-H stretching at 3304 cm-1, the C-H2 

asymmetric and symmetric stretching features at 2930 and 2860 cm-1, and the amide I (C=O 

stretch) feature at 1640 cm-1. The amide II (N-H bend/C-N stretch) and amide III (N-C=O 

skeletal vibration) bands are also present at 1541 cm-1 and 1280 cm-1, respectively.40   

Exposing the PA-6 film to TMA produced significant changes in the IR modes, showing 

TMA is much more reactive with PA-6 than it is with PVA and PP.   This is consistent with 

the large mass uptake during TMA exposure to the PA-6, as shown in the QCM results in 

Figure 4.  Upon TMA exposure, the N-H feature at 3304 cm-1 and amide I feature at 1640 

cm-1 decreased in intensity.  The TMA exposure also affected the C-H stretching modes and 

produced visible methyl rocking and deformation modes at 1437 cm-1, 1190 cm-1 and 690 

cm-1.   Changes are also noted when the TMA-exposed sample is subsequently exposed to 

H2O.   Water exposure removed the Al-CH3 features and produced an increase in Al-O 



CHAPTER 4 is a reprint of a manuscript published in the Journal of Materials Chemistry 

114  

stretching modes in the ~700 cm-1 range.  Interestingly, the N-H stretching mode increased 

after water exposure. The removal of the methyl groups and increase in Al-O are consistent 

with water reaction with Al-CH3 groups.    

The IR data in Figure 8 clearly indicates a reaction involving the TMA and the 

carbonyl group present in the PA-6.  The data is consistent with the reaction following a 

Gringnard mechanism, in which the TMA attacks the electrophilic carbon atom in the 

carbonyl group to produce C-O-Al- and C-CH3 bonding groups through methyl insertion 

from the TMA.    Also, the reduction of the N-H stretching mode at 3290 cm-1 demonstrates 

interaction with the secondary amine group.   Previous ab-initio studies41 suggest that 

reactions between TMA and primary amine terminal groups on self-assembled monolayers 

are kinetically unfavorable at low temperatures.  The decrease in N-H mode intensity could 

result from reaction between N-H and TMA, where the hydrogen bonded environment of the 

secondary amine group in PA-6, which is not present in the surface terminated SAM, can 

help enhance the kinetics at lower temperatures.  The reaction could involve insertion of 

TMA into the hydrogen bonded NH—O=C unit to produce Al-N bonding and CH4.  The 

water exposure step also produces an apparent increase in N-H mode intensity.  Hydrogen 

bonding places the hydrogen in a much more polar environment, therefore increasing the 

intensity of the associated vibrational modes.42 Therefore, we assign the increase in N-H 

intensity upon water exposure to a transition from isolated to hydrogen bonded N-H groups 

that occurs upon oxygen incorporation.   
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D.  TEM analysis of TMA/Water exposure on polymer fibers 

Cross-sectional transmission electron microscope images of PP and PA-6 fibers 

coated with ALD Al2O3 are shown in Figures 9 and 10.  Figure 9a and b display TEM images 

of PP fibers after exposure to 100 cycles of ALD Al2O3 at 60 °C and 90 °C, respectively.   

The deposition at higher temperature produces more net inorganic material on or near the 

fiber surface (contrast extends over nearly 100 nm after 100 ALD cycles at 90 °C) as 

compared to the lower temperature deposition (TEM contrast extends <50 nm).   This result 

is consistent with the larger mass uptake observed over 25 ALD cycles at 90 °C compared to 

60 °C in the data in Figure 5a.   The non-uniform deposition observed in the TEM images, 

especially under higher temperature conditions, is ascribed to precursor diffusion and 

reaction into the near-surface region of the polymer fiber.  Similar results are observed upon 

Al2O3 ALD  at 125 °C onto poly-3 hexyltiophene (P3HT) and poly-vinylphenol (PVP).20  A 

diffuse and rough interface is observed for films deposited on P3HT, which is not expected to 

have any chemical interaction with TMA, but an abrupt interface was observed on the more 

reactive PVP.  

Typical PA-6 fibers coated with 100 ALD Al2O3 cycles at 60° and 90 °C were 

imaged by TEM, and results are shown in Figures 9c and d.  The deposition on PA-6 results 

in a more continuous Al2O3 film at both temperatures. However, at both 60 and 90 °C 

deposition, image contrast is observed in the fiber region close to the film coating, also 

suggesting precursor diffusion and penetration into the fiber.    
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The QCM and IR results indicate that significant reaction between the PA-6 and the 

TMA occurs very early (during the first cycle) in the ALD process.  We therefore performed 

experiments to examine effects of a single TMA exposure to the structure of PA-6 fibers.     

Figure 10, panels a and c, present cross sectional TEM images at two levels of magnification 

of PA-6 fibers coated with 100 ALD Al2O3 cycles at 90 °C.  They show that 100 cycles at 90 

°C results in a uniform coating ~20 nm thick on the surface.  Figure 10, panels b and d 

provide images of PA-6 fibers subjected to extended TMA exposures (60 sequential steps of 

1 minute each) followed by extended water exposures (20 steps of 1 minute each).  These 

images show that long exposures result in a thicker but less dense layer on the fiber surface.  

The high magnification image in panel d shows the layer to be ~100 nm thick, with mottled 

structure and non-uniform contrast.   The extended TMA exposures result in significant 

reaction in the fiber near-surface region, and that the chemical composition is modified to a 

depth of 100 nm or more.   

E. Discussion 

The Al2O3 film nucleation and growth behavior are expected to depend on the 

chemical nature of the polymer substrate.11, 20, 41  Wilson et al. observed trends in mass 

uptake during TMA exposure at 85 °C to nonreactive polymers including polypropylene, 

poly(methyl methacrylate) (PMMA), polyethylene (PE), poly(vinyl chloride) (PVC) and 

polystyrene (PS).  They found that precursor permeability generally scaled with expected 

trends in precursor solubility and diffusivity within the polymer matrix.  The results shown 
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here for the non-reactive polypropylene follow similar results, with some quantitative 

distinctions.   The data we show in Figure 4 for ALD on PP displays a significantly smaller 

mass gain upon TMA exposure compared to that shown by Wilson et al. under similar ALD 

conditions.  This difference could be due to the thicker film used by Wilson et al., (200 nm 

versus 30 nm used here) where a thicker film is expected to absorb a larger precursor mass.  

The difference in mass uptake could also be due to differences in the molecular weight, 

tacticity or degree of crystallinity of the polypropylene used.  The temperature dependence of 

precursor diffusion shown here, which was not investigated by Wilson et al., shows enhanced 

precursor permeability with increasing temperature, consistent with increased diffusivity at 

higher temperature.  Earlier studies of ALD Al2O3 water penetration barriers on poly(ether 

sulfone) suggest that higher deposition temperatures improve barrier performance,43 whereas 

other studies of plasma assisted ALD Al2O3 water barriers on poly(2,6-ethylenenaphthalate) 

indicate improved performance at lower temperatures.44   While barrier properties of our 

materials were not measured, the mass uptake and TEM results shown here suggest that 

lower deposition temperatures will produce more cohesive coatings on non-reactive polymer 

substrates.     

Many polymer systems offer reactive sites for interaction with TMA and other ALD 

precursors.  We find that PVA (with reactive –OH units) and PA-6 (with amide bonding 

units, HNC=O) show much higher TMA uptake compared to the more nonreactive 

polypropylene.  Also, reactions are not limited to the polymer surface, and significant 
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precursor penetration and near-surface reaction can proceed.  The more reactive polymers 

show an extent of reaction that is also dependent on substrate temperature, although results 

show significant TMA diffusion and reaction in nylon-6 at 60 and 90 °C.  In general, 

therefore, to control ALD film growth on polymer substrates, one must consider and balance 

mechanisms associated with precursor dissolution, diffusion, and reaction with the polymer 

of interest.    

4.4 Summary and Conclusions 

Results demonstrate that initial reactions during vapor-phase metal organic precursor 

exposure on polymers depend strongly on the polymer substituents and degrees of chain 

association of the polymer units.  Polypropylene, with –CH3 groups, shows nonreactive 

adsorption of TMA, whereas polyamide-6 with reactive amide bonding units undergoes rapid 

reaction with trimethylaluminum, producing a large mass uptake during the first TMA 

exposure cycle. FTIR results suggest that TMA can insert into the amide bond unit, following 

a Grignard reaction, resulting in methyl group insertion and formation of -C-O-Al- bonds. 

The IR data shows that the secondary amine group present in the PA-6 is also affected by 

TMA exposure. We propose that the TMA reacts with the NH in PA-6 because of rate 

enhancement by the NH…O=C hydrogen bond, and/or the TMA/carbonyl reaction displaces 

the hydrogen bond which reduces the intensity of the N-H stretch observed by IR. 

Subsequent oxidation then allows the hydrogen bond to reform, increasing the N-H 

stretching absorbance.  Polyvinyl alcohol films and fibers also show enhanced reactivity with 
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TMA during early ALD cycles, relative to PP, with FTIR results indicating interaction 

between TMA and PVA’s hydroxyl functional groups.  Polypropylene shows mass uptake at 

60 °C similar to that measured during Al2O3 ALD on dense Al2O3 substrates.  At 90 °C, a 

larger mass uptake is observed consistent with enhanced precursor diffusion into the less 

interacting polymer bulk. The FTIR analysis during TMA exposure to polypropylene shows 

shifting of the CH2 band frequencies, but little chemical interaction between the 

polypropylene and TMA, consistent with the QCM measurements.  This improved 

understanding of specific precursor/polymer interaction processes could be important to 

improve and optimize the quality of low temperature inorganic passivation layers and other 

coatings on polymer films and fibers. 
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Figure 4.1  Sample arrangement geometries in the tubular ALD reactors during (a) in-situ QCM and (b) in-situ 
 transmission FTIR investigations.   
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Figure 4.2  In-situ Quartz crystal microgravimetry during ALD of Al2O3 at 90 °C.  Panel a shows linear film  
growth rates throughout 100 ALD cycles at 60 °C and 90 °C.   Panel b shows the mass uptake for each ALD 
 cycle for 100 cycles at 60 °C and 90 °C.    
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Figure 4.3  In-situ differential FTIR spectra collected during two cycles of Al2O3 ALD on an anodic aluminum  
oxide disk at 90 °C.  Features of interest include: OH stretching (3750 and 2830 cm-1), CH3 stretch (2930, 2900, 
 2830 cm-1), OH bending (1660 cm-1), CH bending (1210 cm-1), CH3 bending (1190 cm-1), and CH3 rocking 
 (690 cm-1).  Alternating surface chemistry of methyl groups after TMA doses and hydroxyl groups after water doses  
is readily observed.  
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Figure 4.4  In-situ Quartz crystal microgravimetry during the first 5 ALD cycles of Al2O3 on QCM crystals coated with 
polymer.  Panel A shows PVA, and PP with Al2O3 shown as a reference.  Panel B shows PA-6, with Al2O3 shown as a 
reference.  Both the PVA and PA-6 show enhanced mass uptake during the first ALD cycle.     
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 Figure 4.5  Mass uptake (ng/cm2) per ALD cycle measured by in-situ Quartz crystal microgravimetry during 25 ALD 
cycles of Al2O3 at 60 °C and 90 °C on QCM crystals coated with 30 nm of PP (panel A), PVA (panel B), and PA-6 (panel 
C).  Polypropylene shows the largest temperature sensitivity, polyvinyl alcohol shows a moderate sensitivity, and 
polyamide-6 is relatively insensitive.  
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Figure 4.6  Absorbance spectrum for untreated polypropylene melt blown fibers, and in-situ differential FTIR spectra 
collected during the first two cycles of Al2O3 ALD at 90 °C.  Features of interest include: -CH3 bending (1437 cm-1), -
CH3 bending and -CH2 wagging (1375 cm-1), C-C stretching and -CH3 bending (1166 cm-1), and CH3 rocking (971 
cm-1).  Note the absorbance scale for the differential spectra is magnified by a factor of ~100  compared to that for 
the fibers.   Alternating shifts of the methyl bands in the differential spectra indicate TMA absorption into the 
polymer.   
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Figure 4.7 Absorbance and in-situ differential FTIR spectra for untreated and coated PVA fibers (panel a) and PVA 
film (panel b). The differential spectra were collected during the first two Al2O3 ALD cycles at 90 °C.  Features of 
interest include: OH stretching (3380 cm-1), CH2 stretching (2910 cm-1), C=O stretching (1736 cm-1), CH3 bending 
(1200 cm-1), CH3 rocking (700 cm-1).  The absorbance for the differential spectra is magnified relative to the 
starting polymer absorbance, as indicated by the absorbance scale bars.  The reduction in the hydroxyl peak 
demonstrates chemical interaction between the TMA and PVA.    
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Figure 4.8 Absorbance spectrum for an ~30 nm thick uncoated PA-6 film, and in-situ differential FTIR spectra collected 
during two ALD cycles at  90 °C.  The absorbance scale is the same for all spectra. The spectra show hydrogen bonded 
NH stretching (3304 cm-1), CH2 stretching (2930 cm-1), amide I (CO stretching) (1640 cm-1), C-H stretching (2860-
2930cm-1), CH3 bending (1437  cm-1, 1190 cm-1) and CH3 rocking (690 cm-1).  The large signal strength is consistent with 
a larger extent of reaction between PA-6 and TMA during the first ALD cycle compared to the other polymers studied. 
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Figure 4.9 Cross sectional transmission electron micrographs of PP (A and B) and PA-6 fibers (C and D) exposed 
to 100 ALD Al2O3 cycles at 60 °C (A and C) and 90 °C (B and D).  For deposition on polypropylene, the structure 
of the deposited material depends significantly on deposition temperature between 60 and 90 °C, whereas for 
deposition on PA-6, similar structure is observed after deposition at the two temperatures.   
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Figure 4.10  TEM of cross sections prepared by microtome, of PA-6 fibers exposed to the ALD process (A and C), and 
similar fibers after prolonged TMA precursor soaks (B and D).  A thicker layer with a more diffuse interface is observed 
in the sample subjected to extended precursor exposure.   
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Abstract 

The performance of polydimethylsiloxane (PDMS) elastomer in many of its applications, 

including surface molding and replication, microcontact lithography, and microfluidic device 

structures is strongly influenced by its surface properties.   While PDMS polymer is simple to 

use, the surface hydrophobicity and adsorptive properties of PDMS limits its functionality, 

for example, in aqueous microfluidic applications.  Atomic layer deposition (ALD) is a low 

temperature vapor phase thin film coating technique that has recently been used to modify 

and encapsulate a wide range of polymer materials.  In this work, we investigate reactions 

that proceed during low temperature aluminum oxide ALD on cast PDMS polymer thin 

films.  Film growth is characterized by electron and infrared spectroscopy and by contact 

angle goniometry for a range of surface treatments and post-deposition air exposure times. 

We find that trimethyl aluminum/water ALD can produce a smooth and uniform film coating 

on PDMS at 25 - 50°C, and that cracks become visible under optical microscopy for films > 



 

135  

100Å thick.   At moderate temperatures, unique buckled surface textures appear in the 

deposited coating, which are ascribed to substrate thermal expansion effects.   Aluminum 

oxide coatings on native PDMS, as well as on PDMS pretreated with UV ozone or oxygen 

plasma, show hydrophilic surface condition immediately after deposition, but the surface 

becomes more hydrophobic after 24-48 hours in ambient air or under inert gas storage, likely 

due to organic species out-diffusion through defects in the ALD coating.  Infrared analysis is 

also used to identify consistent mechanisms associated with sub-surface ALD nucleation on 

cast PDMS layers.   These results provide valuable insight into means to reliably modify the 

surface of PDMS using vapor-phase precursor/surface reactions. 
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5.1 Introduction 

Polydimethylsiloxane (PDMS) elastomer is widely used to rapidly mold and reproduce 

surface textures with sub-micron resolution for microfluidic and soft lithography 

applications.1-4  Micro-contact printing of patterned self assembled monolayers and micro-

molding of polymer structures, are made possible by the ease of use, flexibility, and chemical 

inertness of PDMS polymer.  However, PDMS is naturally hydrophobic which makes 

wetting of aqueous solutions difficult.  It is also highly porous and readily absorbs organic 

solvents, limiting its microfluidic applications.5  There is significant interest therefore in 

surface modification of PDMS to increase its wetting properties and improve its stability in 

organic systems.  Corona discharge6,7, plasma exposure6,8,9, ultraviolet radiation with ozone 

(UV/O3),
10-12  surface polymer grafting,9,13 layer-by-layer assembly of polyelectrolytes,14 and 

physical vapor deposition techniques15 have all been evaluated to modify and control the 

surface structure of PDMS, with some important success.  For example, oxygen plasma and 

UV/O3 are known to convert the hydrophobic PDMS surface to a more hydrophilic state 

through the production of surface hydroxyl groups.  These known surface modification 

approaches can also produce detrimental surface roughening, cracking or other surface 

morphology changes.  Moreover, previous research has shown that the changes in surface 

wetting upon UV/O3 or plasma surface modification are not permanent, but result in a 

transition from hydrophilic back to hydrophobic condition after several hours.7,8,11,15   

Analysis of surfaces modified by these processes indicate that the hydrophobicity recovery 
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can be ascribed to diffusion of uncured low molecular weight oligomers present in the PDMS 

from the bulk to the surface.  The rate of the transition is dependent on the surface finish, 

where visible cracking corresponds to a more rapid transition.7   

Recent interest16-20 in surface modification of polymers is turning to atomic layer deposition 

(ALD) due to its ability to provide uniform and conformal films on a variety of polymer 

substrates at low temperature without the use of plasma.  The ALD process employs a binary 

sequence of self-limiting surface adsorption and reaction steps to deposit conformal films 

with excellent uniformity and thickness control.  The use of ALD to coat polymer fiber 

structures21-23 as well as planar substrates suggests ALD may be a useful tool for the 

modification of highly complex 2D and 3D24 soft lithography masks and microfluidic 

devices.  The ALD process proceeds readily on chemically reactive surfaces that present, for 

example, hydroxyl or other chemically labile groups to initiate film nucleation and growth.  

Recently25,26 our group has studied the deposition behavior of Al2O3 ALD films on several 

polymers including polyvinyl alcohol, polyamide-6, and others that contain reactive groups, 

as well as  polypropylene, which, like PDMS, contains few reactive sites for film nucleation.  

The inert chemical structure and porosity of PDMS makes it a unique challenge for the 

integration of ALD films.  This article describes initial results of low temperature aluminum 

oxide ALD onto polydimethylsiloxane films cast onto planar silicon wafers.   We examine 

the specific interactions between the ALD precursors and the PDMS substrate, and we 

quantify the effect of ALD coating on surface wetting and surface wetting transition over 
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time during storage in air and inert gas ambients.  We find that the ALD process can coat the 

surface of the PDMS, and that the resulting film structure depends on deposition temperature 

and thickness.  Surface wrinkling, which was previously observed on PDMS after coating or 

surface oxidation,27,28  is also observed during ALD, and the extent of wrinkle formation is 

controlled by substrate temperature during thin film processing.    

5.2 Experimental Methods 

Preparation of polydimethylsiloxane, surface modification and ALD thin film coating 

Polydimethylsiloxane (Sylgard ® 184, Dow Corning) was produced by mixing the silicone 

base with the supplied cross-linking agent in a 10:1 mass ratio using a glass stir rod.  Mixing 

produces bubbles, which were removed by placing the mixture in a vacuum desiccator for ~ 

20 minutes.  Once no bubbles were present, the mixture was poured into a petri dish and 

allowed to cure at room temperature for 24 hours, or heated at 80 °C for 2 hours.   

Thin films of PDMS on silicon substrates for in-situ FTIR absorbance measurements were 

produced by dissolving uncured PDMS in chloroform (CHCl3, Aldrich, 99+% anhydrous, 

CAS # 67-66-3).  The solution was then transferred to a syringe and a syringe filter 

(Polyvinylidene fluoride, 0.22 μm pore size, Fisher Scientific) was added to remove any 

particulates present in the PDMS upon transfer to the substrate.  Once several drops of the 

solution were transported to the substrate, spinning began at an acceleration rate of 800 rpm 

per second until the desired set point was achieved and then maintained for 60 seconds.  For 
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FTIR absorbance analysis, ~1.3 μm thick films were spun coat on one side of high resistivity 

silicon wafers using 1 % PDMS by weight at 6000 rpm for 60 seconds.  

Atomic layer deposition of Al2O3 was performed at temperatures between 25°C and 90°C at 

an operating pressure of ~1 Torr in a homemade hot wall reactor described previously.25  The 

metal-organic precursor used was trimethylaluminum (Al(CH3)3 , TMA, 98%, Strem®), and 

the oxidizing agent was deionized water.  Ultra-high purity Argon (Ar, 99.999, National 

Welders Supply Co.) was used as the purge and carrier gas, and was further purified by an 

inert gas filter (Aeronex GateKeeper, Entegris) before entering the reactor.   In a typical ALD 

cycle, TMA and water were dosed for 1 second and the exposures were separated by 60 

seconds of argon gas purging.   

Ultraviolet/ozone (UV/O3 or UVO) treatment of PDMS was performed in a commercial 

reactor (Jelight Company, Inc., Model 42).  Exposure was fixed at 60 minutes with a low 

pressure mercury vapor grid type lamp (254 nm) having a power density of 28 mW/cm2 with 

the surface of the sample at a distance of 6 mm from the light. We also compared surface 

modification processes by exposing some PDMS films to oxygen plasma.  Oxygen plasma 

exposure was performed in a Femto reactor (Diener Electronics) at 50% power (50 W) for 20 

seconds. To reduce the effects of ambient exposure, samples were transferred immediately 

after surface treatment to either the goniometer for contact angle measurement, or into the 

ALD reactor. 
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Materials Characterization  

The reaction system used for in-situ FTIR transmittance measurements is composed of a 

stainless steel tube 1.5 inches in diameter with a resistively heated jacket to achieve the 

desired temperature. Ultra-high-purity (99.999%) Argon gas is used as the purge and carrier 

gas after further purification by a gas filter (DRIERITE Gas Purifier).  To allow for 

transmission of the IR beam through the sample, two single crystal CsI IR windows are 

attached on the sides of the sample area, and two gate valves were installed between the IR 

window and chamber to prevent deposition on the IR windows during ALD precursor 

exposure.  The IR beam is produced by a Nicolet 6700 FTIR system and enters through the 

CsI IR window to impinge on the sample.  The transmitted beam then exits through the 

second window and is focused by a gold parabolic mirror into an external mercury-cadmium-

telluride detector with type-A sensitivity (MCT-A).  In a typical TMA/water deposition 

cycle, the TMA and H2O was allowed to flow for 2 s, followed by 60 seconds of argon gas 

flow to purge the reactor before IR measurement.  Transmission IR data was collected under 

static Ar gas pressure of ~ 7mTorr.  All depositions and spectra collection steps were 

performed with the temperature fixed at 90 °C.   

Advancing water contact angle data on native and modified PDMS samples was obtained 

using a Model 200 Rame-Hart contact angle goniometer.  Measurements were taken within a 

few minutes of atomic layer deposition and/or UVO treatment in order to reduce possible 

effects of exposure to ambient lab air.  After proper tool alignment, the water droplet was 
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allowed to stabilize on the sample for a few seconds before more water was added while 

measurements were recorded as the droplet size increased and the interface between the 

water droplet and the surface of the substrate began to advance. The reported water contact 

angle values correspond to averages from between 10 and 25 measurements of each sample, 

with typical uncertainty (one standard deviation) of less than 10°. 

X-ray Photoelectron Spectroscopy (XPS) was performed with a Kratos AXIS Ultra 

spectrometer, equipped with an aluminum source and spherical mirror analyzer.  Samples of 

PDMS films on silicon, approximately 1 cm by 1 cm were attached to the sample holder with 

double-sided copper tape.  The analysis chamber had a base pressure of 2 x 10-6 Torr during 

the measurements.  Survey spectra were obtained from 1200 eV to -5 eV with 1eV steps and 

a dwell time of 0.2 seconds.  Atomic percentages were calculated using the survey scans and 

the CasaXPS software package.   

The surface morphology of PDMS and ALD coated PDMS substrates was measured with 

atomic force microscopy (AFM).  The AFM used is a Nanoscope IIIa (Digital Instruments) 

and it was operated in tapping mode to capture a scan size of 1 μm2 with 512 lines per image 

and 512 points per line at a frequency of 0.5 Hz.    

5.3 Results & Discussion  

X-ray photoelectron spectra obtained from virgin PDMS samples, as well as PDMS exposed 

to the TMA/water Al2O3 ALD process at 25 °C are presented in Figure 1. The top panel 

shows raw XPS spectra for virgin PDMS and PDMS exposed to 25 and 50 cycles of Al2O3 
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ALD.  The spectrum from the virgin PDMS shows Si 2s and 2p features at 151 and 100 eV 

respectively, as well as the C 1s peak at 282 eV and the O 2s peak at 24 eV.  After 25 ALD 

cycles the Al 2s and 2p peaks at 118 and 73 eV are visible, but they are smaller in intensity 

than the silicon peaks.  The intensity of the Al peak is larger after 50 ALD cycles relative to 

the Si and C peaks, consistent with surface coverage by the ALD film.   The bottom panel 

shows the approximate atomic fraction of Al, C, O, and Si obtained from the XPS spectra as 

a function of ALD cycles, and the data shows that the surface transitions to predominantly 

aluminum oxide after 100 ALD cycles.  The C 1s signal is likely due to adventitious carbon 

on the surface, and as discussed below, may also be due to transport of small molecular 

weight oligomers from the PDMS bulk to the surface through defects in the film coating.  

The advancing water contact angle measured on virgin PDMS, and on PDMS after exposure 

to various number of Al2O3 ALD cycles at 25 °C, is displayed in Figure 2.  The plot shows 

two data sets collected from two separate experiments performed on different days. All data 

points were collected within 15 minutes after removing coated films from the reactor.  

Coating the PDMS surface with ~50 ALD cycles produced a decrease in the contact angle 

from ~ 116° to 34°, consistent with the surface composition transition from hydrophobic 

PDMS to more hydrophilic Al2O3.  Similar transitions were observed for ALD process 

temperature of 50 °C.  The transition to a hydrophilic surface state data suggests that ALD 

may be viable means to modify the surface wetting properties of PDMS.  However, as shown 
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and discussed below, the ALD coating was not sufficient to maintain favorable wetting 

characteristics for extended periods after thin film coating.  

Figure 3 shows atomic force microscopy images for virgin PDMS, and PDMS exposed to the 

TMA/water aluminum oxide process at room temperature for 25 and 50 cycles.  The virgin 

PDMS is very smooth, having a root mean squared roughness of only 0.3 nm. The surface 

roughness increases to 2.2 nm after exposure to the ALD process.  The increased roughening 

may be due to sub-surface nucleation of the ALD film and island formation as sub-surface 

nuclei grow after successive ALD cycles.20,26 

Optical microscopy images of samples exposed to 100 cycles of TMA/water at 25 and 50 °C 

are presented in Figure 4. Under the conditions used, films deposited on silicon in the same 

process run resulted in thickness of 389 Å at 25 °C and 114 Å at 50 °C, consistent with 

increased growth rate at low temperature.  The thicker film deposited at 25 °C resulted in a 

visually smooth surface morphology, but macroscopic cracks in the film are readily visible.  

The cracking may result from surface heating effects during deposition, or because of PDMS 

swelling due to precursor absorption.29  At 50 °C however, the thinner film resulted in 

minimal cracking, but the surface texture took on a marked wrinkled morphology. The 

surface wrinkling is ascribed to compressive stress in the ALD coating that arises upon 

sample cooling due to the larger coefficient of thermal expansion for the PDMS relative to 

the aluminum oxide coating.  As compared to the thick film deposited at 25°C, the thinner 

coating deposited at 50 °C is more likely to respond to the mechanical deformation without 
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cracking. The size of the wrinkles is ~ 20 μm and appears to be uniform, but there is no 

visible ordering associated with the direction of the wrinkling. Some other samples (not 

shown) showed both cracking and wrinkling, and in these samples, the wrinkles showed 

patterns associated with the cracking geometry.  Wrinkling is not observed for PDMS coated 

with thicker aluminum oxide films at room temperature.  Previous researchers have observed 

and analyzed similar buckled surface texture in PDMS that forms upon thin film coating, or 

upon release of applied tensile strain after surface oxidation.27,28  Further studies of atomic 

layer deposition on PDMS or other elastomeric polymers may demonstrate unique abilities to 

control surface buckling structure and texture. 

To more fully analyze the reaction processes during aluminum oxide ALD on PDMS, we 

used our in-situ FTIR transmission capability to observe changes in IR absorbance upon 

exposure to trimethyl aluminum and water, and Figure 5 displays the resulting data.  The 

bottom spectrum in Figure 5 corresponds to the starting cast PDMS film (referenced to the 

starting silicon substrate), and the other traces correspond to difference spectra after exposure 

to TMA or water, as indicated.  The difference spectra are shown at a 20 magnified scale 

compared to the spectrum for the PDMS film, and the absorbance scales are indicated in the 

figure. Features of interest in virgin PDMS include CH3 rocking at 800 cm-1, Si-O-Si 

stretching at 1000-1150 cm-1, CH3 symmetric deformation at 1260 cm-1, and CH3 symmetric 

and asymmetric stretching at 2905 and 2960 cm-1 respectively. The figure also shows 

differential spectra, displayed in bottom-up progression, highlighting the change in 
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absorbance after the first and second TMA and water doses.  Upon exposure to TMA, 

absorbance increase is noted at 703, 860, and 1201 cm-1, and these are ascribed to CH3 

deformation modes, consistent with the presence of TMA on the surface or in the bulk of the 

PDMS. Perturbation of the CH3 stretching (2960 cm-1) and symmetric deformation (1260 cm-

1) features in PDMS is also observed.  After water exposure, the intensity of the CH3 

asymmetric deformation modes at 703, 860, and 1201 cm-1 decrease, and a broad OH feature 

appears at 3300-3600 cm-1 indicating Al-CH3 reacting with water to produce Al-OH.  These 

trends are repeated for the second TMA and water exposure, with somewhat reduced 

intensity compared to the first reaction cycle.  The intensity of these mode changes is quite 

large, more than expected for one monolayer of film deposition, and is consistent with 

significant sub-surface trimethyl aluminum diffusion and reaction.26  For the sample 

configuration, surface area and measurement conditions used for the in-situ IR transmission 

study, spectral changes at the monolayer level, expected during uniform ALD on a planar 

surface, are not readily visible.  A proposed reaction schematic consistent with the IR data is 

also shown in Figure 5.  Note that sites are available for reaction with TMA not only at the 

PDMS surface, but also in the polymer bulk.   

 As mentioned above, several surface treatment processes are commonly used to 

modify the surface of PDMS, including UV/ozone and oxygen plasma exposure.  We 

therefore investigated these processes as a means to modify the PDMS surface before ALD 

treatment.  The O2 plasma exposure resulted in significant changes to the PDMS surface.  
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The surface became textured and milky looking, indicative of significant visible light 

scattering.  Surface cracks also became readily apparent.  It is possible that other O2 plasma 

conditions or processes may result in more controlled surface modification. However, we 

chose to not pursue the O2 plasma process in more detail.  The UV/O3 process produced a 

much smoother and uniform surface.  

The resulting IR Absorbance spectrum of a PDMS layer after 60 min UV/O3 exposure at 28 

mW/cm2 is presented in Figure 6.  The spectrum shows generally the same features as the 

starting PDMS, with a noted increase in absorbance in the 1050-1200 cm-1 range associated 

with -O-Si-O- stretching, as well as a larger –OH band between ~3300 and 3600 cm-1.   This 

increase in silicon oxide and hydroxyl bond structure is ascribed to bulk polymer cross 

linking, as well as the formation of a thin SiOx:H layer on the PDMS surface during the 

UV/O3 treatment.  We further explored ALD of TMA/water on the UV/O3 treated surface 

using in-situ IR transmission, and the resulting differential spectra are included in Figure 6. 

Exposure to TMA resulted in only minimal changes in the IR spectrum. This is consistent 

with the presence of SiOx:H reactive groups on the PDMS + UV/O3 surface promoting 

monolayer-scale ALD film nucleation and growth and preventing TMA absorption into the 

PDMS bulk.   

 The surface texture after ALD on the PDMS + UV/O3 is also of interest, and optical 

microscopy images collected from these samples are displayed in Figure 7. The top panel 

shows PDMS after 60 min. of UV/O3 treatment.  The surface appears smooth with no visible 
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cracking.  The middle image shows a PDMS + UV/O3 surface after 100 TMA/water ALD 

cycles at 25°C.  The surface is visibly smooth, but cracks are readily observed.  This is 

consistent with results obtained for the PDMS + ALD samples shown in Figure 4.  The 

bottom panel shows a UV/O3 treated PDMS sample after 100 ALD cycles at 50°C. The 

surface is smooth without visible cracking.  Also the UV/O3 process appears to impede 

surface buckling and wrinkle formation observed in Figure 4 for similar ALD treatment to 

native PDMS. This lack of buckling suggests that the UV/O3 treatment forms an effective 

mechanical buffer layer between the PDMS bulk and the ALD coating.  

As shown in Figure 2, treating the naturally hydrophobic PDMS with ~50-100 cycles of low 

temperature ALD aluminum oxide produces a more hydrophilic surface functionalization.  

The longer term stability of the modified hydrophilic surface is also of interest.  It is known 

that surface-modified PDMS will regain hydrophobicity when organic monomer species 

present in the polymer bulk diffuse out onto the surface through cracks or other defects in the 

surface coating layer,7,8 and previous studies have identified this process on UV/O3 treated 

PDMS. Recent work has also shown that ALD coatings on polymers can act as effective 

diffusion barriers for small molecules including water,17,30,31 however, no previous reports 

are found investigating PDMS surface modification and stabilization by ALD.  We 

hypothesized that the ALD coating layer may be sufficient to block diffusion of organics 

from the bulk to the surface, and produce a stable hydrophilic surface.  To evaluate this 

hypothesis, we performed ALD film growth at low temperature (25 – 50 °C) on several 
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native and pre-treated PDMS samples and measured water contact angle after various 

durations of exposure to laboratory air.  As a control, silicon pieces with native oxide were 

also coated with 50 ALD cycles at 75 °C and characterized.  Results are presented in Figure 

8.  The contact angle data and the visual state of the samples after surface modification are 

summarized in Table I.  Consistent with the data in Figure 2, the ALD-coated PDMS samples 

showed hydrophilic behavior immediately after deposition.  After 24 hours, however, much 

of the hydrophilicity is lost, and the samples show a less hydrophilic surface. The samples 

with UV/O3 only, ALD only, and UV/O3 + ALD all showed similar contact angle increase 

upon ~24-48 hours in air, but all samples remained more hydrophilic than the untreated 

native PDMS. We also note that the control silicon sample coated with ALD aluminum oxide 

under similar conditions also shows an initial hydrophilic surface followed by a similar 

increase in contact angle upon air exposure.  This increase in contact angle after ALD coating 

on silicon is ascribed to adsorption of organic species on the surface from ambient.18  It is 

expected that ambient organics will also affect the ALD-coated PDMS samples, so the 

increase in contact angle for the ALD coated PDMS could result primarily from ambient 

organic adsorption.  We therefore developed an experiment to differentiate which of the two 

possible mechanisms for hydrophobic recovery, organic out-diffusion or ambient organic 

adsorption, were primarily active on the ALD-coated PDMS.  For this experiment, three 

samples were placed in the ALD reactor: i) native PDMS; ii) PDMS pre-treated with UV/O3; 

and iii) silicon with native oxide.  All samples were then coated by 100 cycles of TMA/water 
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at 50 °C, corresponding to conditions that previously produced coatings without visible 

cracking.  After the deposition was complete, the samples remained sealed in the reactor 

under high purity argon flow for 48 hours.  The samples were then removed and contact 

angle was measured after less than 10 minutes of ambient exposure.  As expected, the contact 

angle for the ALD-coated silicon sample was relatively low (~30°).  However, the PDMS 

samples both showed significantly higher water contact angle (65-90°).  This indicates that 

under the ALD conditions studied, surface cracking or defects are still present that enable 

monomer or small chain oligomer units to diffuse out from the PDMS bulk to the surface, 

promoting a decrease in hydrophilicity.  Similar to the films removed immediately after 

deposition, the contact angle on the ALD-coated silicon sample increased to 60-65° after 48 

hours in lab air.  For the ALD-coated PDMS films stored in argon for 48 hours, the contact 

angle remained at the same value (~65-90°) over 48 hours in air.   Inspection of these 

samples under an optical microscope showed no visible surface cracking.    We further 

hypothesized that the addition of a “softer” thin film layer between the UV/O3-treated PDMS 

and the ALD aluminum oxide coating would help impede organic diffusion from the bulk 

PDMS, and help preserve a more hydrophilic surface.  We therefore repeated the 

deposition/ambient exposure experiment on PDMS modified with UV/O3, where we first 

applied a 75 cycle sequence of trimethyl aluminum and glycidol molecular layer deposition32 

at 90°C, producing approximately 100 nm of an organic-inorganic network polymer, 

followed by 100 cycles of ALD aluminum oxide at 50°C.   After 48 hours in air, this sample 
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also showed high contact angle, consistent with species out-diffusion from the PDMS 

polymer.  

5.4 Summary and Conclusions 

 We find that exposing freshly cast and cured polydimethylsiloxane polymer to 

trimethyl aluminum and water in an atomic layer deposition sequence produces a hydrophilic 

coating on the PDMS, but the water contact angle increases over ~48 hours when the sample 

is exposed to laboratory air or stored in inert gas.  Infrared spectroscopy analysis shows that 

exposing native PDMS to TMA results in a relatively large increase in the IR mode 

intensities associated with Al-CH3, as well as modification of the bulk PDMS modes, 

indicating significant sub-surface TMA diffusion and reaction.  Subsequent water exposure 

removes the Al-CH3 modes and increases OH features, indicative of sub-surface ALD 

nucleation. Performing a UV/O3 exposure step prior to TMA/water exposure significantly 

decreased the extent of reaction between the TMA and PDMS, consistent with formation of a 

thin silicon oxide layer on the PDMS that blocks TMA diffusion and promotes surface 

aluminum oxide nucleation.  

When aluminum oxide ALD is performed on PDMS at 25 °C, the surface becomes 

roughened at the nanometer scale (as observed by AFM), but the surface remains smooth as 

observed by optical microscopy.  Visible cracks appear for film coatings greater than ~100 Å 

thick, possibly due to swelling of the PDMS under precursor exposure.  Similar trends are 

observed for PDMS treated by UV/O3 before ALD coating.  At somewhat higher 
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temperatures (50 °C in this study) the ALD coating produces a well-defined wrinkled or 

buckled surface texture, with characteristic dimension of ~ 20 microns. The wrinkling is 

ascribed to compressive stress that develops in the ALD film upon sample cooling, when the 

PDMS (with a larger coefficient of thermal expansion) shrinks more that the thin aluminum 

oxide coating.   

The water contact angle of ALD coated PDMS was analyzed immediately after deposition, 

and as a function of time for samples stored in laboratory air and in inert gas environments.  

All PDMS samples coated with 50-100 cycles of trimethyl aluminum/water ALD showed 

initially hydrophilic character with low contact angle, but the contact angle increased slowly 

to 65-90° over 24-48 hours in air.  Storage in inert gas resulted in a similar hydrophilic-to-

hydrophobic transition.  After extended ambient exposure, all coated samples showed a more 

hydrophilic surface than the uncoated PDMS.  Measurements of samples stored under inert 

gas indicated that the surface hydrophobic recovery is attribute to the out-diffusion of organic 

species from the PDMS bulk onto the surface, where a sufficient amount of species are able 

to transport through micro-cracks or other defects in the visibly smooth ALD-film surface to 

markedly change the surface wetting condition.  Therefore, a more flexible or mechanically 

resilient diffusion barrier is needed to maintain hydrophilic stability of surface modified 

PDMS. Never-the-less, results and analysis presented here identify the reaction mechanisms 

during TMA/water ALD on treated and untreated PDMS, and suggest possible pathways to 

achieve controlled surface modification of this technologically important material.  
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5.5 Appendix 

Surfactant washing of PDMS for mitigation of hydrophobic recovery 

Prior to some contact angle measurements, substrates of PDMS and ALD coated 

PDMS were submerged in a solution of 1% anionic surfactant, sodium dodecyl sulfate (SDS, 

NaC12H25SO4, Fisher Scientific) in DI water with sonication for 2 minutes followed by 2 

minutes of rinsing under flowing DI water and dried under flowing nitrogen.  

Figure 9. shows the advancing WCA behavior over time for PDMS coated with 50 

(black squares) and 100 (red circles) Al2O3 ALD cycles at room temperature.  The advancing 

WCA for virgin PDMS is ~ 116° and when measured immediately following 50 and 100 

ALD Al2O3 cycles, is 34° and 33° respectively.  However, over the next 120 hours the 

advancing WCA increases to 95° for both the 50 and 100 cycle samples.   

After 120 hours both samples were submerged in a 1% by weight SDS surfactant 

solution for two minutes under gentle sonication, rinsed for two minutes under flowing DI 

water, and dried with flowing nitrogen.  Following this procedure, the advancing WCA for 

both samples dropped to ~55°.  The contact angle for virgin PDMS was unchanged after SDS 

washing.  The samples were then allowed to sit for 24 hours before the WCA was measured 

again.  After 24 hours the advancing WCA was measured to be ~ 95° for both samples, and 

then the SDS washing was repeated several times over a span of several days.  Each time the 

SDS washing was performed, the advancing WCA was measured to be ~55° and after 24 

hours, it returned to a value near 95°.  This behavior is hypothesized to be the result of either 
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the hydrophobic recovery of PDMS, seen after several other surface modification techniques 

and understood to be the result of diffusion of small molecular weight material from the 

PDMS bulk and near-surface region, to the surface, or the deposition of hydrocarbon material 

on the surface of the coated PDMS from exposure to the ambient, or a combination of both 

factors.  It should also be noted that a control experiment (shown in figure 8) involving the 

deposition of 50 Al2O3 ALD cycles on a silicon substrate was performed where the silicon 

sample was coated and stored in the same manner as the PDMS samples, and the silicon 

sample showed an advancing WCA of 15° immediately following the ALD process, which 

increased to around 60° after 96 hours.  It is hypothesized that the SDS surface is able to 

remove either the low molecular weight polymer, which has diffused to the surface, or the 

hydrocarbons deposited on the surface by exposure to ambient.  The return of the 

hydrophobicity in 24 hours is puzzling and ascribed to diffusion of low molecular weight 

polymer, or hydrocarbons deposited from ambient exposure.   

Molecular layer deposition (MLD) 

Molecular layer deposition was performed at a temperature of 60 °C at an operating 

pressure of ~1.1 Torr.  The film precursors used are trimethylaluminum (Al(CH3)3, TMA, 

98%, Strem®), and glycidol (C3H6O2, Sigma-Aldrich).  Ultra-high purity Argon (Ar, 99.999, 

National Welders Supply Co.) is used as the purge and carrier gas, and was further purified 

by an inert gas filter (Aeronex GateKeeper, Sigma-Aldrich) before entering the reactor. The 

reaction chamber consists of a stainless steel tube 1.5 inches in diameter and ~24 inches long, 
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heated by a furnace.  Precursor and reactant gases are introduced at the end of the tube 

reactor via separate, heated 0.25 inch stainless steel gas lines.  The system is brought to 

vacuum via a rotary mechanical pump and pressure is monitored using a baratron gauge 

(MKS).  The TMA precursor ampoule is kept at room temperature, and the glycidol bubbler 

is heated to 60 °C.  In a normal MLD cycle, TMA and glycidol are both dosed for 2 seconds 

and precursor exposures are separated by 40 seconds of argon purging.  The pressure 

increase during TMA and glycidol dosing is 150 mTorr and 50 mTorr respectively.  During 

glycidol exposure, process gasses are directed through a vapor trap cooled by liquid nitrogen 

to prevent pump contamination.   

Figure 10 shows PDMS that has been exposed to UVO treatment prior to 25 cycles of the 

TMA/Glycidol MLD process and then 100 cycles of the TMA/water ALD process at 60 °C.  

This samples shows smooth surface morphology with no cracking, but does appear to have 

some particles on the surface. 
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Figure 5.1 XPS spectra of PDMS exposed to Al2O3 ALD process at room temperature.  Panel a shows raw XPS spectra for 
virgin PDMS and PDMS exposed to 25, and 50 cycles of Al2O3 ALD.  Panel b shows the atomic percentages calculated 
using CasaXPS software.  Spectra indicate the formation of aluminum oxide film on the PDMS.   
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Figure 5.2 
Advancing water contact angle for PDMS exposed to the TMA/water Al2O3 ALD process as a function of number of ALD 
cycles at 25 °C.  The black squares and red circles represent different PDMS batches coated at different times with the same 
experimental conditions.  The data shows a sharp transition from non-wetting to wetting near 40 ALD cycles.  
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Figure 5.3  Atomic force microscopy (AFM) images of PDMS exposed to the Al2O3 ALD process at room 
temperature.  PDMS starting surface is smooth and exposure to the ALD process results in surface roughening.   
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Figure 5.4  Optical microscopy images of PDMS exposed to the Al2O3 process.  The upper panel shows PDMS 
coated with 100 ALD cycles at 25 °C (producing a 389 Å aluminum oxide film on silicon). The surface is smooth 
but contains numerous cracks visible by optical microscopy.  The lower panel shows PDMS coated with 100 ALD 
cycles at 50 °C (114 Å film on Si) which resulted in a wrinkled PDMS surface without visible cracking under 
optical microscope magnification.   
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Figure 5.5  (Top) In-situ FTIR differential absorbance spectra of PDMS exposed to the ALD process at 90 °C.  The 
bottom spectrum is the absorbance of PDMS film (lower scale bar).  The differential spectra collected after each 
precursor exposure step are also shown at a more expanded scale (upper scale bar). TMA exposure results in an 
increase of methyl rocking modes at 700 cm-1 and a decrease in Si-O features at 1090 cm-1.  Exposure to water 
results in a decrease in the same methyl rocking mode, consistent with Al2O3 deposition from TMA and water.  
Perturbation of methyl stretching and deformation modes at 3000 cm-1 and 1280 cm-1 are consistent with previous 
reports of TMA and water penetration into polymers during the Al2O3 ALD process.  (Bottom) A reaction scheme for 
PDMS interaction with trimethylaluminum and water in the ALD process that is consistent with the IR transmission 
data.  The hydroxyl groups in the polymer chain, as well as adsorbed water molecules, act as nucleation sites for the 
ALD growth. 
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Figure 5.6  In-situ FTIR absorbance spectra for PDMS with UV/O3 pre-treatment prior to TMA and water exposure 
at 90 °C.  The bottom spectrum is the absorbance of PDMS after the UV/O3 pretreatment.  The broad absorbance 
feature between 3700 and 3300 cm-1  shows incorporation of hydroxyl groups.  The differential spectra show that 
TMA and water exposure does not result in a significant change to the film bulk, consistent with decreased precursor 
penetration due to OH functional groups present on the surface of the treated PDMS.  
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Figure 5.7  Optical microscopy images of PDMS after ultra-violet + ozone (UVO) exposure.  Top: PDMS + 60 min. 
UVO; Middle:  PDMS + 60 min. UVO + 100 cycles ALD at 25 °C; Bottom: PDMS + 60 min. UVO + 100 cycles 
ALD at 50 °C.  The surface cracking is likely induced by the thicker ALD coating.  Under conditions used, the 
growth rate at 25°C is ~3 larger than at 50°C, resulting in a thicker film on the PDMS at 25 °C.  
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Figure 5.8  Water contact angle behavior measured over time. The symbols correspond to samples as follows: Black 
squares: virgin PDMS; Red circles: Silicon/native oxide +  50 cycles ALD at 75 °C;  Blue diamonds: PDMS + 60 
min UVO; Orange triangles:  PDMS + 100 cycles ALD at 50 °C;  Green triangles: PDMS + 60 min UVO + 100 
cycles ALD at 50 °C.  All treated samples showed increased contact angle over time during exposure to laboratory 
air.  
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Figure 5.9 The WCA as a function of time after deposition for PDMS exposed to 50 (black squares) and 100 (red 
circles) Al2O3 cycles.  The hydrophobic recovery of the PDMS is somewhat mitigated after washing with SDS which 
either removes the low molecular weight polymer which as diffused to the surface, or surface hydrocarbons deposited as 
a result of exposure to the ambient.   
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Figure 5.10 PDMS exposed to UVO and then 25 cycles of the TMA/Glycidol MLD process followed by 100 cycles 
of the TMA/water Al2O3 ALD process at 60 °C, resulting in a smooth (un-buckled) and crack-free surface. 
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a)  

b)  

 

Figure 5.11 Water contact angle measurements over time.  Red circles represent silicon, native oxide samples 
exposed to 50 ALD cycles at 75 °C.  Si/Al2O3 had an initial contact angle of ~16 ° which increased due to exposure to 
adventitious carbon, to ~58 ° after 24 hours, further increasing to ~ 60 ° after 96 hours.  Black squares represent the 
contact angle of PDMS, ~116 °.  Orange triangles represent PDMS exposed to the 100 ALD cycles at 50 °C and result 
in an initial contact angle of ~ 10 ° which increases 83 ° in 48 hours. Blue diamonds represent PDMS exposed to O2 
plasma (panel a) and MLD and ALD at 60 °C (panel b). Green triangles represent PDMS exposed to O2 plasma prior 
to ALD (panel a) and UVO prior to MLD followed by ALD at 60 °C  (panel b). 
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Figure 5.12 Differential FTIR absorbance spectra for PDMS with and O2 plasma  pre-treatment prior to TMA and 
water exposure at 90 °C. The black spectra is the absorbance spectra of PDMS after the O2 plasma pretreatment.  The 
broad absorbance feature between 3700 and 3300 cm-1  is attributed to hydroxyl groups created during UVO exposure.  
TMA and water exposure does not result in a significant change to the spectrum, consistent with decreased precursor 
penetration due to OH functional groups present on the surface of the treated PDMS.  
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Table 5.1 Summary of results of ALD treatment of native and modified PDMS. 
 

Sample  ALD treatment 
Nominal 

thickness 
Result 

 
   

Advancing water contact 

 angle in air  Visual 

after ~10 min  after ~48 h 

Silicon/native SiO2  50 cycles, 75°C  50 Å  16°  59°  smooth 

PDMS 

‐‐  ‐‐  116°  112°  smooth 

100 cycles, 25°C  300 Å  55°  74°  smooth + cracks 

100 cycles, 50°C  100 Å  10°  83°  wrinkles 

PDMS + UV/O3 

‐‐  ‐‐  10°  90°  smooth 

100 cycles, 25°C  300 Å  45°  84°  few cracks 

100 cycles, 50°C  100 Å  50°  76°  smooth 

PDMS + O2 plasma 

‐‐  ‐‐  12°  90°  smooth + cracks 

100 cycles, 25°C  300 Å  80°  90°  cracks 

100 cycles, 50°C  100 Å  52°  73°  cracks + wrinkles 
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CHAPTER 6: The effect of the ALD process on the mechanical response of 
polypropylene fibers and fiber systems 

 

6.1 Introduction 

The most common materials used in nonwoven fabrics are polyolefins such as 

polypropylene.1, 2  Polyolefins are preferred because they have excellent chemical resistivity, 

low hygroscopicity and they are inexpensive.  However, polypropylene generally has poor 

mechanical properties and resistance to UV degradation as well as a somewhat low thermal 

resistance compared to other materials.  This low thermal resistance is common to 

polyolefins, which are characterized by weak van der Waals interactions leading to lower 

melting points.  Techniques, which can improve the mechanical properties of polypropylene 

fibers, may have significant impact for nonwoven applications where low-cost, high strength 

fibers are required.   

The purpose this work was to determine the effect of Al2O3 deposited by ALD on the 

mechanical properties of nonwoven fiber systems and single fiber samples. The incorporation 

of ALD films with organic nonwoven fiber systems could lead to the creation of novel 

composite materials as well as potentially improve the nonwoven fiber systems’ mechanical 

properties and increase the number of useful applications.  A recent publication by Lee and 

coworkers3 showed that exposure to the ALD process strengthened spider silk fibers and it 

was our aim to investigate whether this was also the case with the most popular synthetic 

nonwoven fiber material, polypropylene.   
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In addition to single polypropylene fibers, two types of nonwoven fiber mats were 

studied; melt blown mats and spunbond mats.  The melt blowing process extrudes molten 

polymer through small holes in a die whereby it comes into immediate contact with high-

pressure, heated air.  The hot air forces the fiber out into ambient air where the mixing of the 

hot and ambient air causes the fiber to be elongated during its flight towards a collector belt 

or drum.  When the fibers arrive at the collector they bond to each other where contact is 

made.4   This process is well known to produce a wide range of fibers sizes between 0.5 μm 

and 10 μm.   

In spunbonding, a collection of equipment including an extruder, filter and metering 

pump transport molten polymer to a spin pack where it is distributed and extruded through a 

spinneret where the polymer is forced through many small orfices.4 As the polymer exists the 

spin pack it is impacted with cool air, which serves to solidify the molten polymer.  It is then 

blown by high-pressure air jets, which elongate the fibers before they are collected on a belt.  

These fibers are not interconnected however, until they pass through a bonding process that 

normally involves passing through heated, patterned rollers, which melt together many of 

small sections of the nonwoven.  This process allows the production of several thousand 

meters per minute of nonwoven fabrics with uniform fiber diameters.4 

6.2 Experimental methods 

Initial experiments used melt-blown polypropylene nonwoven fibers prepared from 

Sunoco Chemicals Polymers Division, product CP360H (Reported Mn = 58.5K; PDI = 3.04) 
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using a 0.56 m pilot-scale melt blowing line located in the Nonwoven Cooperative Research 

Center at NC State University.  These nonwovens generally have a wide range of fiber 

diameters (0.5-5μm) and a high degree of fiber interconnectivity. Experiments were also 

performed on single polypropylene fibers (12μm diameter).  These fibers were produced at 

the Nonwovens Cooperative Research Center (NCRC) Partners’ Pilot facility.  The fibers 

were formed in the spunbond process and collected before the bonding step so that single 

fibers of polypropylene could be teased out for coating and testing.  The polypropylene resin 

was the same for both the melt-blown samples and the spunbond samples.  

ALD of Al2O3: 

Deposition was carried out at temperatures of interest in the reactor described in 

section 2.1.  Single fibers and fiber mat samples were mounted with masking tape (3M 

corporation) over a 1-inch square hole cut into cardstock paper and placed into the reactor for 

coating.  This setup allowed for easy handling of the samples and ensured that the fibers 

would remain stationary during film deposition.   

Mechanical Characterization: 

For this work, the mechanical response of samples of single fibers and nonwoven 

fiber mats was investigated using tensile tests.   In tensile testing, a material of known size is 

stretched or drawn until it breaks while the apparatus measures the force required to maintain 

a set draw rate.  The cross-sectional area of the sample is used to convert the force 

measurement into a stress, σ = Force/Area (N/m2).  The stress is usually plotted as a function 
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of strain (ε), a measure of the elongation of the sample, usually given as a percent change in 

length during testing. ε = (L/Li)x100.  A typical stress-strain curve is shown below in figure 

6.1.  The initial linear region of the stress-strain curve is called the elastic region and the 

slope of the region (stress/strain) yields the materials elastic modulus, γ=σ/ε.  The units for 

the elastic modulus are the same as stress, Pa (N/m2) and provide a measure of the material’s 

stiffness.  The elastic region of the stress-strain curve is defined by as the region where it is 

possible to return the material to its original dimensions by removing the stress.  The point at 

the end of the elastic region where the slope begins to decrease is called the yield strength.  

The yield strength is a point, usually defined in terms of the applied stress, in Pa (N/m2).  

After this point, in the section labeled 3, the material deforms plastically instead of 

elastically.  This means that it becomes permanently deformed and will no longer return to its 

original dimensions if the stress is removed.  Point 4 in the diagram, the highest stress in the 

curve, is called the tenacity, and it is also typically given in terms of stress.  For single fiber 

measurements, this is the point at which the fiber will start to neck, meaning fiber diameter 

will begin to decrease until its ultimate failure.  In a nonwoven fiber mat, the point at which 

the tenacity is reported corresponds to where individual fibers start to break.  Region five 

corresponds to necking in single fibers, and continued single fiber failure in a nonwoven mat.  

Point six corresponds to the ultimate failure of both single fibers and nonwoven mats. 

Additionally, the area underneath the stress-strain curve measured between the initial starting 

point and ultimate failure defines the toughness, or the energy per unit volume that was 
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required to mechanically deform the material.  Toughness therefore has units of J/m3 and is 

distinctly different from yield strength with units of N/m2.  The material parameters of 

interest for this study are the elastic modulus, the tenacity, and overall toughness.   

The mechanical response of melt-blown samples were characterized using a RSAIII 

micro-strain analyzer (TA Instruments) at ambient conditions.  Melt-blown samples were cut 

to be 1 cm in width (cross direction) and 3 cm in length (machine direction), having an 

approximate thickness of 1 mm. The machine direction is defined as the direction of flow of 

the material, and the cross direction is perpendicular.   The gauge length is the initial starting 

length of the sample and was 1 cm and the draw rate was 1 cm/min.  

The mechanical response of single fibers and spun-bond web samples were 

characterized using an Instron model 5544 at ambient conditions and analyzed with Bluehill 

v. 1.00 software. This tool was used due to its free availability and software analysis 

package, suitable for single fiber measurements.  Fiber diameters were measured by an 

optical microscope and input into the Bluehill v. 1.00 software where they were used to 

calculate the cross-sectional area of the fiber in order to determine the stress on the fiber 

during the measurement.  The single fibers were drawn at a rate of 1 inch/min using a 5 N 

load cell.  Spun bond nonwoven samples were 1 cm in width and 4 cm in length with a gauge 

length of 1 inch, and drawn at a rate of 1 inch/min by a 100 N load cell. 
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6.3 Results & Discussion 

Figure 6.2 panel a shows stress-strain curves for polypropylene melt-blown 

nonwoven mats (0.5-5μm diameter), in the as-formed state, and fibers which have been 

exposed to between 50 and 200 aluminum oxide ALD cycles at 50 °C, using a 1.2s TMA and 

water dose following by 60 seconds of purging with UHP grade Ar gas flowing at 200 

SCCM. The virgin PP nonwoven was not exposed to vacuum and remained at room 

temperature until measurement.  The virgin PP material had an elastic modulus of 40 MPa 

and a tenacity of 0.12 GPa. The sample exposed to 50 ALD cycles shows increased tenacity 

and elastic modulus over the virgin PP material.  The samples exposed to 100 and 200 ALD 

cycles also show increased tenacity, but also a higher modulus, leading to lower overall 

toughness.    

Figure 6.2 panel b shows tensile testing results of polypropylene melt-blown 

nonwoven mats, which have been exposed to as many as 200 ALD cycles at 100 °C.  The 

data for the virgin PP nonwoven represents another sample that was exposed to neither 

vacuum nor elevated temperature.  The virgin PP sample’s tenacity value is slightly different 

from sample used in the 50 °C study which represents small sample to sample variability 

likely arising from small differences in sample size.  Specifically, the sample width varied 

slightly, due to the hand cutting of samples using scissors. All coated samples show lower 

tenacity, elastic modulus and overall toughness compared to the virgin polypropylene 

nonwoven.  Figure 6.2 panel c shows the change in the nonwoven mat’s elastic modulus with 
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increasing number of ALD cycles. The first data point at 0 ALD cycles corresponds to the 

virgin PP nonwoven which was not exposed to vacuum or elevated temperature. The elastic 

modulus of the coated nonwovens is shown to increase linearly with the number of ALD 

cycles, for both the samples coated at 50°C and 100°C.  This mechanical characterization 

suggests that at low temperatures (~50 °C), a uniform, conformal coating of Al2O3 can 

enhance the mechanical properties of melt-blown polypropylene. The difference in 

mechanical properties of the nonwoven mats coated at different temperatures also suggests 

that there may be a different mechanism for ALD film nucleation and growth on the PP at 

50°C and 100°C. These hypotheses were later corroborated by observations made in chapters 

4 and 10 of cross-sectional electron microscopy of PP fibers exposed to the ALD process at 

different temperatures showing a uniform conformal coating at 60 °C and a discontinuous 

alumina agglomerate coating deposited at 90 °C. 

Figure 6.3 panel a shows a stress-strain curve for single polypropylene fibers ~ 12 μm 

in diameter and fibers which have been exposed to between 25 and 100 ALD cycles at 60°C 

The fiber diameter was measured by optical microscopy and the typical fiber ranged from 

11.75 to 12.25 microns. The stress-strain curves shown are averages of 5 samples and the 

error bars represent the standard deviation of the measurements.  The virgin PP fibers studied 

were not exposed to vacuum or elevated temperature prior to measurement, and had an 

elastic modulus of 13 MPa with a tenacity of 53 MPa.  The samples exposed to the ALD 
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process show increased in the elastic modulus values over the virgin fibers, but tenacity 

values varied significantly as fibers broke at strain values between  115 % and 135%.   

Figure 6.3 panel b shows the elastic region of the stress strain curve (below 15% 

strain) for the same samples that were in figure 6.3 panel a.  Again, the moduli of the coated 

fibers are higher compared to the virgin PP fibers.  Figure 6.3 panel c shows the elastic 

modulus of the coated and virgin polypropylene fibers after exposing samples to a number of 

ALD cycles.  The data points represent the average value for 5 samples and the error bars 

represent the standard deviation of the 5 measurements. The data indicates that the addition 

of an ALD Al2O3 film deposited at low temperature enhances the mechanical properties of 

polypropylene fibers.  It is unclear from this data whether the thickness of the ALD coating 

has a predictable effect on the modulus of the fiber.  This is likely due to the large difference 

in the magnitude of the fiber diameter (~12 μm) and ALD coating thickness (nanometers).  

We were interested in comparing the mechanical properties of coated single fibers to 

those of more complex fiber mats after ALD coating. Figure 6.4 panel a shows the stress-

strain relationship for polypropylene spun-bond nonwoven fiber mats consisting of many 

fibers produced under identical processing conditions to the individual fibers characterized in 

figure 6.3. For these experiments, the fiber mats were exposed to between 25 and 200 cycles 

of the Al2O3 ALD process at 60°C.  As in figure 6.3, the curves represent the average of 5 

measurements and the error bars represent the standard error of the measurements.  Figure 

6.4b shows the elastic region (<15% strain) of figure 6.4a.  Figure 6.4c shows the 
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relationship between the sample’s elastic modulus and the number of ALD cycles to which it 

was exposed.  The virgin PP fiber mat, which was not exposed to vacuum or elevation 

temperature prior to measurement, had a modulus of 0.12 MPa and a tenacity of 8 MPa.  

These values are significantly smaller than the modulus of 13 MPa and tenacity of 53 MPa 

found for the individual fibers.  This is because the cross sectional area of the sample is not a 

solid polymer as in the case of the single fiber.  In the case of a nonwoven mat, the material 

can be thought of as a composite material composed of polymer and air.  This means that 

although the total width of the sample (in our case 1 cm) is entered into the software, the 

contribution to the mechanical response from the polymer is significantly less than, for 

instance, a solid of similar dimension composed of entirely polymer.  It is this difference in 

measured sample volume and actual polymer volume in a nonwoven that accounts for the 

artificially low modulus and tenacity when compared to a single fiber measurement. In 

general, the samples with 25 cycles of ALD Al2O3 had a lower elastic modulus compared to 

the virgin nonwoven. The samples coated with between 50 and 200 ALD cycles did not show 

significant differences in the mechanical properties compared to the virgin nonwoven.  The 

effect of the ALD process on the mechanical response of the nonwoven mats was not 

apparent.   This is likely due to the un-optimized bonding step in the web-forming process 

used to bond the fibers together at specific points.  The staff at he NCRC chose not to use a 

heated roller to create the bonding points in the fabric which lead to non-uniformity in the 

mechanical response of the webs and the inability to distinguish the effect of the ALD 
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coating which is only somewhat apparent during single fiber measurements that are much 

more reproducible.  

6.4 Summary and Conclusions 

  Mechanical characterization of ALD coated single fibers as well as two types of 

nonwoven fabrics was carried out with the aim of determining the effect of the ALD process 

and process parameters on fiber and fabric mechanical response.  Melt blown samples, had 

fibers ranging from 0.5 to 5 microns and a high degree of interconnectivity due to the fact 

that the fibers become bonded together at each intersection.  ALD coating at 50 °C resulted 

in a modest enhancement of fiber tenacity (maximum stress) and modulus was shown to 

increase linearly as  the number of ALD coating cycles increased..   ALD coating at 100 °C 

resulted in a degradation in the tenacity, and lower overall elastic modulus compared to the 

virgin material, but the modulus was also shown to increase with increasing number of ALD 

cycles.  Further investigation into the effects of temperature during ALD deposition onto PP 

fibers detailed in chapters 4 and 10 showed a marked difference in ALD film deposition 

behavior at 60 °C and 90°C.  At the lower temperature a uniform, continuous and conformal 

film was deposited while at higher temperature a discontinuous, film of alumina agglomerate 

particles was formed, with significant sub-surface growth.   

Single fibers with 12 μm diameters were collected from a spunbond process prior to 

bonding and coated with increasing number of ALD cycles at 60 °C.  The ALD process was 

shown to increase the fiber’s elastic modulus, but thicker coatings did not appear to effect the 
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mechanical response.  This is likely due to the much larger fiber diameter (12 microns) as 

compared to the likely film thickness (10’s of nanometers).  Spun bond fiber mats were also 

coated, but the effect of the ALD process on their mechanical response was not apparent.  

These results are important because they suggest that process parameters (temperature) used 

to deposit ALD films on polymers and fibers may have a significant effect on the mechanical 

properties of the resulting structure, and allude to the possibility of different film and 

interface properties in the films deposited at different temperatures.   

 

 

Figure 6.1  Typical stress-strain curve.  Numbers corrspond to 1) elastic region, 2) yield strength, 3) plastic 
deformation and strain hardening, 4) tenacity, 5) necking or fiber failure in a mat, 6) ultimate failure.  
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Figure 6.2  Mechanical characterization for PP melt-blown nonwoven fiber mats with various thicknesses of Al2O3 
desposited at 50°C (panel A), and 100°C (panel B), and elastic modulus (panel C).  Mechanical properties show some 
enhancement at lower temperature and degradation at higher temperature while the elastic modulus increases linearly 
with number of ALD cycles.   
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Figure 6.3  Mechanical characterization of single polypropylene fibers exposed to the ALD process at 60°C for 
between 25 and 100 cycles. The curves are averages, and the error bars represent the standard error of 5 samples.   
Panel A shows the full strain scale until breakage.  Panel B shows the elastic region of the stress-strain curve (below 
15% strain) for the same samples in panel A.  Panel C shows the elastic modulus of the fibers as a function of ALD 
cycles the samples were exposed to.   
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Figure 6.4  Stress-strain curves for spun-bond polypropylene nonwoven mats (~12μm diameter) exposed to between 
25 and 200 Al2O3 ALD cycles. Curves are averages of 5 samples and the error bars represent the standard errors of the 
measurements.  Panel B shows the elastic region below 15% strain.  Panel C shows the elastic modulus of the 
nonwoven as a function of the number of ALD cycles to which the samples was exposed.  The relationship between 
ALD coating presence/thickness and mechanical properties is unclear.  
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CHAPTER 7. Low-Temperature chemical vapor deposition  
of carbon nanotubes 

 

7.1 Introduction 

Carbon nanotubes (CNT) were discovered at NEC’s Fundamental Research 

Laboratory by Sumio Iijima in 19911, 2 since then, their structure, properties, and applications 

have been the subject of multidisciplinary research efforts all over the globe.  Initial research 

focused on the nanotube’s structure and its chemical and electrical properties3-6 which led to 

a number of interesting potential applications for this carbon nanostructure.  Initial research 

into applications focused on producing transistor devices where the CNT was the 

semiconductor7-9, however several practical barriers prevent CNT device scaling.  One 

barrier is the large scale production of semiconducting single walled CNTs with identical 

electrical properties and another barrier is the precision with which they must be grown or 

transported to the appropriate site on the nanoscale device.4  Another, potentially realizable 

application for carbon nanotubes is low resistivity nanoscale interconnects in advanced 

CMOS devices10-17.   

Research into carbon nanotube interconnects is motivated by significant decreases in 

performance due to surface roughness, scattering effects, and electromigration seen in 

conventional copper interconnects at the nanoscale dimensions required in future advanced 

devices18-20.  To evaluate the potential adoption of this nanostructure for interconnect 
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applications there has been a significant theoretical effort devoted to modeling the 

performance of carbon nanotube interconnects16, 17, 21-27. 

This work focuses on investigating the growth kinetics of CNTs from a CVD process 

with several catalyst/buffer layer systems in order to indentify potential systems which may 

overcome one of the main practical challenges associated with incorporating carbon 

nanotubes into interconnect structures, achieving growth of vertically aligned carbon 

nanotubes at a temperatures compatible with semiconductor back-end processing (below 400 

°C).  Research into lower temperature nanotube CVD is ongoing28, 29, but in order for carbon 

nanotubes to be adopted as possible future interconnect materials, a better understanding of 

the growth process for high quality vertically aligned carbon nanotube forests is needed. 

Reports of carbon nanotube growth kinetics for thermally assisted CVD28, 30-33 as well as 

remote plasma CVD34 are available, but they describe only Fe catalyst layers.     

An improved understanding of factors which affect the growth process may allow for 

synthesis of CNT forests below the back end of the line (BEOL) high temperature processing 

limit of 400 ºC.   In order to support this goal we investigated the growth kinetics of carbon 

nanotubes from several catalyst materials and thicknesses, at different growth temperatures to 

determine the apparently activation energy of each system and identify potential systems that 

were good candidates for low-temperature CNT growth.  
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7.2 Experimental Methods 

Reactor Description 

Chemical vapor deposition of carbon nanotube forests was performed in a hot wall, 

48” quartz tube furnace (model F79440, Barnstead-Thermolyne) equipped with a 

temperature controller (Eurotherm, model 808). The carbon source was ethanol (200 Proof, 

Aaper Alcohol and chemical company) placed in a glass bubbler that was chilled to 0 °C in 

order to limit the amount of ethanol transported to the reactor by the carrier gas.   The carrier 

gas was nitrogen (99.999%) and the flow rate (0.75 slm) was maintained by a mass flow 

controller (MKS).  A residual gas analyzer (RGA) was used to sample the reactor effluent in 

order to determine the concentration of gasses in the reactor and identify conditions 

appropriate for CNT forest growth.  A diagram of the reactor is shown in figure 7.1.  The in-

situ RGA monitoring proved valuable as later attempts to repeat experiments described here 

and conducted at IBM’s T.J. Watson research lab, were challenging in Parsons lab at NC 

State University in a very similar CVD reactor, due to the lack of in-situ gaseous species 

analysis.   

Carbon nanotube catalyst materials  

Iron and cobalt were used as catalyst for carbon nanotube growth.  Catalyst layers 

were either deposited by electron beam (e-beam) evaporation (in Parsons lab at NC State 

University) or Sputtering (IBM T.J. Watson Reaserach Lab) onto n-type Si(100) substrates 

which were covered with 100 nm of thermally grown SiO2.  For some experiments, a buffer 
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layer of Al2O3 was also deposited by e-beam or reactive sputtering of aluminum with a 

partial pressure of O2 onto n-type Si(100) substrates with 100 nm of thermally grown SiO2.  

Generally, catalyst layer thicknesses of 3 nm or 0.5 nm were deposited.  

To investigate catalyst particle morphology, the deposited catalyst and buffer layer 

materials were loaded into a quartz tube furnace under a nitrogen atmosphere and annealed at 

800 oC for 5 minutes.  After annealing, the substrates were removed from the hot zone of the 

furnace and allowed to cool to near room temperature before being exposed to ambient.  The 

resulting catalyst particle films were imaged with a Veeco D3000 atomic force microscope 

(AFM) in tapping mode.  AFM images of 3 nm and 0.5 nm iron catalyst films are shown in 

figure 7.2.  The thinner iron film leads to smaller catalyst particles upon annealing, and a 

significantly higher catalyst particle density.   

Nanotube Growth Procedure 

For CNT synthesis, the substrates with deposited catalyst films and buffer layers, 

were placed in the hot wall CVD reactor with a residual gas analyzer (RGA) shown in figure 

7.1 and allowed to sit in the cold zone under 750 sccm of UHP grade N2 (National Welders), 

while air was purged out of the system.  After the RGA measured concentration of O2 and 

water dropped to background levels, the flow of N2 was diverted through the chilled ethanol 

bubbler and ethanol vapor was introduced into the reactor.  Upon reaching the appropriate 

consistent growth conditions determined by the output of the RGA, the sample was moved 

into the hot zone via a magnet on the outside of the reactor and CNT growth began.  After the 
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designated growth time, the ethanol flow was turned off.  When no appreciable amount of 

ethanol decomposition products were measured, the sample was removed from the hot zone 

and allowed to cool to near room temperature before removing it from the reactor.  The 

morphology and height of the resulting forests of vertically aligned CNTs was studied by 

high resolution FESEM (Zeiss Leo SEM, 5 kV) and the diameter and morphology of 

individual nanotubes were observed in a transmission electron microscope (TEM, Phillips) 

with an accelerating voltage of 200 kV.   

TEM sample preparation 

In order to prepare samples for TEM, substrates from carbon nanotube CVD 

experiments were scraped off their silicon substrates with tweezers, into a glass vial. Several 

milliliters of ethanol were then dispensed into the vial, and the solution was mixed 

vigorously for several minutes until a dark dispersion of carbon nanotubes was formed.  

Several droplets of this dispersion were transferred by pipette onto a lacy silicon TEM grid 

(Ted Pella) and the ethanol was allowed to evaporate, leaving only the carbon nanotubes. 

TEM analysis showed that the nanotubes grown around 650 °C were primarily multi-walled 

with three to four shells, with the catalyst particle encapsulated at the tip of the nanotube as 

shown in panel a of figure 7.3.  

Patterned carbon nanotube growth  

For CNT growth patterning, silicon substrates with thermally grown films of SiO2 

having pre-patterned trenches 0.1 μm deep etched in them, called “flop-down” substrates 
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were used as the starting material for CNT deposition.  Iron (2 nm) was then sputtered onto 

the samples, coating both the top surface as well as bottom surface of the etched trenches.  

After catalyst deposition, samples were exposed to a chemical and mechanical polishing 

(CMP) step to remove the iron from the top surface, leaving only the iron deposited in the 

trenches.  These samples were then exposed to the same CNT growth process described 

above.  A diagram of CMP patterning procedure is shown in figure 7.4   

7.3 Results and Discussion 

Upon annealing of the deposited catalyst films, islands of catalyst nanoparticles 

formed on the surface of the supporting Al2O3 buffer layer.  The size and density of the 

islands showed a strong dependence on the thickness of the deposited catalyst film.  Samples 

with 3 nm Fe films resulted in an average particle size of 27 nm and approximately 30 

catalyst particles per square micron.  Annealing of the thinner 0.5 nm Fe films resulted in an 

average particle size of 2 nm and approximately 1500 catalyst particles per square micron.   

The 0.5 nm thick Co films resulted in an average particle size of 2 nm and approximately 

1500 catalyst particles per square micron.  Typical AFM scans of annealed catalyst films are 

shown in figure 7.2.  

The morphology of the CNT films was studied by FESEM and TEM.   High purity 

CNT forests were grown from temperatures ranging from 500 oC to 850 oC resulting in CNT 

forest heights that ranged from 100 nm to 100 μm.  Figures 7.5 and 7.3 show representative 

FESEM and TEM images of the carbon nanotubes grown via the ethanol CVD process on Fe 
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and Co catalysts.  FESEM revealed that the CNT forests were made up of vertically aligned, 

entangled carbon nanotubes.  TEM measurements showed that the nanotubes were primarily 

multi-walled with three to four shells, with the catalyst particle encapsulated at the tip of the 

nanotube as shown in panel a of Figure 7.3.   

In order to investigate the growth rate of CNTs during ethanol CVD, several 

experiments were performed using Fe catalyst from 0.5 nm films with 10 nm Al2O3 buffer 

layers at 650 oC for growth times ranging from 60 seconds to 80 minutes.  After the CNT 

synthesis, the substrates were cleaved in half to allow for cross-sectional imaging using 

FESEM.  Several measurements of CNT forest height were taken on different areas of each 

sample and the results of those measurements are shown in Figure 9.4.  Panels a and b in 

figure 7.5 show CNT forests grown for 10 and 20 minutes respectively.  Panel c shows the 

results of all of the growth rate experiments where the data points and the error bars represent 

the average and standard deviation of several measurements respectively. 

Figure 7.6 shows the results of CNT growth experiments designed to determine the 

apparent activation energy of carbon nanotube growth on Fe and Co catalyst particles.  Data 

on growth rate of nanotubes grown under the same conditions from different catalyst 

materials and thicknesses was collected an analyzed in an Arrhenius plot.  The highly linear 

character of the data suggests a thermally activated growth process.   Panel a shows that the 

3.0 nm iron film has an apparent activation energy of 2.26 eV, and the 0.5 nm iron film has 

an apparent activation energy of 1.91 eV.  This data is constant with a previous report from 
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Zheng32 and coworkers which describes thermal CVD of CNT forests from FeCl3 catalyst 

and ethanol vapor resulting in an activation energy of 2.8eV.  The lower activation energy 

measured here likely results from the use of the Al2O3 buffer layer.  Panel b compares a 0.5 

nm Co film to the 0.5 nm Fe film.  The 0.5 nm Co film has an apparent activation energy of 

1.39 eV. The activation energies reported by other authors range from 0.95 eV31 from a 

Al2O3/Fe catalyst system and acetylene vapor to 2.8 eV32 for growth from FeCl3 and ethanol 

vapor.  The activation energy of 1.39 eV for Co catalyst systems is one of the lowest reported 

to date and may signify that Co is a more appropriate catalyst system where lower activation 

energies are required.   

In addition to carbon nanotube CVD on planar substrates, nanotube forests were 

successfully gown via the CMP patterning technique described above.  Typical results of 

those experiments are shown in figure 7.7.  Panels a and b show 8 μm square patterns, and 

panel c and d show 1 and 2 μm lines.  These results indicate that CMP may provide a route to 

selective area CNT forest growth without the need for photolithographic patterning of the 

CNT catalyst material, reducing the number of steps required to integrate carbon nanotubes 

with future device technology.   

Continued work at NC State University 

 In order to continue this work in Parsons lab at NC State University, a very similar 

carbon nanotube deposition tool was designed using nearly identical parts, including a 

Thermolyne quartz tube furnace, a chilled ethanol bubbler system, and controlled nitrogen 
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carrier gas flow.  Unfortunately, it was not practical to fit this system with it’s own RGA so 

we were unable to monitor gaseous concentrations before, during, and after CNT growth.  

While in some instances we were successful in growing CNT forests, results were not 

reproducible.  Attempts to clean and replace the quartz tube and ethanol bubbler glassware 

were unsuccessful in achieving reproducible nanotube growth results.  It is suggested that 

should any future work on carbon nanotube synthesis be considered, a RGA system be used 

to identify conditions appropriate for CNT growth as well as possible impurities, leaks, or 

changes in reactor conditions.   

7.4 Conclusions 

Carbon nanotube synthesis by chemical vapor deposition from ethanol was 

successfully achieved over a range of temperatures for iron and cobalt catalysts and on planar 

silicon with buffer layers of thermally growth SiO2 and Al2O3, as well as patterned flop-

down SiO2 structures.  Studies of CNT forest height for several growth times were performed 

and apparent activation energies for several catalyst materials, thicknesses, and buffer layers 

were determined for the purpose of identifying a good candidate system for low temperature 

CNT synthesis.  Our results were consistent with previous reports of CNT CVD growth 

kinetics from Fe catalyst systems. Additionally, we were able to demonstrate one of the 

lowest reported activation energies of 1.91 eV for Fe catalyst systems, as well as an even 

lower 1.39 eV activation energy for a Co catalyst system.  We also demonstrated a novel 

method for patterning CNT forest growth without the need for a lithography step after 
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catalyst deposition.  This work supports efforts to integrate CNT with advanced devices as 

signal and power interconnects.  
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Figure 7.1 Diagram of a Chemical Vapor Deposition (CVD) reactor setup.  Nitrogen gas is bubbled into liquid ethanol 
whose temperature is controlled by a chiller in order to control the amount of ethanol delivered into the reactor where CVD 
of carbon nanotubes is performed in various substrates.   
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Figure 7.2 Atomic force microscopy of annealed (800 °C, 5 min) iron films on Al2O3/SiO2.  Panel a, from 3 nm Fe films, 
results in an average particle size of ~100 nm and approximately 30 particles/μm2.  Panel b, from a 0.5nm Fe film results in 
an average particle size of ~2 nm and approximately 1500 particles/μm2. The size and density of the islands showed a strong 
dependence on the thickness of the deposited catalyst film. 
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Figure 7.3 TEM images of the carbon nanotubes grown via the ethanol CVD process on Fe and Co catalysts.  FESEM 
revealed that the CNT forests were made up of vertically aligned, entangled carbon nanotubes. Nanotubes were primarily 
multi-walled with three to four shells, with the catalyst particle encapsulated at the tip of the nanotube. 
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Figure 7.4 Diagram of chemical and mechanical polishing procedure for patterning of carbon nanotube forests 
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Figure 7.5 SEM images showing CNT forest heights(A and B), as well as a plot of average forest height ± standard 
deviation on of carbon nanotube CVD performed 650C on samples with a 0.5nm thick Fe catalyst later and a 10nm Al2O3 
buffer later over 100nm SiO2 showing saturation at longer growth times and a liner growth rate of approximately 4.2 
microns per minute for growth times of less than 20 minutes.  
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Figure 7.6  Panel a shows an Arrhenius plot for carbon nanotubes growth from 0.5 (1.91 eV) and 3.0 nm (2.26 eV) thick Fe 
films by CVD.  Panel b shows an Arrhenius plot for carbon nanotubes growth from 0.5 nm Co with an apparent activation 

energy of 1.39 eV
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Figure 7.7 Patterned carbon growth from a chemical and mechanical polishing (CMP) technique.  Panels a and b show 5 μm 
square patterns and panels c and d show lines. 
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ABSTRACT 

Atomic layer deposition (ALD) of Al2O3 on electrospun poly(vinyl alcohol) 

microfiber templates is demonstrated as an effective and robust strategy by which to fabricate 

long and uniform metal-oxide microtubes. The wall thickness is shown to be precisely 

controlled within a molecular layer or so by adjusting the number of ALD cycles utilized. By 

judiciously selecting the electrospinning and ALD parameters, designer tubes of various sizes 

and inorganic materials can be synthesized.  
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A1.1 Introduction 

Inorganic microtubes with precisely defined nanoscale walls have attracted 

considerable attention due to their potential application in technologies related, but not 

limited to, electronics, photonics, nanofluidics, medicine, sensing, catalysis, and controlled 

release.1 A variety of different processes have been developed to fabricate such tubes from a 

variety of materials. Among those processes, the template-directed approach represents a 

straightforward and facile route to the fabrication of nano/microscale structures with hollow 

interiors. Nanorods,2 carbon nanotubes3,4 and porous media5,6 have all been successfully used 

as templates in this vein. Such templates are, however, expensive and difficult to produce in 

large volume. Natural materials including cotton and paper7,8 have also been used as 

templates, but the resultant nano/microscale structures are not easy controlled. In this work, 

we employ atomic layer deposition (ALD) on electrospun polymer fibers as a direct means 

by which to construct inorganic microtubes with well-defined nanoscale walls composed of 

Al2O3 after the templating polymer is removed. The results reported here indicate that this 

strategy provides an attractive, high-fidelity and low-cost route to inorganic microtubes, as 

well as nanoscale tubes and other complex shapes. 

Electrospinning has become a valuable and versatile route by which to obtain 

exceptionally long polymer nano/microscale fibers possessing uniform diameter and good 

composition control.9-14 Electrospun fibers are produced from polymer solutions as the 

electric field between a spinneret and a target is increased until the electrostatic force at the 
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tip of the spinneret exceeds the surface tension of the solution drop. The Taylor cone that 

forms is transformed into a continuous jet that forms solid fibers as the solvent evaporates. In 

combination with various surface modification tactics including physical vapor deposition 

(PVD),15,16 chemical vapor deposition (CVD),15 sol-gel processing,7 and spin-on glass (SOG) 

incorporation,16,17 electrospun templates have been used to fabricate metal,15 metal oxide7,16 

and polymer15,18 nanotubes. However each of these deposition methods is hindered by 

significant process limitations. For example, sol-gel chemistry has been successfully 

performed on electrospun fibers to generate TiO2 nanotubes,7 but uniform wetting of the 

huge surface area of the fiber matrix presents a significant and ongoing challenge for this 

method. In addition, PVD is a line-of-sight deposition technique that does not permit 

conformal deposition on fibers throughout the matrix. In CVD processes, depletion of 

precursor frequently limits uniform coating on large surface areas. Due to the limitations of 

these traditional deposition techniques, it is difficult to produce long nano/microtubes with 

smooth outer surfaces, uniform walls of controlled thicknesses at nanometer length scales.  

In this work, atomic layer deposition (ALD)19-22 has been applied to matrices of 

electrospun polymer fibers to fabricate Al2O3 microtubes with smooth wall surfaces and 

precisely controlled wall thickness. This strategy exploits a sequential, self-limiting 

deposition process that operates on the principle of alternating saturating surface reactions. 

During ALD, a specimen is exposed to a precursor vapor that forms a (sub)monolayer of the 

precursor on the substrate. After excess precursor is removed from the vapor phase by a 
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purge gas (e.g., Ar), the reactant gas is subsequently pulsed onto the substrate, where it reacts 

with the adsorbed precursor layer to form a layer of the target film-forming material. Since 

no gas phase reaction occurs, the target film is grown layer-by-layer on the substrate, in 

which case the thickness of the deposited film can be accurately controlled by the number of 

cycles the process is repeated, as illustrated in Fig. 1. Because of its unique process 

characteristics and controllability, ALD can be used to deposit conformal, uniformly thin 

films with precise thickness and composition control over large scales and onto substrates 

with complex topologies (including for example, fibers).8,22,23 Moreover, ALD is chemically 

versatile and has been used to fabricate layers of metals,24-26 metal oxides,27 metal 

nitrides22,24 and other materials. An additional benefit of ALD is that the deposition of 

Al2O3,
21,22 TiO2

8 and TiN24 can be conducted at relatively low temperatures (< 150˚C), 

thereby reducing, if not altogether eliminating, thermal damage to temperature-sensitive 

substrates such as organic media.  

A1.2 Experimental Methods 

Poly(vinyl alcohol) (PVA) with a molecular weight of 127 kDa and a degree of 

hydrolysis of 88% was purchased from Aldrich and used without further purification. A 7 

wt% PVA aqueous solution was prepared by dissolving PVA in deionized water (DI H2O) at 

60˚C and stirring gently for 2 h. Electrospinning was performed using the parallel-plate setup 

described elsewhere.14 A stable jet was formed at a flow rate of 7 μl/min and an electric field 

of 1 kV/cm. Representative electrospun PVA fibers were sputter-coated with Au/Pd prior to 
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field-emission scanning electron microscopy (FESEM) analysis performed on a JEOL 6400F 

microscope operated at 5 kV. Coated fiber composites were fabricated by depositing thin 

Al2O3 films on the electrospun PVA fibers by ALD at 45˚C and a pressure of ~0.5 Torr. The 

aluminum precursor and oxygen reactant sources were Al(CH3)3 (TMA, 95%) and DI H2O, 

respectively, and were delivered to the reactor as ambient-temperature vapors. During 

cycling, the TMA and DI H2O were alternately introduced into the ALD chamber (base 

pressure ~10-6 Torr) in pulses of 5 and 0.5 s, respectively. Purge times were 20 s for TMA 

and 60 s for DI H2O. In conjunction with each ALD on PVA fibers, a piece of native oxide Si 

wafer (measuring ~1 cm Ø  1.5 cm, treated by JTB® Baker Clean, rinsed in DI water and 

then N2 blown-dry) was used as a reference substrate for growth rate measurements on a 

planar surface under identical deposition conditions. To remove the organic constituent after 

ALD, the Al2O3-coated PVA fibers were heated in air at 400˚C for 24 h. After removing the 

PVA by calcination, the resultant microtubes were likewise characterized by FESEM under 

the same conditions listed above. Transmission electron microscopy (TEM) was conducted 

by sonicating Al2O3 microtubes in ethanol for 1 min. Several drops of the suspension were 

pipetted onto TEM grids, which were allowed to dry at ambient temperature and then imaged 

with a Hitachi HF-2000 microscope operated at 200 kV. Complementary energy-dispersive 

x-ray spectroscopy (EDS) was performed with an Oxford Instruments Inca Energy 100 

system to ascertain the chemical composition of the microtubes under different ALD 

conditions. 
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A1.3 Results and Discussion 

A representative FESEM image of individual as-electrospun PVA fibers is presented 

in Fig. 2a. Depending on the duration of electrospinning, these fibers typically connect to 

form a self-supporting web. The diameters of most of the PVA fibers used in this study range 

from 200 to 400 nm. To reflect this size scale, we hereafter refer to the fibers as microfibers. 

In comparison with poly(L-lactide) (PLA) electrospun fibers, which have been traditionally 

used as templates by which to generate tubes by PVD and CVD,15,28 PVA with surface 

hydroxyl groups capable of reacting with deposited precursor species is much less expensive 

and likewise amenable to electrospinning from aqueous solution. These considerations are 

ultimately important in the mass production of high-quality templated microtubes. The 

resulting conformal deposition of Al2O3 on PVA fibers is shown in the FESEM images 

displayed in Figs. 2b and 2c, as well as in the TEM image included in Fig. 2d. Figure 2b 

indicates that the Al2O3 microtubes are connected together in a web, thereby preserving the 

original arrangement of the PVA electrospun fiber templates. This figure, which shows a 

large number of Al2O3 microtubes as only a very small part of the specimen investigated, 

also confirms that the ALD process yields uniform coverage over a relatively large area 

despite the apparent topological complexity. Most of the Al2O3 microtubes are observed to 

measure tens of micrometers in length, with many observed to extend into the millimeter 

range. The close-up FESEM image provided in Fig. 2c reveals the structure of the hollow 

Al2O3 microtubes formed after removal of the PVA core. It is apparent from this and related 
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images that the outer surface of the microtubes after 475 ALD cycles is relatively smooth. In 

this case, the wall thickness of these Al2O3 nanometer tubes is estimated to be about 38 nm 

on the basis of TEM images such as the one displayed in Fig. 2d. As indicated by the arrow 

in this figure, the microtube replicates nanoscale features from the surface of the electrospun 

fiber. Attention is drawn here to a small neck in the PVA fiber, along with some small 

surface blemishes and a peripheral circular feature. A similar circular feature is likewise 

evident on the interior of a microtube produced after 300 cycles of ALD (cf. Fig. 3a). 

Figure 3a is a TEM image of an Al2O3 replica of a PVA electrospun fiber template 

that was first exposed to Al2O3 ALD for 300 cycles prior to thermal treatment in air at 400˚C 

for 24 h. Despite their diameter (in excess of 200 nm), these microtubes appear electron 

transparent when observed by TEM. The high-magnification TEM image provided in Fig. 3a 

demonstrates that the wall thickness of the microtubes is ~25 nm and is remarkably uniform 

along the length of a single tube. This observation extends to different tubes throughout the 

entire web. For comparison, Al2O3 microtubes formed after 150 ALD cycles are shown in the 

FESEM image in Fig. 3c. In this case, the wall thickness is only ~14 nm, according to TEM 

(cf. Fig. 3d). An EDS analysis performed on Al2O3 microtubes after 150, 300 and 475 ALD 

cycles and subsequent heating in air at 400°C for 24 h shows an Al:O ratio of 0.68:1 with 5% 

variation, thereby confirming that the elemental composition of the microtube walls is 

consistent with Al2O3. Carbonaceous residue has not been observed within the sensitivity of 

the EDS analysis (i.e., < 0.5%), as evidenced by the spectra provided in the Supplementary 
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Information. Corresponding analysis of the ALD wall thickness under these conditions is 

displayed in Fig. 4. In this figure, the dependence of Al2O3 layer thickness on cycle number 

is discerned for (i) microtube walls on PVA fibers by TEM and (ii) planar films on Si wafers 

by ellipsometry. The average growth rate of Al2O3 on PVA fibers is ~0.08 nm/cycle, which 

is, within experimental uncertainty, virtually identical to the deposition rate (~0.07 nm/cycle) 

measured on the planar substrates under identical ALD conditions. A larger population of 

water molecules residing in the electrospun PVA fibers than on the Si substrate may explain 

the marginally higher growth rate on PVA.21 The results shown in Fig. 4 indicate that the 

wall thickness of the Al2O3 microtubes generated here by ALD may be precisely (within a 

molecular layer or so) controlled by simply altering the number of deposition cycles. 

A1.4 Conclusion 

For microfluidic applications, the porosity and permeability of fabricated microtubes 

constitute important design concerns. Previous reports29,30 of Al2O3 ALD performed on 

planar polymer substrates indicate that films measuring tens of nanometers thick (similar to 

those fabricated here) perform as high-quality gas barriers. Although the TEM images in 

Figs. 2 and 3 show evidence of breakage (presumably during calcination and/or sonication), 

the Al2O3 microtubes appear predominantly compact and smooth without discernible 

nanometer-size holes, suggesting that intact microtubes are most likely impermeable to 

liquids (e.g., water and organic solvents), while affording low permeability to gases. Even 

without process optimization, the results of this study unequivocally establish that ALD is an 
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effective and robust strategy by which to fabricate long and uniform Al2O3 microtubes with 

precise control of wall thickness from electrospun PVA microfiber templates. By judiciously 

adjusting the electrospinning parameters, the diameter, alignment and structure of the 

templates can be further tuned as desired.9-14 In similar fashion, the ALD process can be 

appropriately extended to synthesize designer microtubes of other inorganic materials such as 

TiO2
8 and TiN.24 Because ALD is a self-limiting vapor-phase process, it can be easily 

adapted to construct, via reactive layering, large numbers of tube structures with nanoscale-

precision dimensions and controlled composition, thereby providing an attractive 

complement to physical self-assembly.31  
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List of Figure Captions 

 

Figure 1. Schematic diagram of vapor-phase, self-limiting atomic layer deposition 
(ALD) illustrating the cyclic process by which an Al2O3 surface coating is controllably 
constructed layer-by-layer from TMA and H2O precursors. 

 

Figure 2. (a) FESEM image of electrospun PVA fibers. (b, c) FESEM images of Al2O3 
microtube replicas prepared by ALD wherein the Al2O3 coating was deposited for 475 cycles 
at 45˚C. (d) TEM image of a corresponding Al2O3 microtube. The arrow in (d) identifies a 
peripheral circle formed inside the microtube near an apparent neck in the fiber template. 

 

Figure 3. (a) FESEM image of an Al2O3 microtube formed when ALD was performed 

on electrospun PVA fibers for 300 cycles at 45˚C. The arrow indicates a circle on the inside 

wall of the resultant microtube. (b) TEM image of the corresponding Al2O3 microtube 

illustrating the wall thickness. (c) FESEM and (d) TEM images of Al2O3 microtubes 

fabricated by ALD for 150 cycles at 45˚C. A wall thickness measurement is included in (d). 

In all cases, the electrospun PVA fiber templates were removed by heating in air at 400˚C for 

24 h. 

 

Figure 4. Wall thickness of Al2O3 microtubes prepared on electrospun PVA fibers ( ) 

and measured by TEM as a function of ALD cycle number. Included for comparison is the 

Al2O3 film thickness on a planar Si substrate ( ) measured by ellipsometry. The solid lines 

denote linear regressions of the data points. The corresponding average growth rates of Al2O3 

are about 0.08 nm/cycle on the electrospun fibers and 0.07 nm/cycle on the Si substrate. 

Error bars (±1 standard deviation) deduced from analysis of 25 thickness measurements from 

each specimen are smaller than the symbols shown. 
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Figure A1.1 Schematic diagram of vapor-phase, self-limiting atomic layer deposition (ALD) 
illustrating the cyclic process by which an Al2O3 surface coating is controllably constructed 
layer-by-layer from TMA and H2O precursors.   
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Figure A1.2 (a) FESEM image of electrospun PVA fibers. (b, c) FESEM images of Al2O3 
microtube replicas prepared by ALD wherein the Al2O3 coating was deposited at 45˚C for 475 
cycles. (d) TEM image of a corresponding Al2O3 microtube. The arrow in (d) identifies a 
peripheral circle formed inside the microtube near an apparent neck in the fiber template.   
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Figure A1.3 (a) FESEM image of an Al2O3 microtube in which ALD was performed on 
electrospun PVA fibers for 300 cycles at 45˚C. The arrow indicates a circle on the inside wall of 
the resultant microtube. (b) TEM image of the corresponding Al2O3 microtube illustrating the wall 
thickness. (c) FESEM and (d) TEM images of Al2O3 microtubes fabricated by ALD for 150 cycles 
at 45˚C. A wall thickness measurement is included in (d). In all cases, the electrospun PVA fiber 
templates were removed by heating in air at 400˚C for 24 h.  
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Figure A1.4 Wall thickness of Al2O3 microtubes prepared on electrospun PVA fibers ( ) and 
measured by TEM as a function of ALD cycle number. Included for comparison is the Al2O3 film 
thickness on a planar Si substrate ( ) measured by ellipsometry. The solid lines denote linear 
regressions of the data points. The corresponding average growth rates of Al2O3 are about 0.08 
nm/cycle on the electrospun fibers and 0.07 nm/cycle on the Si substrate. Error bars (±1 standard 
deviation) deduced from analysis of 25 thickness measurements from each specimen are smaller than 
the symbols shown. 
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My contribution to this work included producing planar films on polypropylene, performing 
ALD of Al2O3 at 60 and 90 °C on polypropylene fibers and films and measuring the contact 
angle of the resulting systems.   
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ABSTRACT 

Atomic layer deposition (ALD) of aluminum oxide on nonwoven polypropylene and woven 

cotton fabric materials can be used to transform and control fiber surface wetting properties.   

Infrared analysis shows that ALD can produce a uniform coating throughout the nonwoven 

polypropylene fiber matrix, and the amount of coating can be controlled by the number of 

ALD cycles.  Upon coating by ALD aluminum oxide, nonwetting hydrophobic 

polypropylene fibers transition to either a metastable hydrophobic or a fully wetting 

hydrophilic state, consistent with well known Cassie-Baxter and Wenzel models of surface 

wetting of roughened surfaces.  The observed nonwetting/wetting transition depends on ALD 

process variables such as the number of ALD coating cycles and deposition temperature.   

Cotton fabrics coated with ALD aluminum oxide at moderate temperatures were also 

observed to transition from a natural wetting state to a metastable hydrophobic state and back 

to wetting depending on the number of ALD cycles. The transitions on cotton appear to be 

less sensitive to deposition temperature.  The results provide insight into the effect of ALD 

film growth mechanisms on hydrophobic and hydrophilic polymers and fibrous structures.  

The ability to adjust and control surface energy, surface reactivity and wettability of polymer 

and natural fiber systems using atomic layer deposition may enable a wide range of new 

applications for functional fiber based systems.   
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A2.1 Introduction 

 Natural and synthetic fibrous materials are finding a wide range of new applications 

including advanced filtration,1 composite reinforcement2, as membranes for protection and 

biological species capture,3 tissue engineering and biological adhesive scaffolds,4, 5 and 

substrates for printed and flexible electronic circuits and sensors.6, 7  Fibrous structures are 

being adopted for an expanding range of applications such as catalytic and photocatalytic 

mantles,8-10  materials for biological product and by-product separations, protective and 

biocidal garments, as well as flexible and low cost energy harvesting devices.  

 For most applications of fibrous materials, the physical structure and chemical 

composition of the fiber surface dictate the device functionality and performance.  New 

techniques to uniformly adjust and modify surface properties, while maintaining the desirable 

properties of the original fiber matrix, will be important for many new device and system 

applications.   

Methods to modify surfaces to achieve super-hydrophobic or super-oleophobic 

behavior have been of interest for some time,11-14 in particular in fiber and fabric based 

systems.15-17 The dynamic wetting properties of a surface, which are associated with 

advancing and receding contact angles,11 result from a combination of surface chemistry, and 

surface roughness and texture.18, 19  

A vast number of wet chemical techniques have been developed to control surface 

properties of fibers and fabrics,20 and new approaches continue to emerge.21-24 Vapor phase 
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atmospheric pressure plasmas, in either inert gas or with chemical additives,25, 26  as well as 

chemical vapor deposition13 and atomic layer deposition8, 27-30 are of interest.   Atomic layer 

deposition is particularly attractive because it uses a binary set of self-limiting reactions that 

can produce highly uniform coatings on complex surface geometries, where the thickness is 

controlled at the (sub)monolayer level by the number of ALD reaction cycles.  ALD reaction 

chemistry on polymers differs from that on dense inorganic solids, and the detailed 

differences depend on the nature of the polymer and the deposition reactants.31, 32 

While changes in surface roughness and surface wetting have been observed after 

ALD coating of polymer films,31, 32 surface wetting characteristics of ALD coated fibers and 

textile media has not previously been studied in detail.  The surface wetting is of interest, in 

part, because the wettability of a fabric material has a strong influence on its performance, 

for example, in liquid and aerosol filtration.   Wetting properties of fibers are modulated by 

surface chemical species.  The ability to control species can allow further chemical 

functionalization that can significantly expand the range of potential applications.  

In this work, we analyze the uniformity of low temperature (<120 °C) ALD coatings 

over nonwoven polypropylene fiber mats, and demonstrate repeatable changes in wetting 

behavior.  Advancing and receding water contact angles on ALD coated planar thin films and 

fibers of similar composition are analyzed to obtain concurrent estimates for the Young’s 

contact angle, , obtained on the planar surface, and the apparent contact angle, *, measured 

on the fabrics.  Dynamic measurements characterized the sample incline angle required for 
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droplet slip.  The trends in *  and slip conditions as a function of film thickness and 

deposition temperature are compared to the well known Cassie-Baxter and Wenzel models 

for surface wetting on non-planar surfaces.   

 We show that surface wetting of polypropylene and cotton textile mats does not 

change gradually as the number of aluminum oxide ALD cycles increases, but rather, it 

changes abruptly from wetting to non-wetting, or from non-wetting to fully wetting, 

depending on material and extent of the coating process.  The number of ALD cycles 

associated with the wetting state transition is reproducible, but depends strongly on the 

deposition conditions.    

A combination of contact angle, X-ray photoelectron spectroscopy, infrared analysis, 

and scanning electron microscopy results suggest that the ALD coating affects both the 

chemical surface energy and the effective nanoscale roughness, and both are important in 

understanding the observed wetting transitions.  Better understanding of surface wetting 

behavior may help realize new applications for fibrous materials and devices.   

 



APPENDIX 2 is a reprint of a manuscript published in Langmuir 

233  

A2.2 Experimental Methods  

Atomic layer deposition of Al2O3 was performed on nonwoven polypropylene and 

woven cotton yarns as well as polypropylene and cellulose thin films.   Polypropylene is a 

polycrystalline polymer at room temperature, with a glass transition temperature at -10°C, 

and a melting point of 173°C.  It has an amorphous density of 0.85 g/cm3 and crystalline 

density of 0.95 g/cm3 at 25°C, and the molecular weight of the repeat unit is typically 42.08 

g/mol.  It is very hydrophobic, with water absorption at equilibrium of 0.01 wt.%.  It does 

soften at elevated temperature, with a linear coefficient of thermal expansion (CTE) of ~ 0.6-

1.1x10-4  (°C)-1, and an expected shrinkage of 1-2%.   Cotton has an approximate density of 

1.55 g/cm3, and a linear thermal expansion coefficient of 7–8  10-5 K-1 from 122 K to 273 

K.   Cotton is very hydrophilic, with a water adsorption at equilibrium typically >8%.  

Decomposition of cotton occurs at temperatures greater than 150 °C. 

Melt blown polypropylene fiber mats were prepared at NC State University, College 

of Textiles, and used as received.   Polypropylene thin films were cast on silicon substrates to 

approximate a smooth textured surface.   The polypropylene solution was prepared by 

dissolving polypropylene beads in decahydronaphthalene to create a 1% by weight solution.   

The solution was heated to 165°C for at least one hour to complete the dissolution of the 

polypropylene.   An 80 μl amount of the solution was placed onto a silicon substrate heated 

to 100 °C to evaporate the solvent.  The root mean square roughness of the resulting film 

measured over 2 m  2 m area is 6-8 nm.  
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Woven cotton fabrics, with a 3x1 twill structure, were obtained from Textile 

Innovators and used as received (bleached and mercerized).  To approximate the chemical 

surface of the cotton fibers in a planar form, cellulose films were prepared by spin casting a 

solution containing microcrystalline Avicel cellulose on silicon substrates.  The solution 

preparation and spin cast process followed a procedure reported elsewhere.33 

Aluminum oxide atomic layer deposition was performed in one of three homemade 

hot-wall stainless viscous flow tubular reactors, all of similar design.29, 30, 34 Each reactor 

used is comprised of a stainless steel tube ~75 cm long and ~3.5 cm in diameter.  

Trimethylaluminum (TMA, Al(CH3)3), and deionized water (H2O) were used as Al precursor 

and oxidant, respectively.  The ALD process proceeds through a series of binary self-limiting 

A/B reaction cycles, where for example, TMA reacts with a hydroxyl-terminated surface to 

form aluminum-methyl species bound to either one or two surface oxygen atoms (reaction A) 

followed by water reacting with the Al-methyl groups to form a (sub)monolayer of Al2O3 

with hydroxyl surface termination (reaction B).  A continuous flow of ultrahigh-purity argon 

was used, and acted as precursor carrier and purge gas.  Each reactant was delivered through 

a dedicated ¼ inch stainless steel tube.  The deposition tube and gas lines were independently 

temperature controlled using heating jackets.  The maximum service temperature of 

polypropylene is typically 125°C, and approximately 150°C for cotton.  Therefore, for our 

studies, the ALD process temperature is limited to a maximum of 120°C.The TMA was 

obtained from STREM Chemicals and used as received. The total gas flow rate was typically 
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~200 standard cubic centimeters per minute (sccm) and the operating pressure was 

maintained at 1-2 Torr using a rotary mechanical pump.  Pressure was monitored by a 

Baratron pressure gauge (MKS Instruments Inc.). The pressure increase during each reactant 

gas pulse was between 50 and 100 mTorr.  X-ray diffraction analysis confirms that the 

alumina is amorphous in the as-deposited state. 

Advancing and receding water contact angle on the various fabrics was measured 

using a Model 200 Ramé-Hart Contact Angle Goniometer.  All reported contact angle values 

are obtained within 1 hour or less after deposition, in order to reduce possible effects of 

adventitious carbon on the surface.  After proper tool alignment, the water droplet was 

allowed to stabilize for about 1 minute on the fiber before recording the measurement.  The 

reported values correspond to the advancing contact angle.  Because of the rough surface on 

the fibers, the contact angle was evaluated by the droplet shape close to the droplet/fiber 

contact (see for example Figure 7a).  The reported values correspond to averages from 

between 3 and 10 measurements of each sample, with typical uncertainty (one standard 

deviation) on the nonwetting surfaces of  less than ±10°.   Characterization of the fiber 

surfaces was conducted using a FEI Phenom scanning electron microscope (SEM) which 

analyzes back scattered electrons and operates with a 5 kV accelerating voltage.  A Hitachi 

S-3200 SEM was used for higher resolution imaging.  To reduce charging effects, the fiber 

and film samples with and without ALD processing were sputter coated with <50 Å of Au/Pd 
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using a DC magnetron source.  For some samples, extended high temperature heating in air 

was performed to complete polymer volatilization, leaving behind only the Al2O3 coating.         

Uncoated and coated fibers were analyzed using infrared (IR) transmission 

spectroscopy.  Infrared measurements were collected in transmission configuration at normal 

incidence using a Fourier transform IR spectrometer (Nicolet Magna 750) equipped with a 

non-polarized IR beam.  Spectra were acquired with a KBr beamsplitter and a deuterated 

triglycine sulfate (DTGS) detector in the middle infrared (MIR) region.  The typical features 

of aluminum oxide are found in the low wave-number range,35 and the deposited films 

contain significant hydroxyl group density as expected for low-temperature deposited films.  

Transmittance is obtained from the ratio between film transmission (T) and air transmission 

(T0), and absorbance is plotted as -log10(T/T0).  Many of the nonwoven polypropylene fiber 

samples could be readily “peeled” into sub-layers to allow thin layers to be analyzed.  Woven 

cotton was too thick to be used for IR analysis.   

The film thickness on planar silicon substrates was measured by ellipsometry using 

either an Auto EL ellipsometer (Rudolph Tech.) at an angle of incidence  = 70o and a 

wavelength  = 632.8 nm, or using an Alpha-SE spectroscopic ellipsometer (J. A. Woollam) 

at an angle of incidence  = 70o and a wavelength range of 380-900 nm.   

The concentration of atomic species in the near surface region of the fibers after ALD 

coating  was obtained by X-ray photoelectron spectroscopy (XPS) using a  Kratos Analytical 

Axis Ultra with a Al K source (hv = 1486.6 eV). Some samples were measured using a 
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Riber LAS3000 XPS system equipped with a two-stage cylindrical mirror analyzer and a Mg 

K (hv = 1253.6 eV) non-monochromatic X-ray source.  Each system has ~0.1 eV resolution 

in the photoelectron energy spectra.  The binding energy reference was obtained by adjusting 

the surface C 1s peak binding energy to 285.0 eV.  
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A2.3 Results  

A. Uniformity of ALD coating through nonwoven polypropylene fiber mat.  

Electron Microscopy: Scanning electron micrographs of uncoated meltblown 

polypropylene and woven cotton are shown in Figure 9.1.  The images show that the 

nonwoven mats consist of fibers that are randomly distributed across the fiber mat surface 

and within the mat bulk, and the fiber diameter ranges from ~ 0.5 to 10 microns.   For the 

natural cotton samples, individual fibers (~ several m in diameter) are twisted into yarns 

and bundles which are then woven into a patterned array that repeats on the millimeter scale.   

Fiber samples were coated by ALD using TMA and H2O under conditions that resulted in 

~1.1 Å per A/B cycle on planar silicon wafers, as determined using ellipsometry.  No marked 

changes are observed in fiber structure after deposition.   Some shrinking of the polymer 

fiber is expected upon heating to 100°C, resulting in some overall densification of the fiber 

mat.   

Infrared Spectroscopy: A series of nonwoven polypropylene fiber samples were 

characterized using IR transmission spectroscopy, and results are shown in Figures 9.2-9.4.   

The overall thickness of the fiber mat can be adjusted during the nonwoven fiber-laying 

process.   However, the polypropylene nonwoven sheets used here were relatively thick (~ 

0.3 millimeter), so that the polypropylene-related features saturated the IR absorbance.  We 

found that using a sharp blade, the nonwoven layers could be “peeled” into several sub-

layers, as shown in the photograph in Figure 9.22a.  Each sub-layer was typically between 
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one half and one fifth of the total original layer thickness, which was sufficiently thin that the 

IR features associated with the polypropylene and the deposited inorganic layer could be 

readily characterized.  The peeled layers were generally visually uniform, but they varied in 

thickness from one to another. Absorbance of the asymmetric C-C stretching at 998 cm-1 in 

the uncoated fibers was used to normalize the spectra obtained from the coated fibers.   

Infrared absorbance spectra collected from an uncoated “peeled” polypropylene fiber 

matrix before deposition, and the same sample after 200 A/B cycles of aluminum oxide 

deposition at 90°C are shown in Figure 9.2b.  The features related to polypropylene, 

including CH2 rocking at 840 cm-1, asymmetric C-C stretching at 998 cm-1, CH3 wagging at 

1170 cm-1, and CH rocking at 1255 cm-1, are clearly distinguished in each spectrum, in 

agreement with the assignments by Liang et al.36 The Al-O absorbance is clearly discerned at 

700 cm-1.  The difference spectrum is also displayed in Figure 9.2b.  A small positive 

absorbance in the C-H stretching regime (not shown) remains in the difference spectrum, 

which is due to the expected increase in density upon shrinking of the fiber mat during 

heating.   

Figure 9.3 displays difference spectra obtained from polypropylene samples coated 

with various numbers of ALD cycles at 90°C.  Each spectrum is normalized by the intensity 

of the asymmetric C-C stretching mode at 998 cm-1 in the starting substrate.  Peak intensity is 

estimated as the area of the Al-O peak in the difference spectra between 450 and 1000 cm-1, 

and a plot of peak intensity versus number of A/B cycles is shown in Figure 9.3b.  The 



APPENDIX 2 is a reprint of a manuscript published in Langmuir 

240  

intensity increases relatively linearly for A/B cycle numbers in excess of ~10, with an 

apparent reduced growth/cycle during the early ALD cycles.  Also shown is the linear 

increase in thickness for films deposited at 60 and 90°C on silicon wafers, measured by 

ellipsometry, as a function of A/B cycles. These results indicate that under the conditions 

utilized, the amount of material deposited on the fiber matrix during the ALD process 

increases as the number of cycles is increased, as expected for uniform film deposition on the 

complex surface structure.   

To further analyze uniformity of the coating through the fiber matrix structure, full 

nonwoven layers (i.e. without peeling before deposition) were also coated using the same 

ALD process conditions.  After ALD coating the sample was peeled into five sub-layers, and 

each was characterized by infrared transmission spectroscopy. Resulting spectra from each 

sub-layer after coating with Al2O3 at 90C are presented in Figure 9.4.  In this case, the 

polypropylene background features are not removed, but they are normalized to the peak 

intensity of the asymmetric C-C stretching mode at 998 cm-1.  We note that the Al-O peak 

intensity for this sample is nearly the same for all sub-layers collected, with some decrease in 

absorbance toward the middle of the matrix.   Data shows the aluminum oxide coating 

penetrated through the nonwoven layer, creating a uniform coating throughout the fiber mat 

thickness. Previous TEM and high resolution TEM analyses of other fiber structures coated 

using ALD show the coating to be highly conformal on cotton.34 
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B. Surface Properties of Coated Fiber Mats 

Water Contact Angle and Wetting Analysis:  In general, the shape of a water droplet on a 

fibrous mat is determined by energetics of the air-liquid and solid-liquid contact, and the 

fraction of the surface in contact with the water droplet.  The models of Cassie and Baxter18 

and Wenzel,19 are often used to evaluate the role of surface roughness and non-uniformity on 

the wetting behavior of materials with porous and roughened surfaces.  The Wenzel model 

addresses the case where fluid can wet the entire surface area, whereas the Cassie-Baxter 

model regards a system where the fluid contacts only the peak regions of a porous surface.  

Both models relate the measured contact angle on the roughened surface (*) to the contact 

angle that appears on the same material for a flat surface (), where the contact angle on the 

flat surface is governed by thermodynamic considerations described by Young’s equation. In 

the Cassie-Baxter state in air, water on a porous surface will follow the relation 

cos θ* = s cos θ - v   

where s and v  are defined as the fractional area of the water drop contacting the solid and 

air, respectively. For the fiber systems in the nonwetting Cassie-Baxter state, s is between 0 

and 1.  For a nonwetting material with cos   < 0, the Cassie-Baxter state is generally stable.  

A metastable Cassie-Baxter state occurs when a more wettable material is roughened to 

produce a nonwetting surface.  In the metastable state, a water droplet will adhere to the 

surface upon tilting, and the matrix can be wetted by applying force to the droplet.    
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For the Wenzel condition, the relation between  and * follows 

cos θ* =  r cos θ 

where r is the total surface area contacted by the drop, relative to the drop’s projected area. 

On a fiber surface, the effective values for r become very large (i.e. r → ∞).  Capillary forces 

will also act on the water droplet in the wetting state, so the contact angle cannot be readily 

measured or defined.    This fully wetted condition is designated in this work by θ* = 0.    

Using water droplets, the wetting properties of nonwoven polypropylene fiber matrices were 

investigated after ALD coating, and results are shown in Figures 9.5 and 9.6.  Figure 9.5 

displays the static water contact angle on nonwoven polypropylene fibers as a function of 

number of ALD cycles in varying sample orientations.  Deposition was performed using 

TMA/Ar/H2O/Ar = (0.07/20/0.07/20 seconds) and a set point temperature of 100°C.   This 

reactor system is specifically designed to hold fiber samples perpendicular to the reactant gas 

flow, designated as “flow-through” orientation in Figure 9.5a.   A different set of runs was 

performed in the same reactor, where larger area fiber samples were rolled and placed length-

wise into the reactor tube, designated as a “flow-over” orientation in Figure 9.5a.  The water 

contact angle for samples from both sample orientations is shown in Figure 9.5b.  Without 

ALD coating, the nonwoven polypropylene is super-hydrophobic, with an apparent contact 

angle  >120°.  After coating with a small number of A/B cycles, the films remain 

nonwetting.  Water droplets on the nonwetting samples remained stable and were visible 
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until the fluid evaporated.   As the number of A/B cycles is increased, samples prepared in 

either orientation undergo an abrupt transition to a wetting state, where they readily soak up 

water. The nonwetting/wetting transition occurs at approximately the same number of A/B 

cycles for both sample orientations.   It is important to note that the wetting and nonwetting 

nature of the ALD coated polypropylene fibers is found to be nearly unchanged after 

exposure to lab air for more than 120 days.   

To better understand the observed wetting transition on the polypropylene fibers, further 

experiments were performed at various deposition temperatures in another reactor system, 

and results for samples coated at 60°C and 90°C are shown in Figure 9.6a using a “flow-

over” sample orientation.  Deposition was performed using TMA/Ar/H2O/Ar = (1/30/1/60 

seconds), which is an overall longer cycle time than that shown in Figure 9.5, but still results 

in ALD growth.   Here, high temperature deposition conditions showed no evidence of a 

nonwetting/wetting transition.  The nonwetting characteristic was observed for temperatures 

up to 120 °C even after as many as 1000 A/B cycles (data points not shown).   At 60°C, an 

abrupt nonwetting/wetting transition occurs at ~50 A/B cycles.  This result shows that the 

nonwetting/wetting transition depends strongly on deposition temperature.  This effect is 

consistent between Figures 9.5 and 9.6 albeit the transition is observed to occur at different 

number of cycles, which is most likely a result of some variation in detailed reactor 

condition.    
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A control experiment to confirm that the wetting properties of the fiber systems are related to 

film deposition was completed by performing a “double deposition”.  In this experiment, 

hydrophilic samples formed with 100 A/B cycles at 60°C were re-coated at 90°C, and 

hydrophobic samples originally coated with 100 A/B cycles at 90°C were coated with 

another layer at 60°C.  Surprisingly, we find the second layer generally does not affect the 

original surface wetting conditions.   When a hydrophilic sample coating at 60° C with 100 

cycles is coated with an additional 100 A/B cycles at 90°C, the surface maintains its original 

wetting state.  Similarly when a nonwetting sample formed with 100 A/B cycles at 90°C is 

coated at 60°C, the surface remains nonwetting.  Exceptions do occur when the original 

nonwetting samples are formed close to the nonwetting/wetting transition point.   From this, 

it can be concluded that the transition observed is most likely a result of nucleation effects of 

the Al2O3 on the polymer fiber.    

As the fiber material surface changes from naturally hydrophobic to wetting, the fibrous mat 

will transition to a condition that appears hydrophobic, but is more accurately described as a 

metastable Cassie-Baxter state.   The metastable state tends to result in droplet adhesion to 

the surface, with a corresponding increase in contact angle hysteresis (advancing – receding).   

To examine this transition, water adhesion was tested on the coated polypropylene fibers by 

gently placing a droplet on the fiber surface and tilting the samples vertically.  Water droplets 

readily rolled off of uncoated polypropylene fibers, as well as fibers coated with a small 

number of ALD cycles.  Increasing the number of cycles at 90°C resulted in the droplets 
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adhering to the surface.  For the polypropylene coated at 60°C, increasing the number of 

cycles resulted in droplet adhesion, just before the transition to full wetting.  In Figure 9.6, 

for example, nonwetting samples formed at 60°C near the nonwetting/wetting transition 

point showed water adhesion upon tilting, and some showed slow water absorption (within a 

few minutes), also indicative of the metastable state.  Also, fiber materials that remain 

nonwetting after high temperature ALD processing also appear in the metastable Cassie-

Baxter state.    

The detailed growth mechanisms on the polymer surface play a crucial role in defining the 

surface chemical composition and surface roughness that influence surface wetting.  To 

understand the role of surface chemistry and surface roughness in surface wetting, ALD was 

performed on several sets of cast polypropylene films, and results of contact angle analysis is 

shown in Figure 9.6b for sample sets prepared at 60° and 90°C.  Deposition on the films 

(Figure 9.6b) and fibers (Figure 9.6a) was performed simultaneously.  Contact angle for 

Al2O3 ALD on native-oxide coated silicon wafers is also shown.   After ~20 A/B cycles, the 

aluminum oxide ALD coating on SiO2 results in a contact angle between 10° and 20° when 

measured soon after deposition.  It is noted that over several hours of air exposure, the 

contact angle for aluminum oxide on silicon was found to increase, due most likely to an 

increase in surface carbon as observed in XPS analysis.    The starting polypropylene film 

shows a contact angle of 120°.  It is important to note that even though these cast 

polypropylene films are referred to as “planar”, they have inherent roughness that will affect 
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the measured contact angle.  The spread in the data, especially in the initial deposition 

regime, likely results from film nucleation and sample-to-sample variation in local 

roughness.    The values obtained, therefore, are an approximation to the contact angles 

expected on a surface that is significantly more planar than the highly random textile surface.   

On the cast polypropylene, the advancing contact angle decreased slowly for the first 40-50 

A/B cycles, and then decreased more rapidly before saturating.   The receding contact angles 

showed more irregularity, but generally indicated larger hysteresis with increasing number of 

cycles.   The initial slow decrease in advancing contact angle with film coating is ascribed to 

aluminum oxide nucleation, and a mix of polymer and alumina nuclei present on the surface.  

It is interesting to note that after further deposition, the contact angle on the cast film does 

not approach the value for ALD aluminum oxide on SiO2, even after 200 A/B cycles. This 

difference in contact angle for ALD coated polypropylene and SiO2 could be due to: 1) 

incomplete coverage of the polypropylene by the ALD coating, even after 200 A/B cycles; 

and/or 2) roughness of the polypropylene film surface.   The results also suggest that the 

details of the surface evolution depend on substrate temperature.  

X-Ray Photoelectron Spectroscopy:  Given the observed effect of adventitious carbon on the 

contact angle of Al2O3 on silicon substrates, it is necessary to understand the effect of surface 

carbon species (from the polymer) on the measured contact angle.   The relative intensity of 

the carbon 1s (C1s) signal at ~285eV measured by X-ray photoelectron spectroscopy was 

used to characterize the fraction of carbon in the near-surface region of the fibers.  At 1000 
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eV, the electron inelastic mean free path is ~ 1-2 nm, so for the non-planar samples studied 

here, the majority of the detected photoelectrons come from the top 1-3 nm of material.37 A 

silicon wafer with native oxide, coated with 50 A/B cycles at 75°C showed a C1s signal 

corresponding to ~20 at.% after air exposure, and the C1s signal decreased  to < 1 at.% after 

in-situ surface sputtering. On the fiber samples coated at 60°C, a large C1s signal, (~75 at.%) 

was collected after 25 A/B cycles, and the sample was non-wetting.  Whereas after 50 A/B 

cycles, the sample became wetting, and it showed 35 at. % carbon.  After 200 A/B cycles, the 

sample remained wetting and XPS results showed ~25 at. % C.  This decrease in C 1s signal 

and the observed transition to surface wetting is expected as the hydrophobic polymer fiber 

surface becomes coated with the more hydrophilic aluminum oxide layer.   Adventitious 

carbon present on the fibers after ambient exposure makes more detailed effects of substrate 

temperature on the XPS C1s signal difficult to discern.  

Other Fiber Substrates:  The effect of thin film coating on the wetting properties of other 

woven and nonwoven polymer fibers was also examined.  Figure 9.7 shows the 

wetting/nonwetting behavior of woven cellulose cotton fibers after coating by ALD 

aluminum oxide.  Untreated cotton was highly wetting; water droplets quickly penetrated 

into the fiber matrix.  However, after coating with a few cycles of aluminum oxide by ALD, 

the fiber mat became nonwetting, with an effective contact angle of 120°.  An image of a 

water droplet on cotton with three A/B cycles is shown in Figure 9.7.  This transition from 

wetting to nonwetting was observed to occur very quickly, typically after only one 
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TMA/H2O ALD cycle.  Increasing the number of A/B cycles caused the cotton to revert to its 

original wetting state, and the transitions appear to be much less sensitive to temperature than 

on polypropylene.   Coatings were also evaluated on spun cellulose films and results are 

included in Figure 9.6.  A more gradual change in contact angle is observed on the planar 

films, and the trend was also independent of temperature.   Cotton samples coated by ALD 

that are nonwetting are stable over several weeks in the laboratory environment, whereas, 

somewhat surprisingly, coated samples that are wetting slowly become more nonwetting over 

the time period of days and weeks.  The slow transition to a nonwetting state is most 

pronounced for samples coated with a small number of cycles, close to the 

nonwetting/wetting transition point (i.e 10 A/B cycles for the samples in Figure 9.7). 

Samples coated with a large number cycles remain wetting over long periods.  

The wetting properties of a few other fiber substrates and ALD coating materials were also 

examined.   For example, ALD titanium oxide, titanium oxynitride,5 and ZnO on 

polypropylene show qualitatively similar wetting transitions as the aluminum oxide coating.  

Aluminum oxide ALD on nonwetting woven polyester/cotton blends also showed a 

nonwetting/wetting transition, where the transition point depended on the nature of the 

weave.  Initial experiments examining deposition on fabrics formed from a heterogeneous 

fiber blend result in nonuniform wetting.  Polybutylterephalate shows a transition from 

nonwetting to wetting after ZnO ALD.  A few experiments show that polyamide fibers, on 

the other hand, appear hydrophilic both before and after deposition of ALD aluminum oxide.   
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C. Surface Wetting Diagram  

In addition to chemical groups, the wetting of a complex surface is influenced by surface 

topology and roughness.  For the present case of fiber matrices, the inorganic coating may 

produce a surface with an inherent rough texture, or the coating may also remove nanoscale 

roughness by planarization of nanoscale features. Planarization of nanoscale features has 

been observed previously after aluminum oxide atomic layer deposition on natural cotton 

fibers.34  Surface wetting can also be influenced by modifying fiber flexibility, for example, 

by rigidifying smaller fibers to accentuate their role on the surface topology.  

Using the data in Figure 9.6, a general wetting diagram in the form cos(θ*) versus 

cos(θ) can be constructed (shown in Figure 9.8), where θ* corresponds to the contact angles 

measured on “rough” nonwoven polypropylene fabric surfaces, and θ relates to those 

obtained from the cast polypropylene films.  Both of these surfaces are nonuniform and not 

well defined, so results from this plot are only analyzed qualitatively.  The plot in Figure 9.8 

also shows lines from the Cassie-Baxter equation for various values of surface water contact 

fraction, s, for the simplified case of s + v = 1.  The starting surfaces, and the surfaces 

coated with a small number of A/B cycles, result in points in the lower left quadrant in Figure 

9.8. These points correspond predominantly to materials in the Cassie state where both 

smooth and highly textured surfaces show a nonwetting nature.  Upon coating the fibers at 

60°C, the data points transition toward the upper right quadrant, indicative of a conversion to 

a fully wetting Wenzel state.  At higher temperatures (75 and 90°C) data points move toward 
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the lower right quadrant, suggestive of the metastable Cassie state.  This depiction of the 

transition from stable Cassie to metastable Cassie is consistent with the droplet adhesion 

results discussed above.  That is, droplets readily slip in the Cassie state, but stick in the 

metastable Cassie state.   

D. Fiber Surface Roughening 

The Cassie state is generally stabilized by an increase in surface roughness or texture. 

Therefore, we hypothesized that the differences in wetting properties of polypropylene fibers 

coated at 60°C and 90°C may be related to a change in surface morphology.  Electron 

microscopy imaging at moderate magnification (10000) of polypropylene fibers coated with 

a low number of A/B cycles (<~200) showed no appreciable difference in roughness for 

coatings formed at high and low temperature.  However, as shown in Figure 9.9 a and b, 

when more than ~500 A/B cycles was used, significant surface roughening was observed at 

90 °C, compared to a smooth surface texture observed at 60°C.  Some temperature-dependent 

surface roughening may be present after ~200 A/B cycles that is not observed in our SEM 

imaging.  

The source and mechanism associated with the roughening at higher temperature 

(shown in Figure 9.9) is not currently understood.  However, several tests were used to 

evaluate possible sources of the roughening process.  First, films were deposited 

simultaneously on different types of fiber substrates and examined by SEM. After ~700 A/B 

cycles on polypropylene and cotton fabrics at 60°C, smooth surface texture was observed, 
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but deposition at 100°C showed smooth surfaces on the cotton, but roughening on the 

polypropylene.  This indicates that the roughening is determined by the substrate and 

deposition conditions and is not derived from an external source, such as particulate 

contamination.  Second, long (~700) A/B cycle runs were performed on polypropylene fibers 

in a second ALD reactor system at 60 and 90°C, and again, the roughened surface texture 

was observed only at higher temperature. Third, fiber mats coated with 700 A/B cycles at 

90°C were peeled open, following the method shown in Figure 9.2a, to expose the internal 

fibers. Scanning electron microscopy images demonstrated that the rough surface structure 

persisted throughout the fiber mass.  One such image from the internal surface of a peeled 

fiber mat is shown in Figure 9.9b.  Finally, calcination of the rough polypropylene fibers was 

performed at ~700°C to remove the polymer fiber.  This calcination did not markedly change 

the rough appearance, consistent with the surface nodules being aluminum oxide.    An SEM 

image of polymer fiber coated with 700 A/B cycles at 90°C then calcinated at 700°C in air is 

shown in Figure 9.9c, and the surface roughness is clearly maintained.    Figure 9.9d shows a 

higher magnification of a different polypropylene fiber sample coated with 1000 A/B cycles 

at 100 °C.  These images clearly show a smooth polymer fiber after coating at low ALD 

processing temperature (60°C), and a roughened surface texture after coating at high 

temperature (100°C).   
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A2.4 Discussion 

The results presented here show that an abrupt transition in wetting properties for 

polypropylene and cotton fibers is influenced by the aluminum oxide ALD surface.  The 

nonwetting fiber mats are expected to become wetting as the hydrophobic polymer fiber 

becomes coated with the more hydrophilic aluminum oxide.  The data in Figure 9.6 shows 

that the transition to surface wetting occurs at low substrate temperatures, but it is not 

observed at higher deposition temperatures. We ascribe the difference in surface wetting after 

deposition at 60° and 90°C to temperature dependent precursor and reactant penetration and 

surface roughening effects.   For example, the thermal expansion coefficient for 

thermoplastic polymers is much larger than inorganic oxides (i.e. CTE of polypropylene =  

0.6-1.1 x 10-4 (°C-1); CTE cellulose38 = 0.8-1.2 x 10-4 (°C-1); CTE Al2O3 = 0.081 x 10-4 (°C-

1)), resulting in more fiber expansion at higher temperatures.   As temperature increases, the 

polymer will expand and increase the interchain distance and the polymer free volume.  One 

may expect therefore that at higher temperatures, precursor will penetrate more deeply, 

producing more significant sub-surface nucleation and growth, resulting in more surface 

carbon , compared  to similar films deposited at lower temperature.  Quartz crystal 

microbalance studies indicate that during ALD on non-reactive polymers, precursors can 

diffuse into the near surface region, leading to sub-surface film nucleation,32 although a 

strong temperature-dependence to species penetration  during ALD on polymers has not 

previously been  noted. 
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For deposition at higher temperature, more extensive sub-surface nucleation and 

growth within the polymer fiber is expected to result in more exposed surface carbon, 

resulting in a more hydrophobic surface.  More extensive sub-surface growth could also 

increase the surface roughness, also promoting the nonwetting state.  Less penetration at 

lower temperature would produce a more conformal, uniform, and smooth coating.  

Significant temperature-dependent surface roughness is observed after a relatively large 

number of ALD cycles (Figure 9.9), consistent with the persistent non-wetting character of 

the samples coated with ALD aluminum oxide at the higher deposition temperatures.  

Besides sub-surface material nucleation, other mechanisms that could produce the 

surface roughness observed in Figure 9.9 can also be considered.  One possibility is that low 

molecular weight polypropylene species, and/or TMA molecules that dissolve into the 

polypropylene during the precursor pulse, could out-diffuse during the purge and H2O 

exposure periods.  This could lead to particulate formation within the free volume of the fiber 

mat either by homogeneous reaction, or deposition on particles that are not swept out during 

the purge cycle.  The out diffusion and particle generation will then result in an excess in film 

growth (i.e. more material will be deposited on the fiber than on receptive flat surfaces), and 

the excess growth will be promoted at higher temperatures and low gas flow rates, consistent 

with observed surface roughening and wetting results.   Initial thermogravimetric analysis of 

uncoated polypropylene fibers does not show significant mass loss at temperatures less than 

200°C. Evidence of enhanced growth in the polypropylene fiber mats comes from infrared 
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transmission analysis.  Polypropylene fibers coated by aluminum oxide at temperatures 

between 60 to 100°C show an Al-O absorbance that increases at higher temperature, whereas 

coatings prepared simultaneously on silicon wafers show temperature independent growth 

rate.   It is important to note that ALD on polymer surfaces containing surface groups 

receptive to ALD nucleation, such as –OH and other polar groups present on cellulose cotton, 

is expected to produce more uniform and conformal film coverage, without substantial 

subsurface growth.      

On the hydrophilic cotton, the fiber surface energy appears to be significantly 

affected by a small number of ALD cycles, whereas the wetting properties of cast cellulose 

films are not strongly modified by film coating.   It could be inferred that the initial ALD 

coating interacts with nanoscale fibrils present on the fibers promoting an effective increase 

in nano-roughness, whereas thicker coatings produce nanoscale smoothening.  Previous 

results confirm that nano-fibrils present on the uncoated cotton fibers are planarized after 50 

A/B cycles of ALD coating.34 Also, if water or hydroxyl groups on the cotton are largely 

consumed during TMA dosing, e.g. to form predominantly stable Al-O-C linkages, the 

surface may be hydrophobic, even after subsequent water dosing.  For the cast cellulose, the 

decrease in contact angle upon coating suggests a difference in film growth on the films as 

compared to the natural cotton fibers.    
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A2.5 Conclusions 

The results presented here show that the surface wetting properties of fibrous textile 

materials can be altered and adjusted using atomic layer deposition.  The ALD process 

conditions can be adjusted to allow for uniform and conformal coatings throughout the fiber 

matrix.  For aluminum oxide coatings on nonwoven polypropylene and woven cotton fibers, 

an abrupt transition in wetting properties is observed, where the transition depends on the 

detailed process conditions, including temperature and number of A/B cycles, as well as the 

starting material surface.  Results also indicate that the growth morphology on the fiber 

structures depends strongly on process conditions and starting polymer surface. The 

difference in surface wetting after aluminum oxide ALD at 60° and 90°C on the nonwoven 

polypropylene fiber matrix is ascribed to temperature dependent precursor and reactant 

penetration, in combination with temperature-dependent surface roughening effects.   The 

ability to adjust and control surface energy, surface reactivity and wettability of polymer and 

natural fiber systems using atomic layer deposition will likely enable a wide range of 

applications in separations, structural and biological scaffolds, energy conversion devices, 

and flexible chemically active systems.   
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Figure A2.1   SEM images meltblown polypropylene fiber mats showing smooth surface of the initial fibers.  Typical fiber 
diameters range between 0.5 to 10 micrometers.    
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Figure A2.2   (a) Example of the “peeling” process to achieve thin polypropylene fiber samples from a thicker fibrous mat.  
Peeled films were used for infrared absorbance spectra analysis. Panel (b) shows spectra obtained from an uncoated 
“peeled” polypropylene fiber matrix (bottom) compared to the same matrix after 200 A/B cycles of TMA/H2O to produce 
Al2O3, deposited at 90°C (middle).  The difference spectrum is also provided (top). 
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Figure A2.3  (a) Difference infrared absorbance spectra for polypropylene samples coated with 10 – 100 A/B cycles.   (b) 
Peak area estimated from Al-O absorbance located at ~680 cm-1 for samples shown in (a).   (c) Al2O3 thickness on Si 
substrates determined by spectroscopic ellipsometry for various number of A/B cycles.   The slope of the plot is ~ 
1.1Å/cycle. 
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Figure A2.4  (a) Infrared absorbance spectra for five layers of polypropylene extracted from a single fiber sample, after 
coating with 100 A/B cycles of Al2O3.      
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Figure A2.5  (a) “Flow-over” and “flow -through” sample orientations used for ALD of Al2O3 in the hot-walled reactor 
design.  (b) Advancing contact angle as a function of Al2O3 cycle number for the two sample orientation configurations.  
One ALD A/B cycle consisted of TMA/Ar/H2O/Ar : 0.7 sec/20 sec/ 0.7 sec/20 sec; deposition temperature was 100°C.  
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Figure A2.6  (a) Image of a water droplet on a nonwetting cotton surface after 2 A/B cycles of aluminum oxide.  (b) 
Transition of water contact angle on cotton fibers and cellulose films as a function of ALD cycles at various deposition 
temperatures.     One cycle consisted of TMA/Ar/H2O/Ar : 1/30/1/60 seconds. 
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Figure A2.7   Advancing water contact angle on polypropylene (a) fibers and (b) films plotted versus ALD cycle number at 
deposition temperatures of 60 and 90°C.  For comparison in (b), contact angle is plotted for aluminum oxide deposition on a 
silicon substrate with a native SiO2.    
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Figure A2.8   A general wetting diagram of cos(*) vs. cos () obtained from contact angle on fibers and films, respectively, 
for polypropylene coated with various number of A/B cycles of Al2O3.   Green points correspond to deposition of aluminum 
oxide at 90°C, red points: 75°C, and blue points: 60°C. 
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Figure A2.9  SEM images meltblown polypropylene fiber mats with (a) ~700 A/B cycles of Al2O3 deposited at 60 °C, and 
(b) 1000 A/B cycles of Al2O3 deposited at 100°C.   Evidence of surface roughening is observed for the samples deposited at 
higher temperatures.  Panel (c) displays a sample coated with ~700 cycles at 90°C, after removing the polymer by 
calcination in air at ~400°C.   Panel (d) shows a higher magnification image of a polypropylene fiber after 1000 A/B cycles 
of aluminum oxide at 120°C. 
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Abstract 

Nucleation and subsequent growth of aluminum oxide by atomic layer deposition (ALD) on 

polypropylene fiber substrates is strongly dependent on processing temperature and polymer 

backbone structure.  As compared to cellulose cotton, which contains ample hydroxyl sites 

for ALD nucleation and growth in the polymer backbone, a rough surface texture results 

from ALD processing on polypropylene, which contains no readily available active sites for 

growth initiation.  Cross-sectional transmission electron microscopy images of ALD coated 

polypropylene show that deposition at 90 °C produces non-coalesced particles in the near-

surface region of the polymer, producing a rough surface texture that persists during 

extended ALD processing. Deposition at 60 °C however, produces a more abrupt 

polymer/inorganic interface and a more smooth surface texture.  Quartz crystal microbalance 

analysis on polypropylene films confirms enhanced mass uptake at higher processing 

temperatures, and X-ray photoelectron spectroscopy data also confirm heterogeneous mixing 

between the aluminum oxide and the polypropylene during deposition at higher temperatures. 

The strong temperature dependence of film nucleation and sub-surface growth is ascribed to 

a relatively large increase in bulk species diffusivity that occurs upon the temperature-driven 

free volume expansion of the polypropylene. These results provide helpful insight into 

mechanisms for controlled organic/inorganic thin film and fiber materials integration.   

 

A3.1 Introduction 

Inorganic integration with polymers is of interest for biological and chemical 

separations,1 tissue-engineering scaffolds,2  composite and hybrid organic-inorganic 

materials,3,4 and barrier layers for organic electronics.5-9  Surface modification of polymers, 

and fibers in particular, is also of interest for  modulating wettability and controlling cell 

adhesion,10-11 and for high surface area electrodes for energy storage and conversion 
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applications. Atomic layer deposition (ALD) of inorganic materials has previously been 

applied to a range of complex polymer materials and fibers, including electrospun polymer 

nanofibers,12,13  nanospheres,14 and natural cotton,15 and provides unique ability to create 

conformal coatings at low temperatures.16, 17  The detailed mechanisms associated with ALD 

on various polymers are of current interest for a wide range of materials integration 

applications,6-9, 12, 13, 15, 18-28 and several polymer systems of interest are summarized in Table 

1. In addition, ALD growth of aluminum oxide has also been studied on self assembled 

monolayers with various end-group terminations.29-31   Previous studies have established that 

when ALD is performed on non-reactive polymers, growth can proceed through sub-surface 

nucleation,25 and in some cases, ALD process reactants can penetrate through polymer films 

resulting in film coatings under the polymer layer.6   Reactant penetration and sub-surface 

inorganic nucleation in a polymer film can negatively affect material properties.   For 

example, oxide penetration in P3HT active layers in organic thin film transistors results in a 

decrease of device performance.6  Subsurface oxide growth can also impede the performance 

of ALD barrier layers formed on polymer films.5,9  While a polymer substrate generally 

constrains the temperature range allowed for deposition, previous studies have not 

specifically addressed the role of substrate temperature in ALD film nucleation and growth 

on polymers.  This article demonstrates that within the temperature range of interest for 

inorganic coatings on polymers, film nucleation, coalescence, and growth depends strongly 

on the substrate temperature.  The temperature and nucleation dependence is also shown to 
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vary with the bonding units available within the polymer structure.  Polymers without 

reactive groups in the polymer backbone structure, for example, show significant sub-surface 

growth at elevated deposition temperatures, whereas materials such as cellulose cotton with 

reactive groups in the polymer chain, promote surface growth even at high deposition 

temperature.  Subsurface growth in non-reactive polymers is ascribed to thermally driven 

polymer expansion and enhanced precursor penetration.   

A3.2  Experimental Methods 

Melt blown polypropylene ((C3H6)n) nonwoven fiber mats were prepared using a 0.56 

m pilot-scale melt blowing line located in the Nonwoven Cooperative Research Center at NC 

State University.  The polypropylene fibers in the resulting nonwoven mat have a radius 

between 500 nm and 5 m, and the overall mat thickness is ~0.3 mm.   Polypropylene is a 

common semi-crystalline thermoplastic with a highly non-reactive surface. The non-polar 

structure results in fibers that have high chemical resistance to alcohols, organic acids, esters, 

ketones, inorganic acids, and alkalis, as well as low water absorption (<0.03 wt.%).   The 

coefficient of linear expansion is higher than most common plastics, with a value of ~(0.6-

1.1)x10-4 C-1 between 60 °C and 90 °C.    The glass transition temperature is approximately -

10 °C and the crystalline melting temperature is 165-176 °C. The softening point, which 

limits the material functional operating temperature, is ~90 °C, although for the thin film 

coating experiments performed here the polypropylene fibers remain intact and serviceable at 

temperatures up to ~120 °C. 
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Woven cotton fibers were obtained from Textile Innovators and consist of a 3x1 twill 

structure.  Cotton is primarily made of cellulose (>95% naturally, 99% finished) consisting of 

linear chains of glucose (repeating unit of C6H10O5) with ß-glycosidic linkages. The 

hydrogen bonding between chains results in a stable material that is chemically resistant.   

The material used here was previously bleached and mercerized in sodium hydroxide 

solution to produce in a transformation from  to -cellulose.15  Each glucose unit has three 

hydroxyl groups that make the material highly polar, resulting in significant water absorption 

(>8 wt.%).   The coefficient of linear expansion of cellulose cotton is between (7–8)x10-5 C-1 

between 60 °C and 90 °C, but increases nonlinearly at temperatures above 100 °C. Cellulose 

fibers are stable at temperatures up to ~150 °C. 

Atomic layer deposition was used to deposit thin films of aluminum oxide on the as-

received polypropylene and cotton fiber substrates.  Trimethyl aluminum (TMA) is used as 

the Al precursor and water is used as the source of oxygen. The ALD process consists of a 

vacuum-based two step reaction sequence where a gas phase precursor first reacts with 

available hydroxyl groups resulting in methyl-group termination on the substrate surface.  

One ALD cycle consists of a TMA dose, inert purge, H2O dose, and inert purge.   Under 

ALD conditions on a dense solid receptive surface, increasing the number of cycles produces 

a well-defined incremental increase in oxide thin film thickness.  As discussed below, initial 

deposition on non-reactive polymer surfaces generally produces less well defined results. 



APPENDIX 3 is a reprint of a manuscript published in Langmuir 

273  

The ALD growth was performed in a custom built hot-wall reaction chamber 

consisting of a 24 in length, 2-3/4 in diameter stainless steel conflat-sealed nipple with 

independent 1/4 in diameter gas inlets for the TMA (98% purity, STREM Chemicals) and 

H2O (UV-deionized).  The system is pumped by a rotary mechanical pump, has a background 

pressure of <1.0x10-3 Torr, and a leak rate <1.0x10-3 Torr/min.  The ALD processing was 

performed at temperatures between 60 and 90 °C.  The operating pressure was 1 Torr, as 

measured by a MKS Baratron pressure gauge.  Argon (ultra-high purity, filter dried) was 

used as the carrier gas for the reactant species and delivered at a gas flow rate of ~200 

standard cubic centimeters per minute.  The precursors were held at room temperature, and 

the external gas lines were heated to ~60 °C.  Typical precursor dose and purge times were 

TMA/Ar/H2O/Ar = 1/30/1/60 seconds.  Previous studies in our lab11 have identified these 

conditions as sufficient to uniformly coat the woven cotton and nonwoven polypropylene 

mats investigated here.    

Cross-sectional transmission electron microscopy (TEM) was used to evaluate the 

growth of the aluminum oxide on the polypropylene and cotton fiber substrates. Samples 

were prepared by embedding the coated and non-coated samples in Spurr low-viscosity 

epoxy resin (Ladd Research Industries) and allowed to cure overnight at room temperature.  

The blocks were then trimmed and cut using a Lecia Ultracut diamond knife microtome to a 

thickness of 70 nm. The sections were then floated onto 300 mesh grids and allowed to dry.  

The TEM images were obtained using a Hitachi HF-2000 system using a cold field emission 
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electron source with an accelerating voltage of 200 kV. The higher resolution TEM images 

were obtained using a FEI Tecnai G² twin instrument with an accelerating voltage of 160 eV.  

Because of the difference in mechanical response of the epoxy, fiber, and coating, sheering 

can occur during the microtome process resulting in void formation and thin film cracking.   

Quartz crystals for in situ quartz crystal microbalance (QCM) analysis were obtained 

from Inficon, and coated with a thin film of polypropylene.   The polypropylene film 

coatings were prepared by dissolving 1 wt.% polypropylene in decahydronaphthalene 

(Decalin, cas number: 91-17-8) at 165 °C for 1 hour.  Approximately 80 μl of the solution 

was then dispensed onto a heated substrate and spuncast at 3000 rpm for 1 min to evaporate 

the solvent.  Ellipsometry analysis of the spuncast polypropylene films on silicon showed 

film thickness to be ~30 nm.   The ellipsometry results also indicated minimal surface 

roughness, and the n and k values obtained are consistent with values expected for 

polypropylene.  Therefore, the properties of the polypropylene are expected to be the same in 

thin film and nonwoven fiber forms used here.  Mass uptake analysis was performed after 

equilibrating the QCM crystal and holder to the temperature of the hot-walled reactor. The 

backside of the QCM was purged with an inert gas flowrate that is less than the flowrate of 

the carrier gas.  The resonant frequency of the QCM was nominally 6 MHz and data was 

recorded every 0.15 seconds.    

The composition in the near surface region of the fibers for coated and non-coated 

samples were obtained by X-ray photoelectron spectroscopy (XPS) using a  Riber LAS3000 
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XPS system equipped with a two-stage cylindrical mirror analyzer and a Mg K (hv = 

1253.6 eV) non-monochromatic X-ray source.  The XPS measurements were conducted at a 

take-off angle of 75 degrees.   Fine scan spectra of the C-1s and the Al-2p binding energies 

are reported with a ~0.1 eV resolution.  Atomic concentrations were obtained from survey 

scans (-1200–0 eV) with a resolution of ~0.25 eV.   The binding energy reference was 

obtained by adjusting the surface C-1s peak binding energy to 285.0 eV.  

A3.3  Results and Discussion 

A. Transmission Electron Microscopy Analysis of Aluminum Oxide Growth on 

Polypropylene.   

Transmission electron microscopy images of nonwoven polypropylene fibers after 

coating with ALD aluminum oxide are presented in Figure 1.  Images show fibers ~1-2 

micrometers in diameter and coated with either 100 (panels a and c) or 1000 ALD cycles 

(panels b and d) at 60 °C or 90 °C.  The voids observed in the images and the cracks in the 

thicker films are ascribed to defect formation during microtome processing.   Images of 

sample cross sections collected by SEM after preparation by focused ion beam (images not 

shown), did not show similar cracking in the aluminum oxide films.  Figure 1(a) shows the 

polypropylene after 100 cycles of aluminum oxide ALD at 60 °C.  The oxide film is thin and 

conformal, and at the magnification shown, the interface appears to be abrupt. At 60 °C 

(panel b), the abrupt interface between the oxide and the polypropylene is retained even after 

1000 ALD cycles of aluminum oxide.   Much more cracking is observed in the film as a 
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result of the microtome sample preparation.  After ALD at 90 °C, however, TEM images 

shown in panels c and d show a significantly different interface structure.   The aluminum 

oxide film coating is discontinuous with nanometer-scale particles distributed through the 

surface and near-surface region.  After 100 cycles (panel c) initial film coalescence is 

observed on the fiber surface.  After 1000 ALD cycles, a dense film is present, with 

particulates still remaining in the near surface region. The images in panels c and d suggest 

that the chemical precursors diffuse into the fiber during the higher temperature coating 

process, resulting in sub-surface nucleation.    Figure 2 displays TEM images of fibers after 

100 ALD cycles at 60 °C (panel a) and 90 °C (panel b).  For coating at 60 °C, panel a shows 

fairly uniform coverage of the fiber, and the high resolution TEM inset displays the near 

abrupt interface between the oxide and the polypropylene, with no evidence for sub-surface 

particles exceeding of the ~3-5 nm image contrast in the polymer.  Panel b shows that at 90 

°C, however, the ALD process produces significant sub-surface particulates and a diffuse 

polymer/coating interface. The transition in the polymer/coating interface structure between 

50 and 100 ALD cycles at 90 °C is shown in higher magnification in the cross-sectional 

TEM images in Figure 3.     After 50 ALD cycles, the images in panels a and b show 

particles ≤ 10 nm in diameter coalesced in at the fiber surface.  Infrared transmission analysis 

of similar treated fibers confirms the presence of Al-O, with an approximately linear increase 

in Al-O absorbance intensity as cycles increased from 0 and 100.11  TEM images in panels c 

and d show a similar fiber after 100 ALD cycles. The high resolution image in panel d shows 
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particles with diameter in excess of 15 nm underneath a more continuous and more dense 

film layer. Continued ALD at 90 °C results in a further increase in the outer film layer 

thickness, as shown in the TEM image in Figure 1(d) collected after 1000 ALD cycles.   The 

images in Figures 1-3 are consistent with the assertion discussed below, that during early 

ALD cycles at higher processing temperatures, the precursor and reactant species diffuse into 

the polypropylene polymer and react to form sub-surface nuclei, followed in later cycles by 

film coalescence and topical growth, whereas for lower temperature processing, precursor 

and reactant diffusion are more limited, resulting in a more abrupt polymer/oxide interface.   

We also note that the sub-surface growth picture suggests that in addition to temperature, the 

radius of curvature of the fiber may be important in determining the extent of deposition 

needed to achieve film coalescence.   If the precursors penetrate the polymer and nucleate 

sub-surface, a more curved surface with more radially directed growth, will require a larger 

number and/or size of nucleating particles to be present before they can combine into a 

continuous encapsulating layer.   

B. Quartz Crystal Microbalance Analysis of Aluminum Oxide Growth on Polypropylene.  

 The growth of aluminum oxide by ALD on cast polypropylene films (~30 nm thick) 

at 60 and 90 °C was analyzed using in situ QCM, and results for the first 25 cycles of 

deposition are shown in Figure 4.  For deposition at 60 °C, a nearly linear mass uptake with 

time is observed, with an average mass uptake of 38.9 ± 1.3 ng/(cm2 cycle), consistent with 

similar measurements of aluminum oxide ALD on oxide coated QCM crystal.32, 33  However, 
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as deposition proceeded at 90 °C, the mass uptake rate increased markedly and approached 

60 ng/(cm2 cycle) after ~20 cycles.   The mass uptake obtained from the QCM results for 

each cycle at 60 and 90 °C on polypropylene is plotted versus cycle number in Figure 4(b). 

Over the first 25 cycles at 60 °C the mass uptake in nearly constant.  At 90 °C, a larger mass 

uptake was observed for the first ALD cycle, followed by a decrease and then eventual 

increase in mass uptake.  A change in mass uptake per cycle is expected as the surface area 

changes, for example, due to island-like growth or surface roughening, but the TEM image in 

Figure 3(a) shows only modest surface roughening after 10 ALD cycles at 90 °C.  The 

observed trend in mass uptake at 90 °C may due to a low number of nucleation sites on the 

non-polar polypropylene during initial growth, followed by more rapid growth on aluminum 

oxide clusters that form on or below the polymer surface. Formation of subsurface aluminum 

oxide particles will produce an effective increase in growth area, resulting in an increased 

mass uptake per growth cycle.  The larger mass uptake during ALD at 90 °C is therefore 

ascribed to enhanced precursor (TMA) and reactant (H2O) diffusion into the polymer matrix 

at higher temperatures, consistent with the sub-surface nucleation and particle formation 

observed by TEM.   

C. X-ray Photoelectron Spectroscopy Analysis.   

Polypropylene fibers coated with 100 cycles of ALD aluminum oxide at 60 and 90 °C 

were examined using XPS, and the resulting C-ls and Al-2p spectra are shown in Figures 5(a) 

and (b), respectively.   At an X-ray source energy of 1000 eV, the electron elastic mean free 
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path is 1-2 nm in aluminum oxide and slightly longer for the polypropylene.  Therefore, it is 

approximated that the observed photoelectron spectra is measured from the top 1-3 nm of the 

material.  In Figure 5a, the maximum resolved C 1s peak for the ALD coated samples, was 

assigned to 285 eV.   The uncoated virgin polypropylene fibers show a large C-1s feature, 

with no measureable signal for Al-2p.   After deposition, the C-1s signal decreases and Al-2p 

signal increases, as expected after coating by aluminum oxide.  The Al-2p feature is larger 

for coatings deposited at 60 °C compared to 90 °C, indicating either more deposition at 60 

°C, or deeper penetration of the Al-O at 90 °C.   Deeper species penetration at higher 

temperature is consistent with QCM and TEM results presented above.  

The elemental atomic concentrations were estimated from the XPS data, and results 

are presented in Table 2.  All samples were transferred in air from the ALD reactor to the 

XPS analysis chamber, so adventitious carbon is expected to be present on all samples.  As a 

control, the carbon signal from an ALD aluminum oxide film on SiO2 was measured after air 

exposure, and the adventitious C was found to be ~20 at.%.  After removing the surface layer 

in the XPS analysis chamber, the C fraction in the aluminum oxide decreased to <1 at.%.  

The polymer samples coated with aluminum oxide generally showed C-1s signal intensities 

larger than 20 at.%, indicating some signal from the polymer substrate.  The carbon fraction 

in coatings deposited at 90 °C is ~36 at.%,  compared to ~28 at.% for deposition at 60 °C, 

indicating that at 90 °C, a larger fraction of the substrate polymer is in the near-surface 

region analyzed by XPS.  This larger carbon surface fraction at higher deposition temperature 



APPENDIX 3 is a reprint of a manuscript published in Langmuir 

280  

provides further evidence that increased deposition temperature results in deeper reactant 

penetration and enhanced intermixing between the oxide and the non-reactive polypropylene.  

We further conclude from the XPS and TEM results that under higher temperature growth 

conditions, sub-surface aluminum oxide nucleation can physically displace the polypropylene 

toward the outer fiber diameter during the initial ALD cycles, resulting in polymer swelling 

and a graded and intermixed polymer/oxide surface layer region.   

Upon coating, the C-1s peak in Figure 5(a) shows the onset of shoulder near 283.5 eV 

consistent with covalent Al-O-C bonding,34, 35 resulting from reaction between TMA and 

surface carbon.  To examine possible reactions between TMA and polypropylene, several 

“TMA soaking” experiments were performed, where the fibers were exposed to TMA at 2 

Torr and 80 °C for 60 minutes, followed by a 30 minute inert gas purge cycle and 20 minute 

water exposure.  Photoelectron spectra collected after TMA soaking showed an Al-2p 

intensity below the ~0.5 at.% detection limit of XPS, indicating negligible direct reaction 

between the polypropylene and TMA under ALD process conditions.   

The polypropylene presents no natural reactive sites for reaction with TMA or water. 

However, upon exposure, the polymer can absorb the TMA.25  Water diffusion into the fiber 

will then result in sub-surface nucleation and growth.  Higher deposition temperature will 

result in more significant polymer expansion and an increase in the fiber net void fraction, 

promoting deeper penetration of TMA into the fiber bulk.  The rates of precursor and reactant 

diffusion are also expected to increase at higher temperature, also promoting deeper species 
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penetration at elevated temperature. The net extent of species diffusion into the polymer are 

also likely affected by precursor and reactant exposure times, purge times between 

exposures, gas flow rates, and other reaction variables.  Longer purge times after TMA 

exposure, for example, could help remove unreacted TMA from the pores of the polymer 

resulting in less subsurface growth.   

D. TEM Analysis of Aluminum Oxide Growth on Cotton.    

Given that cellulose fibers present surface hydroxyl groups available for reaction, it is 

expected that ALD growth of aluminum oxide on cellulose cotton will differ substantially 

from that on polypropylene.  Previous results of ALD aluminum oxide on cotton15 

demonstrated highly conformal growth after 100 cycles at 100 °C.   Figure 6 shows TEM 

images of virgin cellulose cotton prior to ALD processing (panel a), as well as cotton fiber 

after 100 aluminum oxide ALD cycles at 80 °C (panel b). The inset provides a more 

magnified view of the fiber surface. The fiber exposed to 100 ALD cycles shows a uniform 

film with no apparent sub-surface growth.  The coefficient of thermal expansion for cotton is 

similar to that of polypropylene, so a significant void fraction is expected within the fiber at 

elevated temperature. However, reactive sites on the polymer backbone promote surface 

nucleation and conformal coating deposition.   

A3.4 Conclusions 

 Atomic layer nucleation and growth of aluminum oxide on nonreactive polymer 

surfaces, such as polypropylene, is strongly dependent upon the ALD process temperature.  
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Transmission electron microscope images demonstrate that higher substrate temperatures 

lead to subsurface growth, which is ascribed to polymer expansion and enhanced precursor 

and reactant species penetration into the polymer substrate bulk region. An increase in 

species transport into the polymer at higher temperature is expected due to an exponential 

increase in bulk diffusivity with temperature, and an increase in free volume fraction that 

occurs upon thermal expansion.  As temperature changes from 60 to 90 °C, a thermal 

expansion coefficient of 1x10-4 °C-1 for polypropylene corresponds to a net volume increase 

of ~1%, which corresponds to an even larger fractional change in polymer free volume.  In 

porous media, the diffusion coefficient will scale as the square of the void fraction,36 so a 

small temperature change, with corresponding increase in free volume, could promote a 

significant increase in species penetration.  

 X-ray photoelectron spectroscopy data further suggests that sub-surface nucleation 

of aluminum oxide in polypropylene acts to displace the polymer toward the outer surface, 

creating a graded and intermixed polymer/oxide surface layer region.  At lower temperatures, 

however, nucleation and growth proceed closer to the substrate surface. For polymers with 

more active reaction sites in the backbone, surface nucleation and growth are preferred, even 

at elevated temperatures, resulting in uniform and conformal coatings.    

 Using polymers and coating conditions that promote sub-surface growth, the radius 

of curvature of the surface may also be important in determining the surface structure and 

morphology.  A more curved surface will result in radially directed growth, so a larger 
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amount of coating will be required for the nuclei to coalesce into a continuous film.  These 

insights help advance the understanding of ALD processing on polymer systems, and will 

likely be important for applications including polymer encapsulation, chemical barrier 

formation, high surface area energy conversion and storage devices, and other 

organic/inorganic integrated material systems. 
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Table 1. 

Polymer or Molecule Reference 

poly(3-hexylthiophene)  (P3HT) 6 

poly(vinyl phenol) (PVP)  6 

poly(methyl methacrylate) (PMMA) 6, 23, 25, 26 

poly(ethylene naphthalate) (PEN)  7, 8, 9, 21, 19 

poly(ethylene terephthalate) (PET) 9 

poly(carbonate) (PC) 9, 26 

polypropylene (PP)  11, 25 

poly(vinyl alcohol) (PVA) 12 

poly(vinyl pyrrolidone) (PVP) 13 

cellulose cotton  15 

polyimide (Kapton®) 18, 19, 21 

polyethylene (PE)  20, 24, 25  

poly(ether ether ketone) (PEEK)  23 

polytetrafluoroethylene (PTFE) 23 

ethylenetetrafluoroethylene (ETFE) 23 

poly(vinyl chloride ) 25, 26 

polystyrene (PS) 25, 26 

polyethersulfone (PES)  27 

porphyrins  28 

Table A3.1.   Literature reports of the aluminum oxide growth by ALD on various polymers. 
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Figure A3.1   Cross sectional transmission electron microscopy images of polypropylene fibers extracted from a nonwoven 
fiber mat after processing with aluminum oxide ALD at 60 °C with (a) 100 and (b) 1000 ALD cycles,  and at 90 °C with (c) 
100 and (d) 1000 cycles.  Uniform surface modification is observed on all samples. Processing at 60 °C (panels a and b) 
show nearly uniform encapsulation of the polypropylene fiber surface. When deposition is performed at 90 °C, however, 
(panels c and d) intermixing between the oxide and the polypropylene is observed. The cracks in the coatings and voids in 
the polymer result from the microtome sample preparation. 
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Figure A3.2   TEM images collected at higher magnification of polypropylene fibers coated with 100 ALD cycles at (a) 60 
°C and (b) 90 °C.  The higher magnification inset in panel b shows a relatively abrupt interface, with no evidence for sub-
surface particles within the ~ 3-5 nm image resolution.   The image in panel b, shown at the same scale as panel a, shows 
much thicker contrast region, extending ~ 100 nm into the fiber surface.  This layer thickness is approximately the same as 
that seen in Figure 1(c) for a larger diameter fiber processed under the same conditions in a different process run.    
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Figure A3.3   Higher magnification TEM views of polypropylene fibers showing the fiber surface structure evolution 
between: (a),(b), 50 and (c), (d), 100 ALD cycles at 90 °C.   The higher resolution images show that after 100 ALD cycles, 
the sub-surface particle size increases, and a thin continuous film coating begins to form.  
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Figure A3.4   (a) Mass uptake monitoring of aluminum oxide growth by ALD using a quartz crystal microbalance coated 
with ~30 nm of polypropylene at ALD process temperatures of 60 °C and 90 °C. (b) Mass uptake per each ALD cycle at 
temperatures of 60 °C and 90 °C.   
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Figure A3.5   X-ray photoelectron spectroscopy of (a) C-1s and (b) Al-2p characteristic binding energies for of a virgin 
polypropylene fiber mat and the polypropylene fiber mat with 100 ALD cycles of aluminum oxide grown at 60 °C and 90 
°C.  The data is referenced to a binding energy of 285 eV for the C-C/C-H binding.   
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Table A3.2   Summary of atomic concentrations obtained from X-ray photoelectron spectroscopy survey scans 
of nonwoven polypropylene fibers without ALD aluminum oxide and with 100 ALD cycles of aluminum oxide 
growth at temperatures of 60 °C and 90 °C.  The concentrations were approximated by the respective intensities 
of the O-1s, C-1s, and Al-2p binding energies and referenced to a binding energy of 285 eV for the C-C/C-H 
binding.   Also shown are the atomic concentrations from a polypropylene fiber after a 60 minute soak in 
trimethyl aluminum, 30 minute inert gas purge, and 20 minute water soak at 80 °C.   
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Figure A3.6   TEM images of microtome cross sections of cellulose cotton: (a) uncoated, and  (b) after 100 aluminum oxide 
ALD cycles at 80 °C.  The resulting film shows an abrupt interface with the cellulose cotton substrate.  
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ABSTRACT 

In this paper, we demonstrate the hydrogenolysis of Nickelocene can take place 

through a self-catalyzed process at low temperature (< 70 ˚C) in supercritical carbon dioxide 

to generate relatively uniform dispersed Ni metal particles onto carbon nanotubes forests and 

Ni films on flat surfaces. The ability to form metal particles or films without a local catalyst 

at this low temperature is significant because it provides further insight into mechanisms for 

Ni deposition reactions, and it enables a new route for low temperature metal coating on a 

range of non-metal substrate materials with complex topography and nanostructure, for 

example to form Ni/polymer magnetic nanocomposites.  
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A4.1 Introduction 

The ability to fabricate unique three-dimensional (3D) macro-structures consisting of 

nanostructures will lead to new materials and constructs with unique electronic, optical, 

sensing, and protective capabilities. Forests and sheets of carbon nanotubes (CNTs),1-3 

electrospun nanofibers,4,5 or nanostructured aerogels,6 for example, could be used as 

platforms for advanced catalytic systems,7,8 biomedical systems,9 and energy storage or 

conversion systems10,11 where the surface functionality of the nanostructures provides unique 

performance capabilities. Many studies have addressed the issues of surface coating and 

surface modification of nanostructures, including 3D surface in particular.6,12,13 As a specific 

example, nickel (Ni) is an important catalyst, magnetic material and promising energy 

storage material,3 and nickel (Ni)-CNTs nanocomposites have been synthesized by chemical 

vapor deposition (CVD),14,15 wet chemical processing,11,16 electroless plating,17,18 and by 

direct incorporation of Ni nanoparticles catalysts into the as-grown CNTs.14  Recently, 

supercritical carbon dioxide (scCO2) has been successfully used as a green medium for 

chemical reaction because of its liquid-like high density, gas-like high diffusivity, low 

viscosity, and zero surface tension.2,19 A number of different metal thin films including Pt, 

Pd, Ru, Au, Ni and Cu have been deposited by using scCO2 process at modest temperature 

and pressure.8,19-24 For example, Ni films were deposited onto silicon wafer in scCO2 solvent 

using catalyst seed layers such as Pt, Pd, and Ni.19 This previous work found this catalyst 

layer is critically important at temperatures less than 120 ˚C to initiate the deposition.19 The 
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requirement of a local surface catalyst to initiate deposition is expected to significantly limit 

the formation of film coating in small features and uniform coatings on complex 3D surface 

topologies. 

 This article describes a new phenomenon of self-catalyzed hydrogenolysis of Ni(Cp)2 

in scCO2 wherein Ni metal (including nanoparticles and films) can be generated from direct 

hydrogenolysis of Nickelocene at 70 °C without addition of any catalysts. Using this method, 

dense Ni nanoparticles were anchored onto multi-walled CNTs (MWCNTs) throughout the 

MWCNTs forest without destroying the original structure of the carbon nanotube forest.   

A4.2 Experimental Methods 

Nickelocene [Ni(Cp)2] (Strem Chemicals®) was used as the precursor and H2 was 

used as the reducing agent. Coleman grade CO2 (99.99%) and high purity H2 (99.999%) 

(National Welders/Supply Company) were used without further purification. The experiment 

was carried out in a 110 ml homemade high-pressure reactor as shown in Figure 1. In a 

typical experiment, 70-90 mg Ni(Cp)2 was loaded into the high pressure reactor, which was 

then sealed by sapphire windows on both sides, with a silicon wafer having MWCNTs forest 

grown on it. Following precursor loading, low-pressure fresh CO2 was used to purge the 

system for 10 min (minute) at temperature ~ 70 ˚C in order to purge air out of the reactor. 

After purging, high-pressure CO2 was fed into the reactor through a high-pressure syringe 

pump (Model 260D, Isco, Inc.). The temperature of the scCO2 solution was stabilized by a 

heating tape at the dissolving condition (T=70 ˚C, P=17 MPa) for 4 h (hours) to form a 
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uniform solution. During Ni(Cp)2 dissolution, H2 was fed into another clean, air-free high 

pressure manifold vessel (43 ml), to the pressure of ~ 3.5 MPa at 60 ˚C. The vessel was then 

further charged with fresh CO2 using the high pressure syringe pump to the pressure of ~ 

34.5 MPa. This H2/scCO2 solution was kept stable at this condition for more than 2 h before 

injected into the high-pressure reactor. Upon H2/scCO2 injection, the pressure in the vessel 

dropped from ~ 34.5 to ~ 19.3 MPa, allowing the amount of H2 fed into the reactor to be 

quantified. Normally the H2 injection process will be repeated to obtain a 50-100X molar 

excess of hydrogen relative to nickelocene in the reactor system. Upon the addition of H2, the 

scCO2 solution containing Ni(Cp)2 maintained a green color and the reaction system was left 

undisturbed at 70 ˚C, 17-18 MPa for several hours. After 7-8 h substantial Ni film and 

particles deposition was observed (as described in the experiment results section). Following 

each experiment, the reactor was prepared for another reaction sequence by removing the Ni 

deposition on the vessel walls. The reactor was scrubbed then sonicated in water, followed by 

deionized (DI) water flush and N2 flow dry.  

 As substrates for deposition, MWCNTs forests were grown by catalytic CVD process 

in a homemade quartz reactor at 600 °C with ethanol as the carbon source. As the carrier gas, 

Ar was bubbled through ethanol at room temperature with a flow rate of 1.5 SLM (L/min, at 

0 ˚C, 101.3 kPa). The catalyst layer of Fe (0.5 nm) on Al2O3 (10 nm) was fabricated on the 

thermal oxide silicon wafer (SiO2(500 nm)/Si) by sputtering Al2O3 and e-beam evaporation 
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of Fe sequentially. No further processes were taken to purify or open the end of the as-grown 

MWCNTs.  

Imaging of the samples was performed using field emission scanning electron 

microscopy (FESEM) on a JEOL 6400F instrument at 5 kV. Transmission electron 

microscopy (TEM) images were taken on a Hitachi HF-2000 operated 200 kV. Energy 

dispersive X-ray spectroscopy (EDS) was carried out on an Oxford Instruments Inca Energy 

100 system attached onto the TEM to determine the chemical composition of the Ni 

nanoparticles decorated MWCNTs.  For TEM measurement, Ni nanoparticles decorated 

MWCNTs were dispersed into ethanol and sonicated for one minute. Then several droplets of 

the dispersion were pipetted onto Lacey silicon TEM grids (Ted Pella, Inc.). The prepared 

samples were dried in room temperature overnight before the TEM measurement.  

A4.3 Results and Discussion 

 The deposition reaction was observed to be strongly time and temperature dependent.  

As shown in Figure 2(a), the starting homogeneous solution of Ni(Cp)2 in scCO2 is green in 

color. Without addition of H2, the solution is stable and no reaction was observed after more 

than 24 h. With injection of H2, no noticeable color change was observed, and no deposition 

reaction occurs for several hours. However, after 7-8 h incubation time at 70 °C, the solution 

color changed very rapidly (within 1 to 2 min) from green to orange, as shown in Figure 2(b), 

then became transparent. The transition from orange color to transparent occurred over ~ 20 

min, and corresponded to the completion of the deposition reaction. The orange color is 
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ascribed to the reaction intermediates present during the reaction process. The reaction 

scheme for the homogeneous reaction is shown in Equation (1).  

 

 

 

 

  

 

 

 

This incubation time for the reaction decreased as the reaction temperature increased. At 130 

°C the reaction initiated immediately to form Ni metal and the solution color disappeared 

shortly after injection of H2, which is in agreement with previous observations.19,25 At low 

reaction temperature (such as 70 °C), it takes a long period for H2 to reduce Ni(Cp)2 to form 

intermediate products (orange color), which are subsequently converted to Ni nanoparticles. 

However once the Ni nuclei were formed and reached a critical size, they act to catalyze 

hydrogen dissociation19,25 and promote rapid heterogeneous hydrogenation of nickelocene, 

resulting in Ni particle formation, as shown by the reaction Equation (2). On the surface of 

the MWCNTs where no catalysts such as Ni, Pt, Pd are present, a large amount of Ni 

nanoparticles are observed attached to the MWCNTs. Therefore, the Ni nanoparticles 

(1)  

(2)  
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formation likely proceeds through an initial homogeneous reaction (Equation (1)) in the 

supercritical carbon dioxide solvent, followed by a faster heterogeneous catalytic reaction 

(Equation (2)) on the as-formed Ni nanoparticles.   

A FESEM image of an untreated pristine nanotube substrate sample is shown in 

Figure 3a. The sample is a dense forest of aligned carbon nanotubes. The scCO2-based Ni 

deposition process at 70 °C using 78 mg of Ni(Cp)2 results in dense and dispersed Ni 

nanoparticles, which are anchored on the surface of the MWCNTs, as shown in a 

representative FESEM image in Figure 3b. Figure 3b also shows that after the deposition 

process the morphology of the nanotube structure maintains its original structure, with no 

undesired collapse or tube aggregation observed. Figure 3c shows a typical high resolution 

SEM image of resulting MWCNTs decorated with a number of Ni particles. The same 

morphology was observed across the entire sample surface with an area of 1×1.5 cm2. After 

Ni deposition, the samples shown in Figure 3b-c were exposed to a sonication treatment (1 

min in ethanol) to remove loosely bound particulates. Figure 3d shows a typical TEM image 

of Ni particles decorated MWCNTs after the sonication dispersal process. The diameters of 

Ni particles are in the range of 10-60 nm. 

 Figure 4 shows the energy dispersive X-ray spectrum of the MWCNTs sample after 

Ni deposition, showing clear evidence for the presence of nickel. The O peak probably 

results from the oxidation of Ni nanoparticles and MWCNTs with exposure to ambient air 

before EDS measurement. The C peak is ascribed to MWCNTs, and the Cu and Si peak are 
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the consequence of the Lacey® Silicon TEM grid. The EDS spectrum of Ni decorated 

MWCNTs verified the chemical composition of Ni/MWCNTs nanocomposites.  

 

 CNTs with high structural perfection generally are inert for chemical reactions.1 

However, the MWCNTs produced catalytically by gas phase chemical vapor deposition have 

relatively high defect densities compared with those produced by other processes,1 and those 

defects can promote island type growth and nanoparticle formation.  It is possible in this 

study, therefore, that Ni metal deposition proceeded through nucleation on chemically active 

defects on the CVD MWCNTs. In contrast, on substrates such as planar SiO2 and Al2O3, 

which have very high density of reactive sites, we found the Ni hydrogenation process 

resulted in thin film metal coatings as shown in Figure 5. This coating also resulted from the 

self-catalyzed heterogeneous growth mode. However, we find that the complex nucleation 

process for the Ni film on the SiO2 and Al2O3 surfaces is relatively difficult to control. 

A4.4 Conclusions 

 Results clearly indicate that nickelocene hydrogenolysis process can proceed through 

a self-catalyzed process at low temperature (< 70 °C) in scCO2 to generate relatively uniform 

dispersed Ni metal particles onto carbon nanotubes forests and Ni films on flat surfaces. The 

ability to form metal particles or films without a local catalyst at this low temperature is 

significant because it provides further insight into mechanisms for deposition reactions, and 

it enables a new route for low temperature metal coating on a range of non-metal substrate 
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materials with complex topography and nanostructure. The low temperature scCO2 based Ni 

deposition process described here could also have other applications, including metal 

deposition onto thermally sensitive substrates to form, for example, Ni/polymer magnetic 

nanocomposites. 
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Figure A4.1 The diagram of reaction system. H2 is mixed with scCO2 in the manifold to form 
uniform solution. The temperature of the reactor and manifold are controlled by feedback 
thermal couples individually. The reaction system can be observed through the sapphire 
windows. 
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a b 

Figure A4.2 (a) A photo image of stable Ni(Cp)2 in scCO2 solution (Green) at 70 °C. 
(b) A photo image of the solution after 7-8 h incubation time (Orange). 
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Figure A4.3 (a) FESEM image of pristine MWCNTs. (b) FESEM image of the Ni nanoparticles 
decorated MWCNTs, which was treated in the scCO2 based direct hydrogenolysis reaction between 
Ni(Cp)2 and H2 at 70 °C. (c) A higher resolution SEM image of the Ni nanoparticles anchored 
MWCNTs. (d) A typical TEM image of Ni nanoparticles decorated MWCNTs.  
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Figure A4.4 EDS spectrum of Ni nanoparticles decorated MWCNTs
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Figure A4.5 (a) A photo image of clean glass bottle which is transparent. (b) A photo image of glass bottle coated by Ni 
thin film by the direct low temperature supercritical carbon dioxide based hydrogenation process of Ni (Cp)2 at 70 °C. The 
gold color film is Ni. (c) A photo image of clean sapphire window which is transparent. (d) A photo image of sapphire 
window after Ni deposition from the direct low temperature supercritical carbon dioxide based hydrogenation process of 
Ni(Cp)2 at 70 °C.  
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ABSTRACT 

We demonstrate that low temperature (<200°C) thermal decomposition of metal 

organic precursors dissolved in supercritical carbon dioxide (scCO2) is an effective method to 

penetrate into dense three dimensional networks and deposit conformal metal oxide films 

with tunable thickness.  Results specifically show that thermal decomposition of gallium 

acetylacetonate in scCO2, leads to conformal coatings of gallium oxide on multi-walled 

carbon nanotube forests with a fast deposition rate (~3-4 nm/min), without the need for any 

co-solvent. Moreover, as-formed metal oxide/nanotube structures can be further conformally 

coated by metal atomic layer deposition to produce nanotube/oxide/metal nano-composites.  
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A5.1 Introduction 

New tools and chemical processes for the synthesis of nano-scale materials will 

promote fabrication of new materials and constructs with unique electronic, optical, sensing, 

and catalytic capabilities.1-3 In particular, there is significant interest in three-dimensional 

(3D) macro-structures consisting of nanostructures, including, for example, aerogels,1 

electrospun nanofibers,4,5 and carbon nanotube forests and sheets.3,6 In order to enable 

advanced function, it is necessary to uniformly modify or coat complex 3D nanostructure 

systems by film deposition techniques.1-3,7-9 However, it is still a outstanding challenge to 

uniformly and conformably modify the complex 3D nanostructures.1-3,7-9 

Due to the interesting properties and promising applications of metal oxide/carbon 

nanotubes,3 to date, a variety methods, including atomic layer deposition (ALD)10-12 and 

liquid solution based processes,13-15 have been used to deposit metal oxides onto carbon 

nanotubes. Common solution-based processes have high surface tension and therefore have 

difficulty wetting the high surface areas in complex high aspect ratio structures, often 

resulting in poor conformality, collapse of the original shape and waste of organic 

solvent.6,13-15  

As an environmentally benign solvent, supercritical carbon dioxide (scCO2) has 

attracted much recent attention for chemical reaction because of its unique properties 

including liquid-like high density, gas-like high diffusivity, low viscosity and zero surface 

tension.16-18 Because of those unique properties, it is possible for the scCO2 based deposition 
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processes to achieve conformal and uniform deposition in high aspect ratio structures. 

Especially, as a green solvent, scCO2 can help remove byproducts and residue materials from 

the substrate surface, which can reduce contaminants from the reaction environment.17,19 

Supercritical CO2 has been investigated as an antisolvent agent to deposit metal oxide 

coatings onto nanotubes.20-22 Herein, an environmentally benign pure scCO2 based low 

temperature thermal decomposition chemistry of metal diketonates is developed to synthesize 

the coaxial nanostructure of gallium oxide coated multi-walled carbon nanotubes 

(MWCNT’s), which could have potential applications in fields related to oxygen gas 

sensors,23 optical systems,24 catalysts,25 coaxially-gated CNTs devices.3 Furthermore, the 

coated nanotubes are further modified using atomic layer deposition of ruthenium metal at 

elevated temperature.  

A5.2 Experiment 

For the gallium oxide deposition process, gallium acetylacetonate (99%) (Ga(acac)3) 

[Ga(C5H7O2)3], (Strem Chemicals) was used as received. Coleman grade CO2 (99.99%) 

(National Welders/Supply Company) was used for all experiments without further 

purification. Deposition experiments were carried out in a homemade 110 ml high-pressure 

stainless steel cold wall batch type reactor shown schematically in Figure 1. 

MWCNTs were grown by catalytic chemical vapor deposition (CVD) process in a 

homemade quartz reactor at 500°C. Ethanol was used as the carbon source. Ar was bubbled 

through ethanol at room temperature with a flow rate of 1.5 standard liters per minute (SLM). 



APPENDIX 5 is a reprint of a manuscript published in Journal of Vacuum Science and 
Technology B 

316  

The catalyst layer Fe(0.5nm)/Al2O3(10nm) was formed on the thermal oxide silicon wafer 

(SiO2(500nm)/Si) by using sequential e-beam evaporation.  

In a typical experiment, a Si substrate (size: ~1cmØ 1.5cm) having MWCNTs forest 

grown on it, was used as the deposition platform without further treatment. The sample was 

fixed onto the heating block, which was installed on the gland fitting (Conax Buffalo Corp.) 

as shown in Figure 1. Three cartridge heaters (Tempco®) were fit into the heating block and 

the temperature of the heating block was controlled by a feedback thermocouple. One end of 

the reactor was sealed by the gland fitting. A known amount of precursor (corresponding to 

~230 μmol/L) was loaded into the reactor with a sample before the reactor was sealed. Air 

was removed from the reactor continuously by flowing low pressure CO2 through the reactor 

chamber for 10 minutes at a temperature of ~80°C. After purging, high pressure CO2 was fed 

into the reactor and heated via a heating tape to the conditions desired for precursor 

dissolution (typically, P = 21MPa, T = 100°C). The system was kept stable at the set point 

for 1.5h to allow the precursor to fully dissolve, as observed by inspection through the quartz 

window. The substrate was then rapidly heated (within 40 seconds) to the desired reaction 

temperature. Typical deposition temperatures were 160°C and 200°C, and the pressure 

ranged from 25-32 MPa. After a predetermined reaction time, the substrate heater was turned 

off and the temperature of substrate decreased to less than 150°C within 40 seconds, at which 

point the reaction ceased. The effluent from the reactor was then vented through an activated 

carbon bed filter and fresh scCO2 was used to flush the reactor to remove reaction byproducts 
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and any remaining precursor. The sample was then removed from the reactor and 

characterized. 

The Ru ALD experiment was conducted in a home-made reactor system at 325°C by 

using bis(cyclopentadienyl)-ruthenium (Ru(Cp)2) and O2 as reactants.26 The precursor and 

reactant were pulsed into reactor separately with pulsing time 3s and 6s respectively. Ar was 

used to purge the system for 20s after each precursor pulse. Argon was also used as a carrier 

gas for the Ru(Cp)2 precursor.  

Auger electron spectroscopy (AES) was used to measure the atomic composition of the 

resulting materials using a 5 keV primary electron gun. Scanning electron microscopy (SEM) 

images were taken on the JEOL 6400F Field Emission SEM (FESEM). Complementary 

energy dispersive X-ray spectroscopy (EDS) analysis was performed with an Oxford ISIS 

system attached to JEOL 6400F FESEM. For TEM measurement, MWCNTs were dispersed 

in ethanol and sonicated for one minute. Several drops of the dispersion were pipetted onto 

copper TEM grids (Ted Pella, Inc), and the grids were dried at room temperature and then 

imaged using a Philips CM12 transmission electron microscope operating at 120 keV. No 

special preparation steps were necessary before coating MWCNTs. The same TEM grids 

were then exposed to the scCO2 coating process and imaged again by using the same Philips 

CM12 TEM at 120keV. EDS analysis is also performed with a Oxford Instruments Inca 

Energy 100 system to ascertain the chemical composition of the oxide coated MWCNTs 

during the TEM measurement.  
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A5.3 Results and Discussion 

Figure 2 shows results of AES spectra from pristine MWCNTs (top spectrum) and the 

same sample after gallium oxide coating in the supercritical CO2 process (bottom spectrum). 

The AES spectrum of the as-grown pristine MWCNTs shows a dominant C-KLL (~250-265 

eV) peak with a small O-KLL peak (~450-480 eV), which is ascribed to the absorbed oxygen 

from ambient exposure. Although the sample was positioned such that the electron beam was 

normal to the substrate surface, no peaks due to the substrate (Si/SiO2) or CNT catalyst 

(Fe/Al2O3) were detected by AES analysis. The pristine MWCNTs were then treated by the 

scCO2 based deposition process from thermal decomposition of Ga(acac)3 at 200°C and 28-

32MPa for 10 minutes. In comparison with the uncoated pristine MWCNTs, the AES survey 

scan for the MWCNTs after oxide coating shows peaks from Ga-LMM (990-1070 eV), O-

KLL (~450-480 eV) and C-KLL (~250-265 eV).27 The prominent peaks of oxygen are 

mainly due to the oxygen atoms bonded with gallium atoms in the gallium oxide coating. 

There is a small C-KLL peak (corresponding to ~7 atomic % carbon) in the spectrum of the 

oxide coated MWCNTs, which is ascribed to adventitious carbon from atmospheric exposure 

and possibly some carbon residue in the as-deposited gallium oxide film. It is interesting to 

notice that the thermal decomposition temperature of Ga(acac)3 in the scCO2 process (200°C) 

is much lower than the typical 360°C used in vacuum-based deposition.28 An enhanced low 

temperature growth rate has also observed for some other metal organics in sc-CO2,
18,29 
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which is ascribed to solvation effects in modifying the energetics of precursor thermal 

dissociation in scCO2.
18,30 

The appearance of Ga-LMM Auger transition with a relatively smaller C peak in the 

lower spectrum in Figure 2 is due to the conformal gallium oxide coating on the outside 

surface of MWCNTs in the MWCNT forest. This is confirmed by the resulting 

microstructure of the coated nanotubes shown in the FESEM images in Figure 3, and TEM 

images in Figure 4. Figure 3a is a FESEM image of pristine MWCNTs. The diameters of 

most of the uncoated MWCNTs are distributed in the range of 20-60nm. Compared with 

uncoated pristine MWCNTs, the oxide coated MWCNTs have larger diameters ~70-130 nm 

and the obvious morphology change is due to the conformal surface coating, as displayed in 

Figure 3b. Similar morphology was observed by FESEM measurement throughout the entire 

MWCNTs forest over a sample area of ~1 cmØ 1.5 cm. The average thickness of gallium 

oxide coating is around 30nm after 10min deposition at reaction temperature 200˚C.  

TEM images in Figure 4 provided further insight into the microstructure of 

MWCNTs before and after gallium oxide deposition performed at two different deposition 

temperatures. Figure 4a shows the TEM image of a single pristine MWCNT with a diameter 

of ~7nm. Figure 4b is a TEM image of MWCNTs exposed to gallium oxide deposition at 

160°C for 7 mins showing non-uniform coating, with some sections showing no deposition 

as indicated by the arrow in Figure 4b. However, when the oxide deposition proceeded at 

200°C for only 90 seconds, the MWCNTs were fully covered by gallium oxide with average 
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thickness around 5-6nm as shown in Figure 4c. In Figure 4d, the interface between 

MWCNTs and the oxide coating can be clearly observed. The images in Figure 3b and 4d 

were collected from two samples deposited under the same conditions for different reaction 

times, which illustrate the thickness of gallium oxide increases with reaction time.   

Eventually, the growth rate will saturate upon consumption of the precursor.  The ~230 

mol/L of precursor loaded in the reactor corresponds to ~1.4x1019 molecules.  With a 

typical film density of Ga2O3 of ~5x1022 atoms/cm3, this amount of precursor would enable a 

30 nm film to be coated over an area of ~200 cm2.  The surface area of the reactor and carbon 

nanotube forest used in this experiment is roughly estimated to be <50cm2, consistent with 

sub-saturation in the film growth rate.  Further comparison between figure 4b and 4d 

indicates that deposition rate of gallium oxide coating increased with reaction temperature. 

The EDS spectrum of gallium oxide coated MWCNTs presented in Figure 4e revealed 

predominantly Ga and O, which confirmed the chemical composition of the gallium oxide 

coating. Compared with AES data, EDS spectra of nanotubes with oxide coating display a 

larger carbon fraction. This difference is attributed to deeper penetration depth of the EDS 

method, therefore resulting in a larger carbon signal derived from the MWCNT.21 The 

relative Auger signal intensities suggests carbon content ~7 atomic % in the gallium oxide. 

The EDS data reveals that the O/Ga atomic ratio in the gallium oxide is ~ 1.8, which exceeds 

the value of 1.5 in stoichiometric Ga2O3. The excess oxygen is ascribed to hydroxide and 

carbon (i.e. C-O) contamination likely present in the low-temperature deposited films. The 
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AES data indicates the O/Ga atomic ratio is > 2.0, in agreement with a larger density of OH 

groups on the oxide surface. The as-formed gallium oxide coated carbon nanotubes could be 

calcined to remove the carbon and form gallium oxide nanostructures.   

Further treatment by other techniques could be performed onto gallium oxide coated 

nanotubes to enable desired structure and material. For example, gallium oxide coated 

nanotube forest could be subsequently exposed to a thermally assisted atomic layer 

deposition (ALD) process to build up a coating of ruthenium metal, which is of interest as a 

metal gate electrode26 and catalyst.31  The ALD technique involves a vapor-phase self-

limiting binary surface reaction sequence to form conformal thin-film coatings. Figure 5 

displays a series of FESEM images of MWCNTs after various treatments, all shown at the 

same scale. Panel (a) shows an untreated MWCNT sample, and panel (b) is a similar sample 

after gallium oxide coating performed at 200°C for 10 minutes. The resulting gallium oxide 

coating is uniform and conformal, even for a helix structure in the MWCNT, as indicated by 

the arrow in Figure 5(b). Due to the zero surface tension of scCO2, after the metal oxide 

deposition process, nanotube forest still maintains the original shape and there is no 

undesirable agglomeration/bundling or collapse geometry was observed, in contrast with 

normal solvent-based process.6 Figure 5(c) represents the results after exposing the oxide-

coated MWCNTs to 150 ruthenocene/oxygen ALD cycles. The deposited ruthenium coating 

appeared uniform throughout the sample with no isolated Ru particles observed under the 

FESEM measurement. The EDS spectrum in Figure 5(d), shows that ruthenium ALD 
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deposition successfully nucleate and grow onto the gallium oxide coated carbon nanotubes. 

Furthermore, a two point electrical evaluation of the nanotube forest shows metallic 

conductivity after Ru ALD deposition as compared to insulator properties with only oxide 

coating, which confirmed a continuous Ru film coating formed onto the oxide coated CNTs.  

A5.4 Conclusion 

This study establishes that thermal decomposition of Ga(acac)3 can provide a viable 

low temperature route to deposit conformal and uniform gallium oxide coating onto carbon 

nanotube forests with tunable coating thickness. The deposition reaction is found to proceed 

readily at low temperature when the precursor is dissolved in scCO2 without the need for 

other organic solvents or co-solvents present.20 Because of the unique properties of scCO2, 

this coating process does not induced undesirable agglomeration or feature collapse. The 

gallium oxide coated CNTs can be further modified, for example by metal atomic layer 

deposition. Additionally, it is anticipated that this scCO2 thermal decomposition process can 

be directly extended other metal oxide systems, including Al2O3, FeOx, Cr2O3, and others18 

resulting in a variety of material systems for advanced devices. The method could be 

extended to modify other complex 3D systems, for example, aerogel1 etc. 
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List of Figure Captions 

Figure 1. Schematic diagram of the experiment apparatus. Power cable was used to provide 

electricity for cartridge heaters in the heating block. The temperatures of sample and 

supercritical CO2 solution were heated individually by different heaters and controlled by 

using different thermocouples. The inner volume of the reactor is around 110mL.  

 

Figure 2. AES spectrum of untreated pristine MWCNTs (top spectrum) grown by catalytic 

chemical vapor deposition process at 500°C, with Fe (0.5nm)/Al2O3(10nm) as the catalyst on 

thermally grown silicon oxide. Gallium oxide coated MWCNTs (bottom spectrum) 

fabricated by thermal decomposition of Ga(acac)3 in scCO2 process at 200°C, 28-32MPa for 

10mins.  

 

Figure 3. (a) FESEM image of untreated pristine MWCNTs. The diameters of the pristine 

MWCNTs are in the range of 20-60nm. (b) FESEM image of gallium oxide-coated 

MWCNTs. The gallium oxide coating was deposited by thermal decomposition of Ga(acac)3 

in scCO2 process at 200°C, 28-32MPa for 10mins. The diameters of the coated MWCNTs 

are in the range of 70-130nm, which indicates the average thickness of the gallium oxide 

coating is around 30nm for 10mins. 
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Figure 4. (a) TEM image of a single pristine MWCNT. (b) TEM image of MWCNTs coated 

by gallium oxide from thermal decomposition of Ga(acac)3 at 160°C, 7 mins, 23MPa-

24MPa. The arrow inside (b) shows the part of MWCNTs having no oxide coating. (c) TEM 

image of MWCNTs coated by gallium oxide from thermal decomposition of Ga(acac)3 at 

200°C, 1.5 mins, 28MPa. (d) Higher magnification TEM image of MWCNTs coated by 

gallium oxide from thermal decomposition of Ga(acac)3 at 200°C, 1.5 mins, 28MPa. (e) A 

typical EDS spectrum of oxide coated MWCNTs. The gallium oxide deposition experiment 

was carried out at 200°C, 28-32MPa for 1.5 mins. The Ga and majority O peaks result from 

the gallium oxide coating, and the major carbon signal is ascribed to the MWCNTs with 

some contribution from carbon impurities and adventitious carbon. The tiny Cu peak is from 

the TEM grid. 

 

Figure 5. (a) FESEM image of untreated pristine MWCNTs. The diameters of the MWCNTs 

are in the range of 10-30nm. (b) FESEM image of MWCNTs coated by gallium oxide from 

pyrolysis of Ga(acac)3 at 200°C, 28-30MPa for 10mins. The diameters of the MWCNTs are 

in the range of 60-100nm The arrow in (b) indicates that the coating of gallium oxide can 

replicate the small helix feature of MWCNTs. (c) FESEM image of gallium oxide coated 

MWCNTs with relatively uniform Ru coating on the surface by atomic layer deposition from 

reaction between Ru(Cp)2 and O2 at 325°C for 150cycles. (d) A typical EDS spectrum of 

oxide-coated MWCNTs with Ru ALD coating. The significant Ru peak is shown. The peak 
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of Ga and O come from the gallium oxide under the Ru, and the tiny C peak probably comes 

from the carbon nanotube core, adventitious carbon from air and the as-deposited films. 
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Figure A5.1 Schematic diagram of the experiment apparatus. Power cable was used to 
provide electricity for cartridge heaters in the heating block. The temperatures of sample 
and supercritical CO2 solution were heated individually by different heaters and 
controlled by using different thermocouples. The inner volume of the reactor is around 
110mL.  
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Figure A5.2 AES spectrum of untreated pristine MWCNTs (top spectrum) grown by catalytic 
chemical vapor deposition process at 500°C, with Fe (0.5nm)/Al2O3(10nm) as the catalyst on 
thermally grown silicon oxide. Gallium oxide coated MWCNTs (bottom spectrum) fabricated 
by thermal decomposition of Ga(acac)3 in scCO2 process at 200°C, 28-32MPa for 10mins.  
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Figure A5.3 (a) FESEM image of untreated pristine MWCNTs. The diameters of the pristine 
MWCNTs are in the range of 20-60nm. (b) FESEM image of gallium oxide-coated MWCNTs. The 
gallium oxide coating was deposited by thermal decomposition of Ga(acac)3 in scCO2 process at 
200°C, 28-32MPa for 10mins. The diameters of the coated MWCNTs are in the range of 70-130nm, 
which indicates the average thickness of the gallium oxide coating is around 30nm for 10mins. 
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Figure A5.4 (a) TEM image of a single pristine MWCNT. (b) TEM image of MWCNTs coated by gallium oxide from 
thermal decomposition of Ga(acac)3 at 160°C, 7 mins, 23MPa-24MPa. The arrow inside (b) shows the part of 
MWCNTs having no oxide coating. (c) TEM image of MWCNTs coated by gallium oxide from thermal decomposition 
of Ga(acac)3 at 200°C, 1.5 mins, 28MPa. (d) Higher magnification TEM image of MWCNTs coated by gallium oxide 
from thermal decomposition of Ga(acac)3 at 200°C, 1.5 mins, 28MPa. (e) A typical EDS spectrum of oxide coated 
MWCNTs. The gallium oxide deposition experiment was carried out at 200°C, 28-32MPa for 1.5 mins. The Ga and 
majority O peaks result from the gallium oxide coating, and the major carbon signal is ascribed to the MWCNTs 
with some contribution from carbon impurities and adventitious carbon. The tiny Cu peak is from the TEM grid. 
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Figure A5.5 (a) FESEM image of untreated pristine MWCNTs. The diameters of the MWCNTs are in 
the range of 10-30nm. (b) FESEM image of MWCNTs coated by gallium oxide from pyrolysis of 
Ga(acac)3 at 200°C, 28-30MPa for 10mins. The diameters of the MWCNTs are in the range of 60-
100nm The arrow in (b) indicates that the coating of gallium oxide can replicate the small helix 
feature of MWCNTs. (c) FESEM image of gallium oxide coated MWCNTs with relatively uniform Ru 
coating on the surface by atomic layer deposition from reaction between Ru(Cp)2 and O2 at 325°C for 
150cycles. (d) A typical EDS spectrum of oxide-coated MWCNTs with Ru ALD coating. The 
significant Ru peak is shown. The peak of Ga and O come from the gallium oxide under the Ru, and 
the tiny C peak probably comes from the carbon nanotube core, adventitious carbon from air and the 
as-deposited films. 
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ABSTRACT 

 The solid-state reaction within a coaxial Al2O3/ZnO/Al2O3 multilayered microtubular 

structure can be used to prepare discrete microtube–in–microtube ZnAl2O4 spinel assemblies 

through a Kirkendall void production mechanism at 700C. In contrast with previous studies 

of the nano–scale Kirkendall effect, the reaction observed here proceeds through a bi–

directional vacancy diffusion mechanism wherein ZnO species diffuse into inner– and outer–

Al2O3 concentric layers, thereby resulting in vacancy supersaturation and void production 

between two chemically isolated spinel microtubes. Low-temperature atomic layer deposition 

(ALD) of Al2O3 and ZnO enables the fabrication of complex coaxial multilayered microtubes 

with precise control of the starting film thicknesses and relative composition. When a molar 

excess of ZnO is present between two Al2O3 layers, electron microscopy images reveal 

incomplete ZnO consumption after annealing at 700C. At higher initial Al2O3 mole 

fractions, however, complete reaction with ZnO is observed, and the size of the Kirkendall 

gap between isolated spinel microtubes appears to be directly influenced by the thickness of 

the ZnO layer.  
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A6.1 Introduction 

Several interesting studies have recently demonstrated that the Kirkendall effect,1 a 

well-known metallurgical process involving non–equilibrium counter-diffusion of two 

species through an interface, can be used to produce nanoscale objects including spherical 

shells,2 nanotubes,3-9 dendrites,10 and other structures11 with controlled dimensions and 

geometries. According to this mechanism, vacancies diffusing toward the region containing 

faster–diffusing species can either be annihilated at dislocations or, if the density or number 

of defects is sufficiently low, the vacancies can become supersaturated and condense to form 

voids. Production of such porous nanostructures often proceeds by exposing a small colloidal 

or nanocrystalline structure to a species or thin film coating of a complementary reactive 

compound. During subsequent reaction, accumulated vacancies will condense close to the 

interface and within the faster-diffusing core to form Kirkendall voids. The resulting voids 

can also enable surface diffusion of species, which, in turn, can accelerate the reaction 

kinetics.5, 6 A wide range of complementary compounds have been identified and studied 

with regard to Kirkendall–related nanostructures.2-14 The solid-state reaction and diffusion 

process that occurs between ZnO and Al2O3 in the formation of the spinel ZnAl2O4 is often 

used as a model system. For instance, quasi–one-dimensional ZnO nanowires or branched 

nanostructures generated by vapor-phase processes have been coated with highly conformal 

Al2O3 films of controlled thickness by atomic layer deposition (ALD).4-8 The solid-state 

reaction between ZnO and Al2O3 progresses through fast outward diffusion of Zn or ZnO 



APPENDIX 6 is a reprint of a manuscript published in ACS Nano 

337  

into the Al2O3 layer to form hollow microtubes of a single crystal or polycrystalline ZnAl2O4 

spinel. 4-8 

In all prior reports of the nanoscale Kirkendall effect induced in engineered 

assemblies, the nanoscale crystal “substrate” and complementary reactive coating or 

chemical species have been physically arranged in a bilayer (e.g., Al2O3 on ZnO) so that the 

counter–diffusion process yields spinel in a single solid-state reaction zone (e.g., between the 

ZnO and Al2O3 layers4-8). In this work, we demonstrate that, by using multilayer structures 

fabricated by successive ALD, the Kirkendall effect can be extended to produce alloys at 

multiple reaction interfaces, yielding a complex arrangement of multiple, isolated layers of a 

single alloy product. The resultant layers of spinel demonstrate that concurrent outward and 

inward diffusion of a fast–diffusing species can actively participate in Kirkendall void 

formation. Specifically, we show that when a trilayered Al2O3/ZnO/Al2O3 tubular 

nanostructure is prepared at material volumes that favor stoichiometric solid-state reaction, 

two spinel microtubes develop as a “microtube–in–microtube” structure wherein the 

microtubes are physically separated by a nanoscale gap (Kirkendall void). Moreover, by 

varying the volumes of the co-reactive species available at multiple binary junctions, the 

extent of each reaction and the thickness of the accompanying product layer can be 

independently controlled. This ability to tune multiple reaction fronts in a nanoscale 

Kirkendall process may open new opportunities for material design and function for a range 

of future nanotechnologies.  
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A6.2 Experimental Methods 

The inorganic coaxial microtubes used in this study were prepared by coating 

electrospun poly(vinyl alcohol) (PVA) microfibers with Al2O3 and ZnO thin films deposited 

by ALD. The fabrication processes regarding PVA electrospinning and ALD coating were 

described elsewhere. 15, 23 In the present work, Al2O3 ALD was conducted at 45˚C and ~0.9 

Torr.15 A modestly higher temperature (65C) was used for ZnO ALD, also performed at 

~0.9 Torr. The reactants included two organometallic precursors – trimethylaluminum 

(Al(CH3)3, TMA, 98%, Strem®) and diethyl zinc (Zn(C2H5)2, DEZ, 96%, Strem®) and 

deionized water vapor (DI H2O). All the species were delivered as ambient-temperature 

vapors into a custom–built hot-wall viscous flow tube reactor. High-purity Ar (99.999%) 

(National Welders Supply Co.) was used as the purge gas and further purified by a gas filter 

(DRIERITE Gas Purifier) before entering the reaction system. During cycling, the TMA and 

DI H2O were alternately introduced into the ALD chamber (base pressure ~10-6 Torr) in 

pulses of 5 and 1 s, respectively. Corresponding purge times were 20 s (TMA) and 60 s (DI 

H2O). For ZnO deposition, DEZ and DI H2O were likewise injected into the reactor in pulses 

of 5 and 2 s respectively, and each purge time was 120 s. In conjunction with each ALD 

deposition on PVA microfiber mats, two pieces of silicon wafer (measuring ~1 cm × 1.5 cm, 

treated by JTB® Baker Clean, rinsed in DI water and then blown-dry with N2) were used as 

reference substrates for growth rate measurements on a planar surface under identical 

deposition conditions. During deposition, the microfiber mat was positioned between the two 
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Si wafers. The PVA microfiber templates were removed either by heating in air at 450˚C for 

12 h or dissolution in DI H2O for 12 h. In order to stimulate solid-state interfacial reaction, 

resultant specimens consisting of coaxial microtubes composed of Al2O3 and ZnO layers 

were subsequently annealed in a convective air furnace at 700˚C for 12 h. Microfibers and 

microtubes were examined by field-emission scanning electron microscopy (FESEM) 

performed on a JEOL 6400F microscope operated at 5 kV. Microtube samples for 

transmission electron microscopy (TEM) analysis were first sonicated in ethanol for 1 min. 

Several drops of the suspension were pipetted onto carbon-coated TEM grids, which were 

allowed to dry at ambient temperature and then imaged with an FEI Tecnai G2 Twin 

microscope operated at 160 kV. The crystal structure of the microtubes were characterized by 

X-ray diffractometry (XRD) performed on a Philips X’Pert PRO MRD HR diffractometer 

over an angular range of 5 to 85˚ (2θ) in intervals of 0.01˚ (2θ) and with a step duration of 1 

s. For XRD, a mat of microtubes was attached to the sample holder by means of double-sided 

tape. The Al2O3 and ZnO ALD film thicknesses on Si wafer were discerned by ellipsometry 

using refractive indices of 1.79 and 2.00 for Al2O3 and ZnO, respectively. X-ray 

photoelectron spectroscopy (XPS) measurements were conducted on a Kratos Analytical 

AXIS ULTRA spectrometer outfitted with a monochromatic Al Kα source and operated at 15 

kV. For all samples, the C 1s peak was normalized to 284.6 eV as the reference. In the survey 

and detail scans, the pass energies were maintained at 160 and 20 eV, respectively, and the 

data were analyzed and fitted using the CasaXPS software suite.  
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A6.3 Results and Discussion 

Figure 1 is a schematic diagram of the synthesis procedure, based on atomic layer 

deposition chemistry, developed to generate coaxial ZnAl2O4 microtubes from sequentially 

layered Al2O3 and ZnO thin films. A matrix of electrospun poly(vinyl alcohol) (PVA) 

microfibers (Figure 1a) constitutes the initial substrate template. The fibers are coated with a 

conformal film of Al2O3 by ALD (Figure 1b), followed by ALD of ZnO (Figure 1c) and 

another Al2O3 layer (Figure 1d) to form trilayered Al2O3/ZnO/Al2O3 coaxial nanostructures 

on a three-dimensional (3D) PVA microfiber mat. The ALD process allows the thickness of 

the deposited ZnO and Al2O3 coatings to be independently tuned with monolayer–scale 

precision by adjusting the number of ALD cycles used during fabrication.15-17 After ALD 

film coating, the PVA core is eliminated by annealing at 450°C in air for 12 h (Figure 1e). 

Alternatively, the PVA core can be dissolved in deionized H2O at ambient temperature. After 

PVA removal, the free–standing nano-laminated microtubes are further annealed at 700C in 

air for an additional 12 h to induce species diffusion and solid-state reaction, as depicted in 

Figure 1f. The resulting unique nanostructure portrayed in Figure 1f is referred to as a 

“microtube-in-microtube” arrangement. Figure 1g schematically illustrates the difference 

between previous studies, where the sample geometry promotes uni–directional vacancy 

diffusion from the slower– toward faster–diffusing species, and the present study, where a 

multilayer geometry enables bi–directional vacancy diffusion. 
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The approach used to deposit inorganic oxides on PVA microfibers, as well as the 

resulting film morphology and hollow microtubes, have been previously reported.15 

Microfibers of PVA coated by Al2O3 appear smooth and uniform, with the film thickness 

precisely controlled at the monolayer level and with film deposition proceeding during the 

first few ALD cycles without a detectible growth incubation period.15 Figures 2a and 2b 

show PVA microfibers that have been sequentially coated by Al2O3 (212 ALD cycles) and 

ZnO (112 ALD cycles). These results confirm that successive ALD preserves the original 3D 

morphology of an electrospun PVA microfiber mat. An enlargement of a single PVA 

microfiber after coating with Al2O3 and ZnO is presented in Figure 2b. The dark core 

corresponds to the PVA microfiber with diameter of ~300 nm, and the bright shells 

correspond to coaxial Al2O3 and ZnO coatings. Figure 2c is a TEM image of an Al2O3/ZnO 

core–shell microtube formed after dissolving the PVA substrate in DI H2O at ambient 

temperature for 12 h. It is interesting to note that the PVA substrate templated in this 

example consisted of two parallel microfibers fused longitudinally during electrospinning, 

and the ALD Al2O3/ZnO coating accurately retains the shape of the original substrate. Due to 

similar electron densities of Al2O3 and ZnO in this image, the precise thickness of each shell 

cannot be accurately determined. Similar concentric microtube morphologies are observed in 

all areas analyzed by TEM and are thus considered to be representative of the specimen. The 

surface of the outer ZnO shell is noticeably rougher than the comparable Al2O3 microtubes 

previously reported4-7, 15  due presumably to the crystalline nature of ZnO. The 
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bi/multilayered ALD coatings examined here consistently appear uniform along the length of 

each microtube, with no large defects detected by TEM measurement.  

In the case of bilayered two–shell microtubes, removal of the PVA template by 

thermal calcination leads to significant breakdown of the microtubular morphology. After 

thermal calcination at 450˚C for 12 h, followed by sonication in ethanol, the ZnO coating is 

found to densify as it crystallizes into microtubes composed of aggregated ZnO nanoparticles 

measuring 10-30 nm across. In some cases, the inner Al2O3 shell deteriorates to form 

nanoscale plates (indicated by the arrows in Figure 2d), resulting in complete disintegration 

of the surrounding ZnO shell. These observations are ubiquitous and representative of the 

specimen. It is important to note that previous studies of PVA microfibers coated only by 

Al2O3 and annealed under  similar conditions in our laboratory showed no evidence of 

microtube disintegration.15 The microtube deterioration exemplified in Figure 2d could be 

due to mechanical weak points introduced into the Al2O3 network by ZnO ALD. Such weak 

points can help to promote film disruption during thermal annealing and/or mechanical 

sonication.  

X–ray photoelectron spectra collected from several ZnO films deposited by ALD on 

silicon wafers verify the presence of only Zn and O, with a relatively small amount (< 2.5 

atom%) of C even for films deposited at temperatures as low as 65C. The O1s spectrum 

shows evidence of Zn-O and O–H bonding, and peak integration indicates the -OH content 

comprises ~18% of the oxygen species present. Similar hydroxyl bonding is observed in 
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infrared spectroscopy of ZnO and Al2O3 layers deposited at low temperatures. We anticipate 

that any hydroxyl groups or carbon residue remaining after high-temperature annealing might 

influence the detailed energetics and kinetics of the species/vacancy diffusion during spinel 

formation (e.g., by enhancing vacancy formation or species diffusion rates), but the overall 

reaction process should not be significantly affected.  

To explore mechanisms related to bi–directional vacancy diffusion, trilayered 

specimens consisting of three chemically distinct coatings were prepared by sequential ALD, 

thereby forming the Al2O3/ZnO/Al2O3/PVA coaxial microfiber morphology schematically 

depicted in Figure 1d. Upon removal of the inner PVA core by annealing at 450˚C in air for 

12 h, (cf. Figure 1e), tri–shell Al2O3/ZnO/Al2O3 coaxial microtubes are obtained. 

Transmission electron micrographs of the resulting structures obtained after low temperature 

anneal are provided in panels a and b of Figures 3, 4 and 5. Each figure corresponds to 

samples prepared with different ALD layer thicknesses, and the number of ALD cycles used 

to generate each layer is listed in Table 1. In sharp contrast to the previous bi–shell microtube 

morphology discussed with regard to Figure 2, the images in Figure 3, 4 and 5 demonstrate 

significantly less disintegration (implying improved stability) when the tri–shell assembly is 

calcinated at 450C to eliminate the PVA core. It is reasonable to anticipate that, for the case 

of tri–shell assembly, the outer amorphous Al2O3 layer protects and reinforces the 

sandwiched semi–crystalline ZnO layer. Moreover, after heating to 450C, the microtubes 

retain their compact tri-shell arrangement, as demonstrated, for example, in the high-
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resolution (HR), cross-sectional TEM image of an Al2O3/ZnO/Al2O3 coaxial microtube 

displayed in Figure 3b. In this image, three clearly defined shells are evident and appear 

intimately bound together with no voids located between the layers. Such HRTEM images 

provide a direct means by which to measure the thickness of each ALD layer in the tri-shell 

assembly, and the results are included in Table 1. The compact arrangement of the tri-shell 

Al2O3/ZnO/Al2O3 microtube layers affords complete confinement of the middle ZnO shell, 

which is able to react with both the inner and outer Al2O3 shells to form Kirkendall voids.  

Annealing the trilayered coaxial microtubes at 700 °C initiates solid-state interfacial 

reaction and diffusion processes, and TEM images of the resultant morphologies are also 

presented in Figures 3, 4 and 5. Additional HRTEM images of samples after high 

temperature annealing are also shown in Figure 6 and 7. The composite materials studied 

here are unique compared to previous studies of the nanoscale Kirkendall mechanism in that 

all of the materials involved in the reaction are strategically deposited by ALD so that the 

relative composition of each reactant can be readily controlled by the number of ALD cycles 

utilized to generate each layer. As alluded to and indicated in Table 1 earlier, the thicknesses 

of the ZnO and Al2O3 film layers are different in each of the three specimen series displayed 

in Figures 3, 4 and 5. As indicated in panels c and d of Figure 3, the morphology of the 

microtubes changes dramatically upon annealing at 700°C for 12 h. The blotchy texture of 

the microtubes shown in Figure 3c suggests the formation of voids in the ZnO layer, and the 

TEM image provided in Figure 3d confirms the existence of Kirkendall voids in the ZnO 
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layer below the outer Al2O3 shell. It is important to note that, before annealing at 700C, the 

trilayered coaxial microtubes portrayed in Figure 3 possess a ZnO/Al2O3 film thickness ratio 

of about 21/(18 + 8.2) ≈ 0.80, which is larger than the molar volume ratio VZnO/VAl2O3 of 

(14.5 cm3/mol)/(25.7 cm3/mol) ≈ 0.56. Although the mass density of ALD films deposited at 

low temperature may not be the same as bulk materials, the measured thickness ratio 

suggests that the sample in Figure 3 contained excess ZnO for the solid-state stoichiometric 

reaction ZnO + Al2O3 → ZnAl2O4, which is consistent with the presence of ZnO after the 

solid state diffusion and reaction upon annealing at 700°C in air. For comparison, the 

samples discussed with regard to Figures 4 and 5 have a thinner ZnO inner shell and/or 

thicker Al2O3 outer shells, giving rise to a reaction excess of Al2O3 in those samples. 

Figure 4 shows TEM images acquired from another set of trilayered 

Al2O3/ZnO/Al2O3 coaxial microtubes with film thicknesses of 18/10/25 nm, respectively. 

Relative to the specimen described in relation to Figure 3, this sample has a thinner (10 nm) 

ZnO layer and a thicker (25 nm) outer Al2O3 shell. Images in panels a and b of Figure 4 

verify that the microtubes maintain a trilayered coaxial arrangement after calcination at 

450C. This arrangement is particularly striking in the HRTEM image of a broken microtube 

in Figure 4b, wherein the sandwiched ZnO middle layer appears dark relative to the brighter 

Al2O3 outer shells. Corresponding images of microtubes annealed at 700°C for 12 h are 

displayed in panels c-f of Figure 4. While broken pieces of inner and outer shells are visible 

in Figure 4c, panels d-f provide evidence that the trilayer morphology largely remains intact 
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after annealing. Note, however, that the middle layer now appears bright relative to the outer 

shells, thereby revealing a gap that develops between the two outer shells. Close examination 

of the broken microtube edge in Figure 4f confirms the presence of a gap that results from 

the bi–directional solid-state reaction between the Al2O3 and ZnO layers. As before, HRTEM 

images permit direct assessment of the layer and gap thicknesses, and the results are given in 

Table 1. The values reported here represent averages of more than 30 analysis points 

measured on several microtube samples. Two observations warrant mention here. The first is 

that the dimension of the gap is generally not uniform, possibly due to the relative proximity 

of the microtubes to each other, and surface roughness, resulting from the polycrystalline 

nature of the inner and outer tubes. The second, expected from the solid-state reaction, is that 

high-temperature annealing promotes an increase in the inner and outer shell thicknesses. For 

the specimens shown in Figure 4, for instance, the inner shell is found to increase by 22% 

from 18 to ~22 nm, whereas the outer shell increases by 12% from 25 to ~ 28 nm. The arrow 

in Figure 4d identifies a broken shell piece that is ~28 nm thick. Existence of this isolated 

outer shell confirms that the adjacent shells are separated from each other after high-

temperature annealing.  Other broken shells from this sample set were further characterized 

by HRTEM, and the images are shown in Figure 6. The layers show polycrystalline domains, 

with lattice spacings consistent with ZnAl2O4.  X-ray diffraction data, shown in Figure 8, is 

also  in agreement with this assignment . We also note from the HRTEM images in Figure 6 
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that the spinel ZnAl2O4 and amorphous Al2O3 are presented as separated phases in both inner 

(panels a and b) and outer (panels c and d) shells.  

To further explore the versatility of this process and our ability to tune the extent of 

the bi–directional solid-state reaction, the thickness of ZnO and Al2O3 shells have been 

further adjusted by sequential ALD to produce a larger Kirkendall gap. Images of the 

resulting morphologies are presented in Figure 5. Coaxial Al2O3/ZnO/Al2O3 microtubes 

formed after calcination are evident in panels a and b of Figure 5, while TEM images of 

those generated after annealing at 700C are included in panels c and d. After heating to 

450C, the Al2O3(inner)/ZnO/Al2O3(outer) coaxial shells possess a thickness ratio of 

18/21/38.5 nm, respectively, with the inner ZnO shell consistently appearing dark relative to 

the outer Al2O3 shells. After annealing at 700C, a bright gap once again appears to be 

sandwiched by two darker shells. This gap, particularly clear in the HRTEM image in Figure 

5d, measures 11.7±1.8 nm across, and the thicknesses of the outer and inner shells are 

44.4±2.3 nm and 22.6±3.1 nm, respectively. It is important to recognize that this specimen is 

comparable to the sample portrayed in Figure 3 except for a thicker outer Al2O3 shell 

(38.5nm versus 8.5nm). The thicker Al2O3 shell allows consumption of all available ZnO 

during the solid-state reaction upon annealing at 700°C, thereby producing a visible gap 

between the spinel microtubes. This signature feature is absent in Figure 3. Densification can 

also be considered as a possible mechanism for void formation,18 and the polycrystalline ZnO 

layers deposited at low temperature in the samples discussed with regard to Figures 3 and 5 
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are expected to undergo some degree of density change upon annealing. The very different 

final products displayed in Figures 3d and 5d cannot, however, be reconciled by considering 

only film densification. Rather, the difference between the two specimen series further 

corroborates the existence of a bi–directional vacancy diffusion mechanism.  

The resulting physical separation between the inner and outer tubes is further 

visualized in the electron micrographs shown in Figure 7.   These images were collected from 

a sample with Al2O3/ZnO/Al2O3 microtubes of ~ 18/10/44 nm, respectively, after annealing 

at 700 °C.  The electron micrograph in Figure 7a shows a broken inner tube protruding from 

an outer tube, demonstrating clear physical separation between the tubes.  The size of the gap 

is consistent with that shown in Figure 4 for samples with a similar starting thickness of ZnO.     

The TEM image also shows some nano-scale roughness of the spinel layers along the length 

of the tube, on the surface adjacent to the Kirkendall void. The HRTEM image in Figure 7b 

also reveals the polycrystalline nature of the tubes, consistent with inward and outward 

diffusion of Zn-related species into the Al2O3 layers, and the lattice spacings are consistent 

with ZnAl2O4 as well. No sharp interface is present between excess Al2O3 and the spinel 

shells.  

In addition to the microtube structures shown here, it may be possible to extend this 

concept to planar or other three–dimensional nano– or micro–structures.  For a planar 

configuration, the bi–directional Kirkendall reaction for nano-laminated Al2O3/ZnO/Al2O3 

films with suitable molar ratio is expected to result in two ZnAl2O4 layers. However there is 
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no physical means to support a large area gap between these layers. Preliminary experiments 

suggest formation of two planar layers that may be physically separated, for example, by 

mechanical peeling.   

The crystal structure of the microtubes displayed in Figure 4 have been analyzed by 

XRD after annealing at 450C and 700C, and results are provided in panels a and b, 

respectively, of Figure 8. The specimen heated to 450C shows only ZnO–related diffraction 

features, consistent with polycrystalline ZnO located between amorphous Al2O3 layers. The 

reflections present after annealing at 700°C, on the other hand, correspond to polycrystalline 

ZnAl2O4 spinel, providing direct evidence for the solid-state reaction between ZnO and 

Al2O3 in the coaxial microtubes. In this case, the interfacial reaction appears to consume all 

the ZnO reactant in the middle shell. Previous results19-21 show that thin ALD Al2O3 films 

show crystalline structure upon extended annealing at temperature above 800C. The 

formation of segregated interfacial voids and microtube-in-microtube structures therefore 

demonstrates that the nanoscale Kirkendall effect can be directly extended to trilayered 

systems, where the solid-state diffusion simultaneously proceeds in two opposite directions 

across two spatially isolated interfaces.  

The results shown in Figure 9 for samples in the microtube geometry, highlight the 

ability to tune the thickness of deposited films by sequential ALD and the reaction-induced 

Kirkendall gap that can develop between microtubes. The figure compares the thicknesses of 

ALD coatings on PVA microfibers, as measured by TEM after annealing at 450C, to those 
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of ALD films deposited directly on planar silicon wafers, as determined by ellipsometry. As 

expected, the thickness of the ZnO and Al2O3 films deposited on a planar surface increases 

linearly with the number of ALD cycles at a growth rate of ~ 0.19 nm/cycle for ZnO and ~ 

0.08 nm/cycle for Al2O3. Several cycles of growth incubation time may be required for ZnO 

ALD, which is consistent with previous reports.16, 22 The TEM results gleaned from layers 

deposited under the same conditions on the fiber matrix indicate remarkably similar growth 

per cycle. The TEM data constitute mean values of more than 30 measurements, and the 

corresponding standard deviation is less than 7% on average. Figure 9 also shows the size of 

the gap between microtubes after annealing at 700C. These results, obtained from TEM 

images such as those provided in Figures 3, 4, and 5, are plotted as a function of the cycle 

number used for ZnO ALD. Under conditions where there is sufficient Al2O3 present to react 

with the available ZnO (i.e., the sample series displayed in Figures 4 and 5) the void 

dimension increases with increasing ZnO thickness, demonstrating that the Kirkendall gap 

size can be controlled by varying the ALD film thickness. It is important to note that the 

precise correspondence between the starting ZnO layer thickness and the ensuing void or gap 

size will depend on the reaction volume of the surrounding Al2O3 layers. When insufficient 

Al2O3 reactant is available and ZnO is in molar excess, discrete voids, rather than a distinct, 

contiguous gap, develop after annealing at 700°C for 12 h (cf. Figure 3). 
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A6.4 Conclusions 

 The experimental results reported here establish that Kirkendall voids can be formed 

between two coaxial ZnAl2O4 spinel microtubes through the solid-state reaction between 

concentric Al2O3 and ZnO shells deposited by low-temperature ALD on fibrous templates. 

The resulting morphologies can be described as microtube–in–microtube ZnAl2O4 

assemblies, where the individual spinel microtubes are not chemically linked. The reaction 

process is understood in terms of a bi-directional vacancy diffusion mechanism, wherein 

ZnO diffuses into both inner and outer Al2O3 layers, resulting in vacancy accumulation and 

supersaturation between the two spinel microtubes. If the mole fraction of Al2O3 is 

insufficient for the spinel formation reaction to go to completion, excess ZnO crystallites 

remain in the reaction zone after annealing. For samples with an excess Al2O3 mole fraction, 

the thickness of the Kirkendall gap between isolated spinel microtubes can be controlled in 

part by the thickness of the deposited ZnO layer. Fabrication of microtube–in–microtube 

assemblies is achieved using the precise control over layer thickness afforded by ALD of 

Al2O3 and ZnO thin layers at low deposition temperatures. This work demonstrates that 

complex material multilayers produced by ALD can enable vacancy diffusion in more than 

one direction. Extending this scheme to other materials and geometries will open new 

possibilities for complex nano-architecture synthesis and engineerinig, for a broad range of 

nanotechnological applications. 
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Table A6.1 Characteristic dimensions of initial ALD layers and post-reaction spinel layers and Kirkendall 
gaps.a 

Figure Inner Al2O3 ZnO 
Outer 

Al2O3 
Spinel / Gap / Spinelb 

2 18 (212) 21 (112) – – 

3 18 (212) 21 (112) 8.2 (100) N/A 

4,5 18 (212) 10 (55) 25 (300) 22 ± 0.8 / 6.4 ± 1.5 / 28 ± 1.0 

6,7 18 (212) 21 (112) 39 (450) 23 ± 3.1 / 12 ± 1.8 / 44 ± 2.3 

a Presented as thickness, in nm (number of ALD cycles). 
b Presented as thickness, in nm. Uncertainties represent 1 standard deviation from ~30 

measurements. 
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Figure A6.1 Schematic diagram of the procedure developed here for the fabrication of coaxial ZnAl2O4 
microtube-in-microtube coaxial assemblies: (a) electrospinning is used to produce PVA microfibers; (b) a thin, 
conformal Al2O3 coating is applied to the PVA fibers by low-temperature ALD; (c) a successive ZnO coating 
is applied by ALD; (d) a second Al2O3 coating is applied by ALD, resulting in trilayered 
PVA/Al2O3/ZnO/Al2O3 microcables; (e) the PVA core is removed by calcination at 450C in air for 12 h; (f) 
the resultant Al2O3/ZnO/Al2O3 coaxial microtubes are annealed at 700˚C to form coaxial ZnAl2O4 microtubes 
separated by a nanometer–scale gap resulting from accumulation of Kirkendall voids. (g) White arrows show 
the direction of vacancy diffusion for a typical nanoscale Kirkendall-effect experiment in which Al2O3 is 
coated onto a ZnO crystal (left), as well as for the experimental procedure described here, where diffusion 
occurs in two directions to produce an internal nanoscale gap (right).  
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Figure A6.2 SEM (a and b) and TEM (c and d) images of PVA electrospun fibers coated with an 
Al2O3(inner)/ZnO(outer) bilayer deposited by low-temperature ALD. Film thicknesses and the number of 
ALD cycles used in this and subsequent specimens are provided in Table 1. The SEM image in (b) shows a 
single PVA fiber with the coaxial bilayer coating (Al2O3, solid arrow; ZnO, dashed arrow). A TEM image of 
the coaxial Al2O3/ZnO microtubes obtained after removal of the PVA by dissolution in water is displayed in 
(c), whereas microtubes produced after PVA calcinations are evident in (d).  
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Figure A6.3 Representative TEM images of Al2O3/ZnO/Al2O3 microtubes formed by ALD on PVA 
microfibers. The images in (a) and (b) were obtained after annealing at 450˚C in air. The image in (b) permits 
direct visualization of the trilayered morphology consisting of a dark polycrystalline ZnO middle layer and 
lighter amorphous Al2O3 outer shells. The images in (c) and (d) were obtained after annealing at 700C for 12 
h. Light spots (arrows) indicate void formation within the tubular structure. Unreacted excess ZnO partitions 
between the inner and outer shells.  
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Figure A6.4 TEM images of Al2O3/ZnO/Al2O3 microtubes: (a), (b) after 450C anneal  in air;  (c) – (f) after 
700C for 12 h. Compared to samples in Figure 3, these samples contained a thinner (~10 nm) ZnO layer, with 
a thicker (~25 nm) outer Al2O3 layer.  The HRTEM image in (b) shows the thinner dark ZnO middle layer 
sandwiched between two lighter Al2O3 layers. In (e) and (f), HRTEM images reveal a light middle layer located 
between two darker layers, indicating the formation of a thin gap between two polycrystalline ZnAl2O4 layers. 
The arrows in (d) identify isolated pieces of the inner or outer shells as a consequence of microtube fracture. 
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Figure A6.5. TEM images of Al2O3/ZnO/Al2O3 microtubes similar to those shown in Figure 4, with thicker 
ZnO (~21 nm) and outer Al2O3 (~39 nm) layers: (a), (b) annealed at 450˚C in air; (c),(d) annealed at 700C 
for 12 h. Image contrast (and reversal) is identical to that observed in Figure 4. A contiguous Kirkendall gap 
is evident in (d). 
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Figure A6.6 HRTEM images of a) a section of isolated inner tube wall, which shows polycrystalline structures, 
b) a part of inner tube shell shows polycrystalline ZnAl2O4 and amorphous Al2O3 region (within the yellow line 
region), c) a section of outer tube wall consist of mainly by ZnAl2O4 crystal, d) a section of outer tube wall 
having ZnAl2O4 crystalline and amorphous Al2O3.     The inner and outer microtubes obtained from the sample 
batch shown in Figure 4 after 700C for 12 h. Lattice spacings were measured to be of 0.46 and 0.28 nm 
correspond to the 111 and 220 plane of ZnAl2O4.  
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Figure A6.7 Typical TEM image of Al2O3/ZnO/Al2O3 microtubes (~18/10/44nm) annealed at 700C for 12h. a) 
The broken tubes reveal clear physical separation and delineation between the inner and outer tubes. The image 
reveals roughness of the spinel layers along the length of the tube, on the surfaces adjacent to the Kirkendall void.  
A process break during the final Al2O3 coating step resulted in the thin line visible in the thick outer Al2O3 layer. b) 
HRTEM image of the tube set in panel a, showing the outer tube, hollow gap and inner tube.      The lattice spacing 
and orientation are consistent with polycrystalline ZnAl2O4 distributed randomly in an amorphous Al2O3 matrix. 
The lattice signal becomes weaker along the radial direction toward the outer surface of the outer shell. The width 
of the hollow region between the tube is consistent with that shown in Figure 4, with a similar starting thickness of 
ZnO.  
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Figure A6.8 XRD patterns of the coaxial microtubes portrayed in Figure 4: (a) after calcination at 450°C in 
air for 12 h, and (b) after annealing at 700C for 12 h. The reflections marked in (a) correspond to the ZnO 
lattice, whereas those in (b) correspond to features associated with ZnAl2O4. There is no evidence of 
crystalline ZnO in the diffraction pattern acquired after high-temperature annealing, which is indicative of 
complete reaction consumption of the ZnO layer.  

 



APPENDIX 6 is a reprint of a manuscript published in ACS Nano 

364  

 

 

 

 

 

 

 

 

 

 
 Figure A6.9 ALD layer thicknesses of ZnO and Al2O3 deposited on planar silicon wafers (measured by 

ellipsometry, open symbols) and microfibers (measured by TEM, filled symbols) after annealing at 450C in 
air. Included is the Kirkendall gap thickness from two Al2O3/ZnO/Al2O3 microtubular specimen series 
annealed at 700C and plotted as a function of the ALD cycle number for the ZnO layer. The error bars 
represent one standard deviation in the data. 

 


