
ABSTRACT 

OVENTAL, JENNIFER. Methods and Processes for Molecular Scale Coupling of Organic and 

Inorganic Materials. (Under the direction of Dr. Gregory N. Parsons and Dr. Saad A. Khan). 

 

There are 4 major combinations of films and substrates: 1) inorganic on inorganic, 2) 

organic on organic 3) organic on inorganic, and 4) inorganic on organic. The latter two 

combinations constitute the general category of “hybrid” materials. The drive to create hybrid 

materials is to take advantage of the attributes of each type of material, while balancing the 

limitations of each. For example, metal oxides are very brittle and are typically synthesized as 

powders, while polymer fiber mats are flexible. Using a polymer as a flexible substrate for a metal 

oxide increases the range of applications for the metal oxide, such as in conductive or reactive 

textiles. Furthermore, the addition of an organic film onto a hard substrate can provide that 

substrate with corrosion protection or lubrication.  

No matter the coating technique used to produce hybrid materials, a better understanding 

of the mechanism of formation and attachment is vitally important. One approach is to use layer-

by-layer (LBL) deposition techniques to ascertain the role of the surface in the film’s nucleation 

and growth. LBL techniques allow for inherent control of the coating chemistry at the interface of 

the organic and inorganic materials. The LBL techniques used in this work include successive 

ionic layer adsorption and reaction (SILAR), atomic layer deposition (ALD), and molecular layer 

deposition (MLD).  

SILAR utilizes sequential exposures of anionic and cationic precursors solutions to grow 

metal oxide films. Previous work has focused on this technique’s ability to growth films on silicon 

substrates. In this work, we demonstrate that this process can be applied to soft substrates, such as 

polymer fibers, to create hybrid materials. Specifically, this work explores the use of SILAR to 



grow zirconium oxide/hydroxide films on cotton and nylon fibers to produce reactive textiles. The 

knowledge gleaned from this work can be generally applied to other hybrid systems. 

ALD and MLD are gas-phase thin film deposition techniques that utilize self-limiting half-

reactions to produce films with sub-nanometer control of film thickness. ALD is used to produce 

metal and metal oxide films, while MLD is used to produce organic and organic-inorganic hybrid 

films. Both techniques have been primarily studied on hard substrates (e.g. silicon), but can be 

applied to soft, organic substrates such as polymer fibers. In this work, MLD is used to understand 

the interactions of the precursor chemistry and the substrate surface at their interface, and the role 

those interactions play on subsequent film growth. This is done through the deposition of nylon-

66 and zircone (zirconium-organic) polymer films. 

Typically, these processes are performed as batch operations, with a stationary substrate 

being exposed to alternating precursors separated in time by an inert gas purge step. However, 

batch ALD processes are debilitatingly slow for applications outside of the semiconductor 

industry.  Spatial ALD is the solution to this problem. In spatial ALD, the precursors are separated 

in space rather than time, and either the spatially-resolved reactor showerhead moves across a 

substrate, or the substrate moves underneath the showerhead. However, most spatial ALD 

development has been focused on non-porous substrates, such as silicon or films. In this work, we 

demonstrate computational modelling and experimental analysis of a prototype spatial ALD 

reactor, specifically designed for growing metal oxides on through-porous substrates. New insights 

into the role of the starting surface, the bulk substrate properties, and the gas flow conditions of 

ALD are discovered and provide important information for next generation scaling of ALD 

systems.  
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CHAPTER 1: INTRODUCTION AND BACKGROUND 

1.1. Organic and Inorganic Film-Substrate Combinations: Why Do We Care? 

In the world of thin films and coatings, there are 4 major combinations of films and 

substrates: 1) inorganic on inorganic, 2) organic on organic 3) organic on inorganic, and 4) 

inorganic on organic. The 3rd and 4th types of coatings/substrates involving different combinations 

of organic and inorganic material structures constitute the general category of “hybrid” materials. 

Hybrid organic-inorganic materials create new classes of materials with vastly different properties, 

and broaden the overall applicability of their individual parts, as will be discussed throughout this 

document. However, it is important and challenging to study how these materials form at their 

interface.  

As there are unlimited combinations of organic and inorganic materials, applications in this 

area vary significantly. However, in most cases, the drive to combine organic and inorganic 

materials is to take advantage of the attributes of each type of material, while balancing the 

limitations of each. The organic material, generally polymers, can add functionality to the 

inorganic material, such as surface area, flexibility, etc. The inorganic material, i.e. metals and 

metal oxides, can add functionality to the organic material, such as reactivity, conductivity, 

chemical stability, etc.  For example, metal oxides are very brittle and are typically synthesized as 

powders, while polymer fiber mats are flexible. Using a polymer as a flexible substrate for a metal 

oxide increases the range of applications for the metal oxide, such as in conductive1 or reactive 

textiles.2,3 Additionally, the incorporation of metal oxides onto the surface of fibers can change the 

properties of the fibers themselves. For example, Atanasov et. al. has shown that a combination of 

thin alumina and titania films can significantly increase the cut resistance of Kevlar® fibers4 

without significantly reducing the durability, flexibility or weight of the material. Furthermore, 
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metal oxides deposited onto fibers can act as a glue or nucleation layer for the attachment of other 

materials, such as metal organic frameworks (MOFs)5,6. Some examples of applications for 

polymer coatings on metal oxides include photolithography in the semiconductor industry,7–9 

organic light emitting diodes (OLED),10 and lubrication.11  

No matter the coating technique, a better understanding of the mechanism of formation and 

attachment is vitally important. There can be several ways that the organic and inorganic materials 

interact at their interface. A strong interaction includes those with covalent or ionic bonding or 

coordination, while a weak interaction includes those with hydrogen bonding or van-der-Waals 

forces.12,13 One can imagine that the possible combinations are endless, and the applications are 

vast. Therefore, it is essentially impossible to summarize every technique that has been 

demonstrated for each possible combination of organic-inorganic hybrid materials. This work will 

focus on two main areas: 1) deposition of metal oxides on polymer fibers and 2) deposition of 

polymer films on planar metal oxides.  All work discussed in this dissertation falls under the 

heading of layer-by-layer (LBL) deposition. In layer-by-layer deposition, the initiation of growth 

occurs primarily at the surface of the substrate. In this way, LBL techniques provide unique insight 

into the role of the surface chemistry and surface morphology, the properties of the precursors 

used, and the chemical and physical properties of the film being deposited on the nucleation and 

subsequent growth behavior of a growing film. The LBL techniques used in this work include 

atomic layer deposition, molecular layer deposition and successive ionic layer adsorption and 

reaction.  

This chapter serves as a brief overview of the processes and materials explored in this 

dissertation, and Chapter 2 will go into more detail on the equipment and techniques used most 
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extensively in this body of work. However, Chapters 3-6 are organized such that they can be 

reviewed independently. 

 

1.2. Layer-by-Layer Deposition Techniques 

There are many techniques currently being studied for film depositions. These techniques 

can be considered bulk or surface depositions, can be specifically for “thin” or “thick” films, and 

can occur in the liquid or gas phases. Spin coating and sol-gel are examples of bulk coating 

techniques, while successive ionic layer adsorption and reaction (SILAR) and atomic layer 

deposition (ALD) are examples of layer-by-layer surface depositions, where the chemical reaction 

only occurs at the surface of a substrate rather than in the surrounding solution or atmosphere. 

Layer-by-layer deposition techniques are important in that they allow for inherent control of the 

coating chemistry and formation. Moreover, by studying coating formation in a layer-by-layer 

fashion, one can more accurately ascertain the role of the surface in the coating nucleation and 

attachment. A major disadvantage of layer-by-layer deposition is the long deposition times 

required to build up sequential layers. However, as layer-by-layer deposition techniques become 

more common, significant work has been done to investigate and improve their scalability. 

 

1.2.1. Atomic Layer Deposition (ALD) 

Atomic layer deposition (ALD) is a thin-film deposition technique used mainly in the 

semiconductor industry to specifically control film growth with up to angstrom-level control of 

thickness.14 The basic mechanism of ALD involves two sequential self-limiting half-reactions 

(Figure 1.1). For the first half-reaction, a surface is exposed to the first precursor. This precursor 

reacts with the surface, but does not react with itself or decompose. Any remaining precursor in 
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the system is then purged out with an inert gas, along with any byproducts from the first chemical 

reaction. Following this purge step, the new surface is exposed to the second precursor (often 

referred to as the co-reactant). Again, the co-reactant reacts with the new surface, but not with 

itself. This is what allows the half-reactions to be “self-limiting” and occur only at the surface. 

Finally, after the exposure of the co-reactant, the system is again purged with an inert gas to remove 

any remaining co-reactant and byproduct. This four-step process makes up one deposition cycle 

and can be repeated as many times as necessary until the desired film thickness has been reached.  

 

 

Figure 1.1. A single ALD cycle of aluminum oxide using trimethylaluminum and water. Figure 

adapted from Ref 15. 15 

 

There are several key requirements for a good ALD process. The first requirement, as 

discussed above, is the self-limiting nature of the precursors. If the precursor compounds react 

with themselves or decompose near the substrate surface, the process becomes more like chemical 

vapor deposition (CVD), which is a bulk deposition technique that does not offer the same measure 

of control over thickness and conformality as ALD. The second requirement is that each precursor 

exposure will saturate the substrate surface. A surface is saturated with precursor if, after 
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subsequent exposures to that same precursor, no additional growth is observed. The third 

requirement concerns the substrate itself. The surface of the substrate must contain some reactive 

functionality or chemical property that will allow the precursor to nucleate and grow on that 

surface. The most common functionality is hydroxyl groups, such as those found on the native 

oxide surface of silicon.  

In any ALD  process, there is a processing temperature range that will reproducibly deposit 

uniform thin films with a specific, known growth rate.16,17 This is called the “ALD window” 

(Figure 1.2). All temperatures within this range have the capability of producing the same film 

growth rate, assuming sufficient purging and saturating doses are used. Outside of this region, 

however, nonideal growth will occur. In the case of temperatures lower than the window, the 

thermal energy of the process will be insufficient for the necessary reactions to occur on the 

substrate surface, and one will get nonuniform growth, if any occurs at all. Alternatively, the 

precursors may condense on the substrate or in the reactor, which will lead to uncontrolled growth, 

often in the form of particles. At temperatures above the window, the surface species can 

decompose and allow additional precursor adsorption, which would result in excess growth (CVD-

like behavior). This temperature range can also result in the surface species desorbing from the 

surface, inhibiting growth. The type of nonideal growth seen outside of the window will depend 

on the properties of the precursors and the process operating conditions, such as reactor pressure 

and purge time. 
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Figure 1.2. ALD temperature window. Different precursor chemistries will have different low 

temperature and high temperature regimes. Figure adapted from Ref 17. 17 

 

While ALD has been mainly used in the semiconductor industry, there has been a major 

shift in its usage in other applications, such as corrosion protection,18,19 psuedocapactors,20 reactive 

and functional textiles,3 flexible electronics,1,21 and catalysts.2 However, this expansion in scope 

has led to the investigation of alternative substrates, beyond silicon and other semiconductors. For 

example, ALD has been demonstrated on polymers in film form,22,23 particle form,20,24,25 and fiber 

form.3,12,26  While the main attribute of ALD in traditional semiconductor manufacturing is the 

precise thickness control it offers, the main benefits of ALD for coatings on polymers are the low 

operating temperatures and dry coating environments. Additionally, because the technique does 

not require line-of-sight, highly conformal coatings can be achieved for relatively complex 3-

dimensional structures, such as powders and fiber webs.  
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1.2.2. ALD on Polymers 

Polymer fibers are just one example of an unconventional ALD substrate that has been 

receiving an increasing amount of interest.27 Some examples of polymer fibers that have been 

coated using ALD include Kevlar®,4 cotton,28 nylon,29 polyvinyl alcohol,30 and polypropylene28 

for a wide variety of applications. Nylon fibers, for example, have been made conductive using 

platinum,21 tungsten,31 and zinc oxide32 thin films produced by ALD. Furthermore, Oldham et. al. 

demonstrated that the chemical resistivity of nylon nanofibers can be enhanced via bilayers of 

ALD zinc oxide and an organic-inorganic hybrid material known as “alucone,” which is produced 

by an ALD-like process known as molecular layer deposition (discussed in more detail in Section 

1.2.5).29  Several groups have demonstrated that the surface wetting of cotton,28 polypropylene,28 

and nylon29 can by modified by ALD aluminum oxide and ALD zinc oxide. Vogel et. al. 

significantly reduced the water-solubility of polyvinyl alcohol nanofibers with ALD aluminum 

oxide, and demonstrated the applicability of this function to delayed drug release.33 Zhao et. al. 

utilized the added functionality of zinc oxide ALD films on polypropylene, polyethylene 

terephthalate, and cotton to promote the attachment of highly reactive metal organic frameworks 

(MOF) to fiber surfaces, producing reactive textiles for chemical protection.5,6  Gong et. al. utilized 

polymer fiber mats as sacrificial templates and applied the principles of ALD to infiltrate the fiber 

with metal oxide, which were subsequently calcined to produce porous metal oxide monoliths.34 

Finally, McClure et. al. demonstrated that ALD coatings on polymers can have an effect on the 

polymer properties themselves, such as the Young’s modulus and failure strain.35  

There are two main mechanisms by which ALD can progress on polymers.27 The first 

mechanism involves polymers that have reactive functional groups, such as hydroxyl groups 

(Figure 1.3). These functional groups provide a reactive surface on a polymer film or fiber, and 
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act as nucleation sites for the initial deposition. With these systems, reaction of the precursors with 

the surface of the polymer substrate happens quickly and blocks subsequent diffusion into the 

polymers. Thus, ALD will progress in a manner similar to ALD on a hard surface, such as silicon, 

and the resulting coatings are smooth and conformal. The second deposition mechanism involves 

polymers with little to no reactive functionality, such as polypropylene (Figure 1.4). In this case, 

the ALD precursors can diffuse into the polymer and create reactive sites that will act as nucleation 

sites for the following precursor exposure. Once the second precursor is dosed, it will react with 

those sites to form a sub-surface particle. After enough cycles, the coating reaches the surface and 

continues to progress outward, often resulting in a rough coating. The mechanism of deposition 

and properties of the ALD coating depend on the polymer chemistry. However, in either case, 

ALD has proven to be an effective technique for growing conformal metal oxide thin films on 

fibers.  

 

Figure 1.3. Reaction mechanism for deposition on fibers with reactive surface groups. In this 

example, aluminum oxide is being deposited on a material with terminal hydroxyl groups. Figure 

adapted from Ref 27. 27 
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Figure 1.4. Reaction mechanism for deposition on fibers without reactive surface groups. In this 

case, precursors diffuse into the unreactive polymer fiber and form nucleation sites. These sites 

allow growth to continue until a conformal coating is formed. Figure adapted from Ref 27. 27 

 

However, for the use of ALD in most non-semiconductor manufacturing, processing time 

will be a critical challenge. ALD is inherently very slow, with growth rates typically around 0.5-2 

Ȧ/cycle on silicon and cycle times ranging from 30-60 seconds per cycle. Furthermore, cycle times 

can be significantly higher for depositions on polymers due the need for longer exposures and 

purge times. Therefore, there is a need for a faster, scalable ALD process for soft substrates. The 

solution to this problem is known as spatial ALD, and it will be discussed in more detail in the 

following section and in Chapter 4 of this work.  
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1.2.3. Spatial ALD 

Conventional ALD processes are considered “batch.” In a batch ALD process, a substrate 

(or multiple substrates) is stationary, and its exposure to different precursors is separated in time, 

as described in Section 1.2.1 above. In spatial ALD, a substrate is moved through areas of different 

reactant zones, which are typically separated by inert gases and/or pumping zones, as is shown in 

Figure 1.5.36–39 The process is continuous, as opposed to batch, and the deposition over large areas 

can occur much faster. Spatial ALD reactors to date have included roll-to-roll,38,40,41 linear 

reciprocation,39 and rotary drum42 designs for both rigid36,39 (e.g. silicon) and flexible substrates 

(e.g. polymer films).40,41,43 To date, however, there has not been a spatial ALD reactor specifically 

designed for deposition on flexible, through-porous materials, such as fiber webs. Additionally, to 

further ease the economic burden of a scaled-up design, atmospheric pressure ALD has been 

gaining attention for both batch44 and spatial processes41. In Chapter 4 of this work, we will discuss 

our novel design for an atmospheric pressure, spatial ALD reactor specifically designed for 

deposition on through-porous materials.45  

 

 

Figure 1.5. Schematic of spatial ALD gas flow delivery. Here, a substrate passes through trimethyl 

aluminum (TMA) and water reactant zones separated by nitrogen in a sequence of 3 ALD cycles. 

Figure adapted from Ref 45. 45 
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1.2.4. Liquid Phase Layer-by-Layer Deposition: Liquid ALD and SILAR techniques 

Deposition of metal oxides on both organic and inorganic surfaces can be done in a layer-

by-layer (LBL) fashion via liquid-phase techniques. These LBL techniques can go by many names 

depending on the chemistry and process involved, and the area of expertise of the user. Examples 

include dip coating,46 LBL sol-gel,47 liquid ALD (LALD),48–50 and successive ionic layer 

adsorption and reaction (SILAR),51,52 the latter of which will be the basis of Chapter 3 of this 

dissertation. SILAR is very similar to ALD and LALD in that it involves subsequent exposures of 

a substrate to two different precursor solutions, separated by a rinse/wash or purge step. The 

precursors for SILAR processes typically include a cation metal salt and an anion base. However, 

unlike ALD, the process is not perfectly self-limiting as it can be difficult to completely remove 

excess adsorbed precursors during liquid rinse steps. SILAR processes have been demonstrated 

for many metal oxides, such as zirconia,52,53 with growth rates ranging from 0.2-10 nm/cycle.54 

Most SILAR work has been conducted on silicon substrates, and often films are annealed after 

deposition to form crystalline oxides as opposed to the amorphous hydrous oxides/hydroxides that 

typically form at room temperature.55,56 A single cycle of SILAR deposition has been demonstrated 

on certain polymers, such as cellulose,57,58 but a deeper understanding of the nucleation, 

attachment and growth mechanism of SILAR processes on polymers is needed, and will be the 

focus of Chapter 3 of this work.  

 

1.2.5. Molecular Layer Deposition 

Molecular layer deposition (MLD) is an ALD-like deposition technique that utilizes the 

same principles of self-limiting half-reactions, but with organic precursors. While ALD produces 

metal oxides or metals, such as tungsten,59 cobalt,60 or titanium nitride,61 MLD produces two 
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different types of films: 1) an entirely organic film, synthesized from two or more organic 

precursors,62 or 2) a hybrid organic-inorganic film, synthesized by the reaction of a metal-organic 

precursor with an organic precursor16,17. The latter material is often referred to as a “metalcone,” 

such as alucone, which is produced by the metal-organic precursor, trimethylaluminum, and the 

organic precursor, ethylene glycol. To serve as an organic precursor, a compound must have at 

least 2 functional groups that are reactive with the other precursor of interest, but not with any 

other functionality within itself. For example, adipoyl chloride (an organic acyl chloride) reacts 

with hexanediamine to form nylon-6,6.63 

MLD processes often face unique challenges that ALD processes do not, specifically with 

regards to the organic precursors. Often, these materials are thermally sensitive and are, therefore, 

prone to decomposition. They also tend to have lower vapor pressures, making it more difficult to 

deliver saturating doses consistently to the reactor chamber. Additionally, polymer films produced 

by MLD may be porous. During deposition, precursors can diffuse into these films and create new 

nucleation sites, which results in excess growth. This is particularly a problem at lower deposition 

temperatures when there is not enough thermal energy to drive the desorption of the precursor out 

of the growing film.  

The size and flexibility of the organic precursors can also pose significant challenges. 

Longer-chained organic precursors with flexible back bones can essentially bend over and bond to 

two different active sites on the substrate surface, in a growth mechanism known as “double 

reactions” within the MLD community (Figure 1.6).64,65 This reduces the number of reactive sites 

for the next precursor, and limits film growth rate and uniformity. One way to prevent double 

reactions is to use a more rigid homobifunctional precursor, such as hydroquinone66,67 or benzene-

1,3,5-triol.68 Both materials have a rigid benzene ring structure and, therefore, cannot take part in 
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double reactions with the surface. Another way to prevent double reactions is through the use of 

heterobifunctional organic precursors, such as 4-aminophenol,64 so long as the two different 

functionalities do not react with each other. Steric hinderance can also be a significant challenge 

in MLD. Large organic precursors and flexible growing chains can block unreacted sites from 

subsequent exposures, leading to unsaturated growth conditions and low deposition rates. 

 

 

 

Figure 1.6. Different ways organic chains in an MLD film can bond to the surface. Some chains 

may twist or bend to double react. Figure adapted from Ref 17. 17 

 

Despite its shortcomings, molecular layer deposition provides a unique opportunity for one 

to create ultrathin organic films with tailorable backbones, whether it be hybrid organic-inorganic 

materials or heterogeneous organic materials. Take, for example, the nylon-66 MLD process 

mentioned above. Adipoyl chloride and hexanediamine are both linear, 6-carbon organic 

molecules with homobifunctionallity. However, while never demonstrated in literature, malonyl 

chloride (a 3-carbon acyl chloride) or fumaryl chloride (a 4-carbon acyl chloride with a double 

bond in its backbone) both have potential has MLD precursors and can replace adipoyl chloride to 
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produce polyamide films with slightly different chemical structures than nylon-66. Furthermore, 

one could insert ring structures by substituting the diacyl chloride precursor with terephthaloyl 

chloride or the diamine precursor with phenyleneamine.69 Minor systematic changes in the MLD 

chemistry can provide new insights into the important operating parameters for MLD processes 

and give rise to fundamental understanding of polymer and film chemistry.  

 

1.3. Brief Overview of Work 

In the first part of this thesis, we will focus on using polymer fibers as substrates for metal 

oxide deposition. Specific applications for fibers call for variations in surface functionality, 

elasticity, strength, durability, etc. Added surface functionality of fibers can be achieved through 

the deposition of metal oxides on the fiber surfaces. In Chapter 3, we will explore a liquid-phase 

deposition technique to grow zirconium oxide/hydroxide films on cotton and nylon fibers. This 

work has applications in reactive textiles, specifically in chemical warfare agent protection 

technology. However, this work can be generally applied to a broader range of metal oxide 

deposition on fibers. In Chapter 4, we will describe computational modelling and experimental 

analysis of a prototype spatial atomic layer deposition (ALD) reactor, specifically designed for 

growing metal oxides on fabrics. We will explore the important operating conditions, advantages, 

and limitations of our proof-of-concept reactor using aluminum oxide and nonwoven 

polypropylene as a model system.  

In the second half of this thesis, we will focus on growing organic and metal-organic 

polymers on metal oxide surfaces. There is a need for new, unique materials that can be grown in 

a controlled fashion with a wide range of chemical, mechanical, optical, and electrical properties. 

In Chapter 5, we will explore the mechanisms of nucleation and growth of nylon-66 using a gas-
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phase layer-by-layer deposition technique known as molecular layer deposition (MLD) and discuss 

the opportunity for deposition of unique films with atomic level control of the backbone chemistry. 

In Chapter 6, we will evaluate the deposition and stability of a novel zirconium-organic polymer 

material, known as zircone, that can also be grown via MLD.  
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CHAPTER 2: EXPERIMENTAL TOOLS 

 

The purpose of this chapter is to provide technical details on the tools most frequently 

utilized in this work. More detail on experimental conditions and procedures are included in 

Chapters 3-6. 

 

2.1. Atomic Layer Deposition Reactor 

Batch atomic layer deposition (ALD) and molecular layer deposition (MLD) were carried 

out in one of several home-built, flow-tube reactors. However, all batch reactors used had the same 

general reactor design, as shown in Figure 2.1. The reactor chambers were between 24-36 inches 

long and had tube diameters of 1.5-3 inches, respectively. The reactor chambers and gas lines were 

all made of stainless steel. Gas cylinders supplied the nitrogen carrier gas to the system. 

Immediately after leaving the gas cylinder, the nitrogen passed through an Entegris gatekeeper 

filter to purify it to less than 100 parts per trillion H2O and O2. Mass flow controllers (MFC) and 

pneumatic valves interfaced with LabVIEW software to automatically control the flow rates and 

flow directions of the gases. A gate valve separated the downstream process pump from the reactor. 

Reactor pressures were monitored with either a baratron or convectron pressure gauge. The reactor 

chambers, gas lines, and precursors were wrapped with resistive heat tape and fiberglass insulation 

to maintain desired temperatures, which were controlled either through Labview interface or 

variacs.  
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Figure 2.1. Schematic of flow-tube ALD reactor.  This image shows both a sample boat and 

QCM probe within the chamber. However, these were never used simultaneously and are just 

shown for clarity.  

 

For deposition on silicon or polymer substrates, the samples were loaded into the reactor 

on an aluminum sample boat. The sample boat was placed in the same position within the reactor 

tube for every run. This position had been previously determined to be within the fully-developed 

flow regime. Similarly, when utilizing quartz crystal microbalance (QCM), the probe was also 

placed within this same region of the reactor. The schematic in Figure 2.1 shows a QCM probe 

and sample boat in the reactor simultaneously. However, these two sample holders were never 

present during the same experiments. More details on QCM are in Section 2.4.2 of this chapter.  

Precursors were typically contained in glass bubblers. The bubblers were either attached to 

the reactor through direct ports, or via flow-through or flow-over bubbling set ups. In a direct port 

set-up, only one line connected the precursors to the gas lines. The precursor was isolated from the 

reactor via pneumatic valve that, when actuated, allowed the precursor vapor to be drawn from the 

bubbler by the Bernoulli Effect caused by the flowing of high speed nitrogen through the 

perpendicular gas line. Flow-through or flow-over bubblers were connected to the reactor by two 

gas lines, each containing a pneumatic valve. The perpendicular gas line above it also had a 
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pneumatic valve in between the connecting precursor gas lines. When it was time to dose, the 

pneumatic valve in the main gas line was closed, and the precursor pneumatic valves were opened, 

directing nitrogen flow into the bubbler either through the vapor space (flow-over) or through the 

liquid precursor itself (flow-through). Once dosing was done, the precursor pneumatic valves 

closed, and the main gas line pneumatic valve was opened. Selection of the precursor bubbler set-

up was dependent on the vapor pressure of the precursor. 

 

2.2. Spatial Atomic Layer Deposition Reactor 

Spatial ALD experiments described in Chapter 4 all took place in a custom-built reactor 

with a showerhead delivery system, as shown in Figure 2.2.1 This tool was specifically designed 

for continuous ALD on through-porous substrates, such as textiles. In this design, the substrate is 

reciprocated under the showerhead using a roll-to-roll system (Figure 2.2b). The showerhead 

consists of three deposition cycles, as shown in Figure 2.2a. One deposition cycle consists of 

trimethyl aluminum (TMA) carried by nitrogen, purging nitrogen, and water carried by nitrogen, 

which are transported through 3 manifold tubes, respectively (Figure 2.2c) These manifold tubes 

distribute flow to the gas channels, which distribute flow downward through the outlet gas nozzles 

to the substrate. There are no exhaust steps separating the precursor or purging steps because all 

byproducts and unreacted precursors flow through the substrate to an exhaust box underneath.  

More details on the design and process optimization of this reactor are in Chapter 4 of this work.  
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Figure 2.2. (a) Schematic of showerhead cross-section showing 3 ALD cycles. (b) Roll-to-roll 

substrate delivery system. (c) Detailed view of gas channels in the showerhead module: gas is 

delivered to and dispersed within manifold tubes, which then deliver the gas to the reactant 

channels in the showerhead, which then direct the gas through the outlet nozzles across the width 

of the substrate. Figure adapted from Ref 1. 

 

2.3. Liquid Phase Layer-by-Layer Deposition Tool 

An automated layer-by-layer (LBL) deposition reactor was developed as a proof-of-

concept design for the liquid-phase LBL process. This tool, shown in Figure 2.3, consists of 3 

rotary pumps and 3 pnuematic valves controlled by LabVIEW that alternately flow each precursor 

or rinse agent to the sample holder. The cylindrical sample holder consists of two 2 ¾” conflat 

flange caps and holds roughly 12 ml in volume. Each pump was operated at its lower limit, which 

was 48, 60, and 54 mL/L for the zirconium oxychloride solution, the water rinse, and the potassium 

hydroxide solution, respectively. For each precursor, the recipe consisted of continuous precursor 

flow, followed by a hold step in which the pump was turned off and the valves were closed, and 
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finally a rinse step which consisted of continuous water flow for a given duration.  One cycle 

consisted of this procedure for both precursors. Silicon substrates were taped to the bottom of the 

sample holder using carbon tape to ensure they remained face-up. Cotton samples were allowed to 

move within the sample holder as it was filling and rinsing. It must also be noted that the entrance 

and exit of the sample holder were both located at the top of the holder, and the liquid exited the 

holder by a pressure gradient provided by the flowing liquid entering the cell.  

 

 

Figure 2.3. (a) Schematic of the automated liquid-phase layer-by-layer deposition tool. (b) 

Photograph of the tool. (c) Close-up photograph of the sample holder and interface of liquid lines. 

 

2.4. Materials Characterization 

2.4.1. Spectroscopic Ellipsometry 

Spectroscopic ellipsometry was used to measure thickness and refractive index of metal 

oxide and organic thin films deposited on silicon. This technique utilizes the polarization of an 
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incident light beam at multiple wavelengths as it reflects off of a substrate to measure the optical 

constants (n, k) and thickness of a film. Specifically, as the light is reflected off the surface at a 

known angle, the change in polarization of the light results in a phase difference (Δ) and amplitude 

ratio (Ψ).2 Modelling of these changes can provide information on the film properties, such as 

thickness and refractive index. In this work, all spectroscopic ellipsometry was done using a J.A. 

Woollam Alpha-SE ellipsometer. The phase difference and amplitude ratio were modelled using 

Cauchy models within the CompleteEASE software.  

 

2.4.2. Quartz Crystal Microbalance (QCM) 

In-situ monitoring of the film growth was done using quartz crystal microbalance (QCM) 

analysis. In this technique, a current is applied to a quartz crystal, inducing oscillations at a known 

frequency. Assuming constant temperature and pressure, as a film is deposited on the crystal, the 

oscillations change according to Equation 2.1.2 Here, Δf is the change in crystal frequency that 

corresponds to the change in mass loading (∆𝑚). The fundamental frequency of the crystal (𝑓𝑜), 

the frequency constant (𝐶), the density of the crystal (𝜌𝑞), and the area of the crystal (A) are all 

dependent on the crystal itself. If one knows the density of the film being deposited, the film 

thickness can be determined from QCM data. In this work, 𝑓𝑜 was 6 MHz,  𝜌𝑞 was 2648 kg/m3, A 

was 0.36 cm2, and C was 0.226 Hz/ng.  The changes in frequency of the crystal provides detailed 

information on reaction mechanisms and growth rates during ALD. However, it must be noted that 

the crystal will also oscillate at different frequencies depending on the temperature. Therefore, 

changes in crystal temperature- due to exothermic or endothermic reactions, for example- can be 

misinterpreted as changes in mass. This must be carefully considered during all QCM analysis.  

                           ∆𝑓 =
𝑓𝑜

2∗∆𝑚

𝐶∗𝜌𝑞∗𝐴
  [2.1] 
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2.4.3. Scanning Electron Microscopy (SEM) 

Scanning Electron microscopy (SEM) uses a focused electron beam to scan the surface of 

a sample. The most common form of electron detection is Secondary Electron mode.2 In this mode, 

the electrons from the beam interact with the atoms of the sample, which then emit secondary 

electrons. These are the lowest energy electrons that come from the sample, and only those from 

the very surface of the sample (less than a few angstroms) are detected. An image of the surface 

topography is created by the detection of these secondary electrons. Depending on the resolution 

required, this work utilized two SEMs at the Analytical Instrument Facility (AIF) at North Carolina 

State University (NCSU): a FEI Verios 460L Field Emission Scanning Electron Microscope and 

a Phenom Desktop SEM.  

 

2.4.4. Transmission Electron Microscopy (TEM) 

Transmission Electron Microscopy (TEM) is an imaging technique in which a beam of 

electrons is transmitted through a thin sample.2 The electrons interact with the electrons of the 

sample as they pass through it, which are detected to form an image. In this work, TEM images 

were obtained using a JOEL 2010F Field Emission Scanning Transmission Electron Microscope 

at the Analytical Instrumentation Facility at NCSU.  

 

2.4.5. Energy Dispersive X-Ray Spectroscopy (EDS) 

Energy Dispersive X-Ray Spectroscopy (EDS) exposes a sample to a high-energy beam of 

charged particles or X-rays.2 The beam excites electrons in the sample from their ground state to 

an excited state (or shell). When this happens, the electron that was excited to a higher energy shell 

leaves a whole in the lower energy shell. This causes an electron from a higher energy shell to emit 
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energy in the form of X-rays, so that it can reduce its overall energy state and fill the hole in the 

lower energy shell. The energy lost from the emitted X-rays is characteristic of the element to 

which the electron belonged. This allows for elemental composition of the substrate to be 

determined. However, many elements have overlapping X-ray emission peaks, which can make it 

challenging to conclusively determine elemental composition. Moreover, quantitative analysis 

may have limitations in accuracy because X-rays generated will scatter in all directions and, thus, 

not all X-rays are seen by the detector. The likelihood of an X-ray reaching the detector is 

dependent on the nature of the substrate. Typically, EDS detects X-rays from less 1 µm below the 

surface of the sample.2 This must be carefully considered when using EDS analysis for structures 

with large variations in their topography. The EDS analysis in this work was performed using a 

FEI Verios 460L FE-SEM with an Oxford EDS detector.  

 

2.4.6. X-Ray Photoelectron Spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) is an analytical technique used to determine the 

elemental composition and chemical states of surfaces (<10 nm).2 Similar to EDS, XPS utilizes X-

rays to irradiate the atoms of a surface, which then release core electrons. X-ray sources are 

typically aluminum or magnesium and have beam diameters between 20-500 µm. The XPS 

detector measures the quantity of electrons emitted and their kinetic energy (𝐸𝑘𝑖𝑛𝑒𝑡𝑖𝑐), and uses 

this information to determine the binding energy (𝐸𝑏𝑖𝑛𝑑𝑖𝑛𝑔) of the emitted electrons using Equation 

2.2.  𝐸𝑝ℎ𝑜𝑡𝑜𝑛 is the energy of the x-ray source and ∅ is the work function of the spectrometer. Each 

element has a characteristic binding energy. The spectra from XPS measurements can provide 

quantitative information about elemental composition and bonding.  

             𝐸𝑏𝑖𝑛𝑑𝑖𝑛𝑔 = 𝐸𝑝ℎ𝑜𝑡𝑜𝑛 − (𝐸𝑘𝑖𝑛𝑒𝑡𝑖𝑐 +  ∅)     [2.2] 
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In this work, all XPS spectra were obtained using a SPECS system with a PBOIBOS 150 

analyzer at the AIF at NCSU. Both aluminum and magnesium anode sources were used at 

different times. However, quantitative results from different sources were never compared as 

different sources can give different intensities for the same sample. The resulting scans were 

calibrated by referencing the adventitious carbon peaks to 284.8 eV.  

 

2.4.7. Fourier Transform Infrared Spectroscopy (FTIR) 

Fourier transform infrared spectroscopy (FTIR) is a form of absorption spectroscopy that 

measures the absorbance and transmission of infrared waves by a film.3 Molecules within the film 

absorb the light waves and vibrate at frequencies that are characteristic of their bonding structures. 

The raw data from these absorbances is then processed with a Fourier transform. This provides a 

spectrum that consists of the different vibrational modes within the material, such as bending, 

stretching, and scissoring modes. These modes are observed at different wavenumbers (inverse 

wavelengths), depending on the type of mode and the chemical species involved. Moreover, the 

measured absorbances can shift depending on the bonding environment. This provides information 

on the chemical compounds present in a sample. In this work, a Thermo Nicolet Magna 750 FTIR 

was used with a KBr beamsplitter and a deuterated triglycine sulfate detector.  
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3.1. Abstract 

Zirconium hydroxide has been identified as a powerful combatant against many chemical 

warfare agents, such as VX, GD, and HD, as well as many hazardous industrial gases such as 

sulfur dioxide and ammonia. However, zirconium hydroxide is typically produced as a powder, 

which limits its applications in protection technologies.  In this work, the authors demonstrate a 

liquid-phase layer-by-layer deposition technique known as successive ionic layer adsorption and 

reaction (SILAR) for the production of zirconium hydroxide coatings on cotton and nylon fibers. 

In this process, a substrate is exposed to zirconium oxychloride and potassium hydroxide 

sequentially, with a rinse step in between each exposure. This forces a precipitation reaction to 

occur at the surface of the fiber substrate, and results in a zirconium hydroxide coated fiber. 

Furthermore, the exposures can be repeated as many times as necessary to achieve the desired film 

thickness.  
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Under optimized conditions, mass loading of zirconium hydroxide (ZrOH) is 1.0 ±0.3 

%/cycle on a woven cotton substrate and 3.3 ± 0.7%/cycle on a nonwoven nylon substrate. The 

growth rate on both substrates is linear for ~20 cycles. However, a significant amount of potassium 

from the potassium hydroxide precursor is incorporated into the growing films. The films nucleate 

as islands initially and become more conformal with increasing cycle number.  Moreover, the 

zirconium hydroxide coating is shown to withstand high-agitation in a vigorous wash step. This 

same wash step removes a significant amount of the potassium impurities.  Finally, the reactivity 

of these films towards a nerve-agent simulant is shown to be comparable to zirconium hydroxide 

powders and scales with available surface area.  

 

3.2. Introduction 

Since the introduction of chemical warfare agents in World War I, researchers have been 

studying new ways to protect soldiers and civilians from chemical attacks. Zirconium hydroxide 

has become a material of interest due to its strong reactivity with many of these agents, including 

VX, GD, and HD,1 as well as with industrial chemicals, such as sulfur dioxide,2 nitrogen dioxide,3 

and ammonia.4 Additionally, zirconium hydroxide can be impregnated with different additives to 

further improve its reactivity against various materials, such as cyanogen.5  

Zirconium hydroxide is typically produced as a powder through a precipitation reaction 

under acidic or alkaline condtions.6 Depending on the conditions, the zirconium hydroxide 

produced can have different morphologies and chemical structures.7 Additionally, researchers 

have found that the reactivity of zirconium hydroxide with different toxic gases is strongly 

dependent on the concentration and availability of terminal hydroxyl groups.8 Terminal hydroxyl 

groups are bound to a single metal center, while bridging hydroxyl groups are oxygen atoms that 

are bound between two or more metal atoms. 
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 To increase the concentration of terminal hydroxyl groups, one needs to increase the 

surface area of the zirconium hydroxide material. One way to do this is to increase the porosity of 

the powder. Another way to do this is the create thin films of zirconium hydroxide on highly 

surface area substrates. Furthermore, binding zirconium hydroxide to a substrate greatly enhances 

its usefulness in chemical protection and filtration applications. This method is the focus of this 

work. Specifically, this work focuses on a zirconium hydroxide coating method for deposition on 

polymer fibers. Producing a textile with a reactive zirconium hydroxide surface creates new 

opportunities in chemical protection technology, such as protective clothing and covers.  

Several methods of creating zirconium hydroxide functionalized textiles have already been 

investigated. Wycsisk et. al. electrospun polyvinyl butyral fibers containing zirconium hydroxide 

nanoparticles to create high surface area zirconium hydroxide nonwoven nanofiber mats.9 Kim et. 

al. used a sol-gel method to hydrolyze zirconium butoxide on nylon-6,6 nanofibers10. Filo et. al. 

demonstrated that zirconia particles could be adsorbed to cellulose fibers through a surface reaction 

with zirconium chloride.11 However, the process required an inert atmosphere due to the reactivity 

of zirconium chloride with water, and the resulting particles are sparse on the fiber surfaces. 

We propose a liquid-phase layer-by-layer deposition process to deposit thin films of 

zirconium hydroxide on fibers. This technique for depositing metal oxides and hydroxides on 

surfaces has been referred to as several names in literature, including successive ionic layer 

adsorption and reaction (SILAR)12,13 and liquid atomic layer deposition (LALD)14–16. Both SILAR 

and LALD use sequential precursor exposures separated by rinse steps to promote the precipitation 

of metal oxides and hydroxides only at a surface. The rinse steps between precursor exposures 

ensure that there are no excess precursors beyond those adsorbed or reacted onto the surface of 

interest before the material is exposed to the next precursor solution.  However, most work using 
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these processes has so far been focused on deposition on rigid, solid surfaces (e.g. silicon). To the 

best of our knowledge, there has been little to no previous research into using these liquid-phase 

layer-by-layer techniques on soft, flexible substrates (i.e. textiles).   

In this work, we used a liquid-phase, layer-by-layer deposition technique to deposit 

zirconium hydroxide onto woven cotton and nonwoven nylon-6. We identified the important 

operating parameters for deposition to be precursor solution concentration, exposure time, rinse 

time, and rinse solution age.  Under optimized conditions, deposition will occur at 1.0 ±0.3 % mass 

gain/cycle on cotton and 3.3 ± 0.7% mass gain/cycle on nylon, but a significant amount of 

potassium from the potassium hydroxide precursor is incorporated into the growing films. The 

films nucleate as islands initially and become more conformal with increasing cycle number.  

Furthermore, the attachment of the coatings to the fibers is evaluated through a rigorous wash test 

and shows that significant amounts of the potassium impurities wash off, while zirconium 

hydroxide remains on the fibers. However, it is unclear if some of the zirconium hydroxide coating 

also washing off under these conditions. Finally, we show that these films are reactive towards a 

nerve agent simulant, and the reactivity is comparable to zirconium hydroxide powders and scales 

with available surface area.  

 

3.3 Materials and Methods 

3.3.1 Substrates 

Two fiber substrates were chosen as the basis for this work due to their surface 

functionalities: non-woven nylon-6 and woven cotton, both provided by the Nonwovens Institute 

at North Carolina State University. Both nylon and cotton have moderately hydrophilic surfaces 

and their respective nitrogen-containing backbones and hydroxyl terminations provide interactive 



   

34 

 

surface sites for bonding of the zirconium hydroxide (ZrOH) coating. These materials were used 

either untreated or coated with aluminum oxide, titanium oxide, or zinc oxide deposited by atomic 

layer deposition (ALD). All ALD coatings were produced in a home-built, hot-wall, viscous flow 

reactor described elsewhere.17 

 

3.3.2 Successive Ionic Layer Adsorption and Reaction 

Stock solutions of 60 g/L zirconium oxychloride octahydrate (ZrOCl2*8H2O, Sigma 

Aldrich) in water and 125 g/L potassium hydroxide (KOH, Sigma Aldrich) in water were prepared. 

Unless otherwise noted, for all deposition, four scintillation vials were filled with 10 mL of 

zirconium oxychloride solution, water, potassium hydroxide solution, and water, respectively. 

Each set of solutions was only used for 10 deposition cycles unless otherwise noted. A substrate 

was first submerged into the zirconium oxychloride solution, followed by water, then potassium 

hydroxide solution, and finally water (Figure 3.1). The duration of each exposure was 

30s/60s/30s/60s unless otherwise noted.  

 

Figure 3.1. Schematic diagram of SILAR process for zirconium hydroxide deposition 
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3.3.3 Film Characterization 

Prior to each deposition, the substrate of interest was cut to ~1.5 x 1 cm2 and massed (M0). 

After deposition, the substrates were dried in air for at least 24 hrs and re-massed (Mf). It was 

confirmed experimentally that 24 hours was sufficient time for our substrates to dry in air by 

monitoring the mass loading over time. Mass loading reported here is defined by Equation 1 below. 

We normalized the mass of zirconium hydroxide coating by the initial substrate mass due to 

variations in substrate size.  

 

𝑀𝑎𝑠𝑠 𝐿𝑜𝑎𝑑𝑖𝑛𝑔 (%) =
𝑀𝑓−𝑀0

𝑀0
 𝑥100         [1] 

 

Scanning electron microscope (SEM) images were obtained using either a FEI Verios 460L 

or a Phenom Desktop SEM. Energy dispersive x-ray spectroscopy (EDS) analysis was also 

performed on the FEI Verios 460L using an Oxford energy dispersive X-ray spectrometer. X-ray 

photoelectron spectroscopy (XPS) was done using a SPECS XPS with a PHOIBOS 150 Analyzer. 

BET surface area analysis was done using a Micromeritics 3Flex Surface Characterization 

Analyzer. Nitrogen isotherms were collected at a temperature of 77 K.  

To test the attachment of the zirconium hydroxide coatings, swatches of coated fabric were 

placed in a 2 mL centrifuge tube with ~1.5 mL water and stirred with a stir bar (placed vertically 

in the tube) at 1100 rpm for 1 hour or 24 hours. The mass before and after washing was evaluated 

to determine if there was a loss of material during this vigorous wash step. These conditions were 

chosen because they simulated the chemical warfare agent degradation testing described in Section 

3.3.4. 

 



   

36 

 

3.3.4. Chemical Warfare Agent Degradation:  

Zirconium hydroxide coating reactivity was evaluated using methyl paraoxyn (DMNP) as 

a nerve agent simulant.18 ZrOH-coated fabric samples were first characterized for extent of mass 

loading, then tested for DMNP degradation over time. The effective ZrOH surface area of the fiber 

samples was estimated by normalizing a coated fiber sample with known mass and BET surface 

area with the mass of zirconium hydroxide coating it contained. For degradation tests, swatches or 

powder were loaded into a 2 mL centrifuge tube, which was then filled with 1.5 mL of 0.45M N-

ethylmorpholine and stirred using a magnetic stir bar (loaded vertically) for at least 15 minutes at 

1100 rpm. At all times, the swatch remained submerged in the solution, and pressed up against the 

wall of the tube by the stir bar. The reaction was then initiated by the addition of 4 µL of DMNP 

to the tube. Aliquots of 20 µL were taken periodically and added to 10 mL of 0.15M N-

ethylmorpholine. These samples were mixed for 2-3 minutes and analyzed using a Nicolet UV-

Visible spectroscopy tool. The degradation product of DMNP (p-nitrophenoxide) has an 

absorbance peak at 407 nm, which was tracked for each time point. Prior to any DMNP 

experiments, it was confirmed that zirconium hydroxide and any potential byproducts from the 

deposition reaction (potassium, chlorine) do not have absorbance peaks at 407 nm.  In addition to 

the fabric samples, DMNP degradation by commercial ZrOH powder materials was analyzed using 

material provided by Edgewood Chemical and Biological Center, where the powder surface area 

was measured to be ~450 m2/g.    

 

3.3.5. Automated Layer-by-Layer Deposition Tool 

As a proof-of-concept for the scalability of this liquid-phase layer-by-layer technique for 

coating fabrics, we built a prototype deposition tool (Figure 3.2). This tool consists of 3 rotary 
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pumps and 3 pneumatic valves controlled by LabVIEW to alternately flow precursors or rinse 

solutions into the 12.5 mL sample holder. The flow rates chosen were the lower limits of each 

pump. The recipe consisted of 20s of precursor flow, followed by a 30s hold step, and finally a 

60s rinse for each precursor. This constituted one cycle, which was repeated as desired. In each 

run, a small swatch of cotton and a piece of monitor silicon were present. The silicon was taped to 

the bottom of the sample holder using carbon tape to ensure it remained face-up. The cotton was 

allowed to move within the sample holder as it was filling and rinsing. It must also be noted that 

the entrance and exit of the sample holder were both located at the top of the holder, and the liquid 

exited the holder by a pressure gradient provided by the flowing liquid entering the cell.  

 

 

Figure 3.2. (a) schematic of the automated liquid-phase layer-by-layer deposition tool, (b) 

photograph of the tool, (c) close-up photograph of the sample holder and interface of liquid lines. 
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3.4. Results and Discussion  

3.4.1. Film Deposition 

A minimum of 30s of rinsing was required for reproducible growth. Less than 30s of 

rinsing led to large particles on the fibers and in the precursor solutions. However, to further ensure 

sufficient rinsing, 60s rinses were used for all experiments unless otherwise noted. The mass 

loading of zirconium hydroxide on cotton and nylon with increasing cycles is shown in Figure 3.3a 

and Figure 3.3b, respectively, for a recipe of 30s/60s/30s/60s. For the cotton substrate, error bars 

on the 5, 10, 20, and 50 cycle samples are 1 standard deviation from the average of at least 3 

samples, with the 10 and 20 cycle sample being an average of more than 6 samples. For the nylon 

substrate, error bars on the 10 and 20 cycle samples are 1 standard deviation from the average of 

at least 3 samples. The growth rate on these fiber substrates is very reproducible and linear, with 

mass loading being 1 ± 0.3%/cycle on cotton and 3.3 ± 0.7%/cycle on nylon. At higher cycle 

numbers (50 cycles on cotton and 20 cycles on nylon) the growth rate beings to plateau and has 

higher error.  
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Figure 3.3. Mass loading of zirconium hydroxide versus number of cycles for a) cotton and b) 

nylon-6. Both materials show a linear relationship between zirconium hydroxide growth and 

number of cycles. Mass loading per cycle is 1±0.3% on cotton (≤20 cycles) and 3.3±0.7% (≤10 

cycles) on nylon. 

 

Figures 3.4 shows SEM images of cotton with 0, 5, 10, 20, and 50 cycles of zirconium 

hydroxide. The coatings are fairly smooth, but appear to initially form as patches or islands that 

become more conformal with increasing numbers of cycles. However, by 50 cycles the coatings 

become very thick and form bridges across multiple fibers. It must be noted here that all 

evaluations of the coatings on the cotton fibers were evaluated only on the surfaces of the woven 

mats. It is unclear to what extent the deposition occurs on the fibers within the woven yarns of the 

mats.  
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Figure 3.4. SEM images of cotton after 0 cycles (raw cotton), 5 cycles, 10 cycles, 20 cycles, and 

50 cycles of zirconium hydroxide deposition. Coatings are increasing in conformality across cotton 

fibers with increasing cycle numbers. After 50 cycles, coatings are very thick, and bridge multiple 

fibers in some areas. 

 



   

41 

 

EDS mapping of cotton coated with 10 cycles of zirconium hydroxide, shown in Figure 

3.5, confirms the presence of zirconium continuously coating the fibers. It also detects potassium, 

but does not detect chlorine. It is likely that positively charged potassium ions become trapped 

within the increasing population of negatively charged hydroxyl groups within the zirconium 

hydroxide film. However, the potassium signal and carbon signal overlap in EDS, and therefore, 

it is hard to discern the extent of potassium contamination within the films using this technique. 

The presence of potassium within the zirconium hydroxide films will be further discussed in a later 

section of this work.  

 

Figure 3.5. EDS mapping of 10 cycles of zirconium hydroxide on cotton. 
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Figure 3.6 shows SEM images of nylon coated with 1, 5, 10, and 20 cycles of zirconium 

hydroxide. On the nylon substrates, the coatings initially show distinct areas of growth that 

coalesce to become more conformal by 10 cycles. However, there are large particles present in 

some areas by 5 cycles, and by 20 cycles, there are areas of very thick coatings. As the coating 

becomes thicker, cracks start to form. The metal hydroxide films are very brittle and likely crack 

during handling of the flexible fiber webs. However, it is important to note that even after handling, 

the majority of the zirconium hydroxide mass remains attached to the fibers as coatings and not as 

trapped particles between fibers. This is also true of the cotton samples, and indicates that the 

coating forms at the fiber surfaces and not from precipitates forming within the precursor solutions. 
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Figure 3.6. SEM images of cotton after 1 cycle, 5 cycles, 10 cycles, and 20 cycles of exposure of 

zirconium hydroxide. Zirconium hydroxide forms as islands at 1-5 cycles, but increases in 

conformality with increasing cycle number. By 20 cycles, zirconium hydroxide coating is thick 

and begins to crack, likely during handling. 
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The lifetime of the precursor and rinse solutions (i.e. the number of cycles they can be used 

for) was evaluated by coating 4 samples of cotton with 10 cycles of zirconium hydroxide 

sequentially using the same solutions (instead of using fresh solution for every 10 cycles deposited, 

as was the protocol for the majority of this work). The mass loading of each sample was evaluated 

and the results are shown in Figure 3.7. The first sample coated with the fresh solutions showed 

the lowest mass loading at 1.2 %/cycle. Each subsequent sample showed an increase in mass 

loading per cycle, with the fourth sample having a 4.5 % mass gain/cycle. SEM images of the first 

and fourth sample show that the 1.2 %/cycle deposition rate (first sample) leads to smooth coatings, 

while the 4.5 %/cycle deposition rate (fourth sample) leads to thick, fragmented surface coatings. 

The increased growth rates with extended cycling of the same solution suggests contamination of 

the rinse solutions. As the rinse solutions become more concentrated in precursors, they become 

ineffective rinsing agents. This allows for an excess of one precursor to be transferred to the other 

precursor solution, resulting in artificially high growth rates and globular coatings due to particles 

forming in solution. These thicker coatings were seen any time growth rates exceeded 2%/cycle 

(on cotton). Therefore, for all experiments, fresh precursor solutions were used every 10 cycles.    
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Figure 3.7. Change in film deposition rate with increasing usage of precursor and rinse solutions. 

Each sample was exposed to 10 cycles of deposition, sequentially, using the same solutions (i.e. 

Sample 4 was exposed to the 31st-40th cycles of the solutions) 

 

Figure 3.8 shows the effects of solution concentration and rinse times on on the growth of 

zirconium hydroxide on cotton. Samples were made using either 60s rinse or 120s rinses at 

concentrations of 60 g/L ZrOCl2 * 8H2O and 125 g/L KOH (standard concentrations), 20 g/L 

ZrOCl2 * 8H2O and 41 g/L KOH (33% of the standard concentrations), or 120 g/L ZrOCl2 * 8H2O 

and 250 g/L KOH (200% of the standard concentration). The growth rates of samples made with 

the standard concentrations and 60s rinses were roughly the same as the samples made with 

standard concentrations and 120s rinses. This indicates that 60s rinses are sufficient at the standard 

concentrations. 
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Figure 3.8. Effect of concentration and rinse times on the mass loading and quality of zirconium 

hydroxide coating on cotton. Closed symbols are samples made using 60s rinses and open symbols 

are samples made using 120s rinses. Red symbols are samples made using the standard 

concentration (60 g/L ZrOCl2 * 8H2O and 120 g/L KOH), green symbols are samples made using 

33% of the standard concentrations, and blue symbols are samples made using 200% of the 

standard concentration. 

 

At lower concentrations of precursor solutions, there was a significantly lower mass 

increase per cycle (~0.3 %/cycle vs the standard ~1.0 %/cycle ) with 30s exposures (Figure 3.8). 

With lower concentrations of precursor solutions, there is less precursor available to interact with 

the surface during each exposure. Furthermore, by holding exposure time constant, there is a lower 

probability that the available precursor will reach the surface than there is at higher concentrations. 

As the concentration of the precursors increases (holding rinse time constant), thicker areas of 

coating form than what was previously seen in Figure 3.3. When the rinse time of the higher 

concentration samples was increased, the mass loading decreases and approaches the standard 
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concentration samples. However, there are also significantly larger particles on the fibers. This is 

likely because of the effect seen in Figure 3.7: with higher precursor concentrations, the rinse 

solution becomes more concentrated in precursor more quickly and, therefore, becomes an 

ineffective rinse step. This leads to excessive, uncontrolled growth. Furthermore, because of the 

higher concentrations in the rinse solution, there is cross-contamination of the precursor solutions 

(i.e. some zirconium oxychloride solution is transferred to the potassium hydroxide solution and 

vice versa), and there are particles forming in solution. These then become attached to the fiber 

surfaces, as seen in the SEM image in Figure 3.8. At these higher concentrations, rinse solutions 

need to be replenished more often than every 10 cycles. 

 

3.4.2. Materials Characterization 

XPS analysis was performed on zirconium hydroxide coated cotton substrates (Figure 3.9). 

The Zr 3d peak increases with increasing cycle numbers (Figure 3.9a), in agreement with the 

increasing mass loading with increasing cycle numbers shown in Figure 3.3a. Additionally, the 

penetration depth of the XPS is <10 nm. Since the peak height continues to increase with cycle 

numbers, including from 20 to 50 cycles, that indicates that the film either does not reach 10 nm 

by 20 cycles, or the film does not reach 10 nm conformally across all fibers by 20 cycles. The 

integrated peak area of the Zr 3d doublet is plotted against the mass loading of the samples in 

Figure 3.9b. This shows the clear trend of increasing peak area with increasing mass loading.  

Furthermore, the increase in Zr 3d doublet peak area with increase in mass loading fits a linear 

regression with an R2 value of 0.954 and a slope of 553 CPS*eV/(% mass loading) until a mass 

loading of approximately 20%. After that point, the Zr peak area becomes constant, indicating that 

the penetration depth of the XPS has been reached. These results suggest that the zirconium 
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hydroxide coatings fairly conformally on cotton, even at low cycle numbers. Assuming an XPS 

penetration depth of 10 nm, and a 20% mass loading corresponding to roughly 15-20 cycles of 

deposition, the film growth rate is less than 1 nm/cycle  

 

 

Figure 3.9. XPS analysis of fibers after 0 cycles (uncoated), 1 cycle (2% mass loading), 5 cycles 

(5% mass loading), 10 cycles (11% mass loading), 20 cycles (15% mass loading), and 50 cycles 

(34% mass loading) of zirconium hydroxide: (a) Zr 3d peak;  (b) Zr 3d peak area vs mass loading, 

showing the expected linear increase for small mass loading. 

 

Similar to the EDS analysis shown in Figure 3.5, XPS detected the presence of potassium, 

which increased with increasing cycle numbers. The ratio of the Zr 3d doublet peak area to the K 

2p doublet peak area (normalized by their elemental sensitivities) varied from 0.8-1.6. This 

indicates that there is approximately equal amounts of potassium as there is zirconium in the films. 

XPS did not, however, detect any chlorine species in the film. This indicates that the chloride 

groups on the zirconium oxychloride precursor are completely hydrolyzed by the base and are not 

adsorbed onto the surface of the zirconium hydroxide film. 
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Surface area analysis of nylon, cotton and zirconium hydroxide coated materials was 

performed using BET theory and a surface characterization analyzer to obtain nitrogen isotherms 

at 77 K. The surface area of nylon and nylon + 20 cycles of zirconium hydroxide (47% mass 

loading) were 0.61 m2/g and 4.6 m2/g, respectively. With the discrete mass of the nylon and the 

zirconium hydroxide known in the nylon + zirconium hydroxide sample, the surface area of the 

zirconium hydroxide coating was calculated to be ~13 m2/g ZrOH. Because it can be assumed that 

the thickness of the zirconium hydroxide coating is negligible compared to the diameter of the 

fibers, the large increase in surface area is attributed to the porosity of zirconium hydroxide film, 

shown in Figure 3.10. The zirconium hydroxide film adds a significant amount of mesopores to 

the fibers, with the majority of the pores having diameters of 20-60 Ȧ, and a less significant 

quantity having diameters of 100-1000 Ȧ. Again, because the majority of the mass evaluated by 

the BET is from the nylon substrate, once the pore volume due to nylon is subtracted from the 

spectrum and the remaining pore volume is normalized by the mass of the zirconium hydroxide 

present in the sample measured, the adjusted porosity due solely to the zirconium hydroxide can 

be calculated. This is shown by the green curve in Figure 3.10. Because the mass loading for a 

given cotton sample is approximately 3x lower than for nylon, and the base cotton substrate has a 

lower surface area than the nylon substrate, the surface areas of these materials was below the 

measurable limit of the BETs available for this work. However, because the deposition process 

and conditions were the same, the porosity and surface area of the zirconium hydroxide coatings 

on cotton can be assumed to be the same as for nylon. 
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Figure 3.10. Porosity in raw and zirconium hydroxide coated nylon. Porosity of “Nylon’ and 

“Nylon + ZrOH” is reported as pore volume/pore width/g sample and porosity of “ZrOH” is 

reported as the pore volume/pore width/gram zirconium hydroxide coating. 

 

Attachment of the coatings under aggressive stirring conditions was evaluated by 

simulating the DMNP testing conditions described in Section 3.2 of this work. The results for the 

cotton substrates are summarized in Table 3.1 below. After 1 hour of washing, the mass loss of a 

10 cycle coating is approximately 50% (of the intial mass loading of  8% on cotton). After 24 hours 

of washing, the mass loss of the 10 cycle coating was 60%. Similarly, the mass loss of a 20 cycle 

cotton sample after 1 hour of washing was approximately 30%, while the mass loss after 24 hours 

was approximately 60%. The nylon substrates showed 100% mass loss after 24 hours of washing. 

This was not improved by the addition of ALD Al2O3, ZnO, or TiO2 nucleation layers, which have 

been shown to improve attachment of zirconium based MOFs in previous work.19  
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Table 3.1. Zirconium hydroxide mass loading on cotton samples before and after washing in a 2 

mL centrifuge tube at 1100 rpm.  

ZrOH 
Deposition 

Cycles 

Wash Time 
(hr) 

Pre-Wash  
Mass Loading 

Post-Wash  
Mass Loading 

10 1 8% 4% 

10 24 15% 6% 

20 1 17% 12% 

20 24 17% 7% 
 

The difference in attachment is likely due to two factors: the surface roughness of the fibers 

and the surface functionalities associated with the polymers. The cotton fibers showed a rougher 

starting surface than the nylon. Cotton also has hydroxyl groups along the cellulose backbone, 

while nylon has carbonyl groups and amide bonds within its backbone. The hydroxyl groups on 

cotton may provide chemisorption or physisorption sites for the zirconium oxychloride precursor 

and/or reacted Zr(OH) groups.  The carbonyl groups and amide bonds with the nylon backbone do 

not appear to provide the same nucleation sites.   

 

Figure 3.11 shows SEM images of a 10 cycle coating on cotton after 1 hour of washing. 

Washing results in non-uniform coatings, introducing cracks in some regions. In the areas with 

larger cracks, it appears as though the zirconium hydroxide coating is significantly thicker than 

earlier analysis had indicated. One hypothesis is that there is residual precursor material trapped 

within the fiber mats that is released during the washing step. This material then reacts with the 

surface to form large particles. The particles appear to be attached to the fiber surfaces and not 

physically trapped within the fiber mats.   
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Figure 3.11. SEM images of 10 cycle coating of zirconium hydroxide on cotton after 1 hour of 

washing.  

 

EDS analysis did not detect potassium in the washed sample, as shown in Figure 3.12. 

However, XPS analysis of this sample did detect potassium, but the ratio of Zr 3d peak to K 2p 

peak was 3.3, which is 2-3 times higher than for the unwashed samples. These results indicate that 

the residual potassium components make up a significant portion of the mass lost during washing, 

and therefore, of the mass of the original deposited film. Further investigation into ways to 

decrease the potassium uptake during deposition is needed. Additionally, the decreased potassium 

signal makes it unclear what fraction of the mass lost during washing is due specifically to 

zirconium hydroxide and not residual precursor or potassium byproducts. Furthermore, the 
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removal of the potassium from the film may cause the change in surface morphology of the 

zirconium hydroxide coating, seen in Figure 3.11 and 3.12.  

 

 

Figure 3.12. EDS elemental mapping of 10 cycle coating of zirconium hydroxide on cotton after 

1 hour of washing.  

 

3.4.3 Nerve-Agent Simulant Degradation by Zirconium Hydroxide Coated Fibers. 

To analyze the effectiveness of the ZrOH fabrics for nerve-agent simulant degradation, 

cotton samples coated with 10 and 20 cycles of ZrOH, as well as two different samples of ZrOH 

powder were tested.  The results are shown in Figure 3.13 and Table 3.2.   The data for 10 ZrOH 

cycles corresponds to average of 3 different data sets, and the error bar corresponds to 1 standard 

deviation.  A control experiment using cotton only, without ZrOH (not shown) led to no 

measureable DMNP degradation in 5 hours. A similar experiment using un-coated nylon fibers 
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showed a small amount of DMNP degradation (~ 6%) after 5 hours. Therefore, only ZrOH on 

cotton was evaluated for reactivity.   

 
Figure 3.13. DMNP degradation for ZrOH powder and ZrOH on cotton fiber.  The data for 10 

cycles of ZrOH is the average of 3 separate measurements.  The data labeled “10 cycles, 2 pieces”, 

was collected using 10 ZrOH cycles, where two fabric samples were used instead of one in the 

catalysis experiment. The lines correspond to best linear fits to the data over the measurement 

range. 

 

Table 3.2. Slope of the lines in Figure 3.13 (i.e. k, first-order rate constant) and estimated total 

surface area of the ZrOH (in m2) used in the degradation tests.  The value of k’ is the slope per unit 

surface area of ZrOH.    

Sample 
Slope=k 

(min-1) 

Estimated ZrOH Surface 

Area, SA, (m2) 
k' = (k/SA) 

10 cycles on cotton -4.0E-04 0.05 -7.3E-03 

20 cycles on cotton -4.0E-04 0.12 -3.4E-03 

2x10 cycles on cotton -5.0E-04 0.07 -7.1E-03 

2.6 mg powder -1.1E-03 1.16 -9.5E-04 

4.8 mg powder -2.9E-03 2.15 -1.4E-03 
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For a first-order reaction, the degradation is expected to follow: 

                      −
𝑑[𝐷𝑀𝑁𝑃]

𝑑𝑡
= 𝑘[𝐷𝑀𝑁𝑃] = 𝑘′[𝑍𝑟𝑂𝐻][𝐷𝑀𝑁𝑃]           (2) 

and integration leads to: 

                    ln (
[𝐷𝑀𝑁𝑃]

[𝐷𝑀𝑁𝑃]0
⁄ ) = 𝑘𝑡 = 𝑘′[𝑍𝑟𝑂𝐻]𝑡  (3) 

where [ZrOH] corresponds to the concentration of available active catalytic sites, taken to be 

proportional to the measured zirconium hydroxide surface area.   Corresponding plots of the data 

in Figure 3.13 show the most rapid degradation for the powder samples.  The fiber samples show 

a slower rate, with similar slopes for all the samples analyzed.  

The slopes (k) determined from linear fits to the data in Figure 3.13 are given in Table 3.2.  

Also shown are values for the estimated total zirconium hydroxide surface area used during each 

degradation test.  The values for the zirconium hydroxide surface area were estimated by 

calibrating the known coating mass to a calculated surface area of 13 m2/g ZrOH, which was 

derived from the BET surface area of nylon with 10 cycles of zirconium hydroxide.  Direct analysis 

of surface area of zirconium hydroxide on fibers is difficult due to the small surface area per unit 

sample volume, leading to relatively large uncertainty in the BET analysis.  The values shown for 

zirconium hydroxide surface area in Table 3.2 show that the zirconium hydroxide surface area on 

the fibers is smaller than for the fibers than for the powder, and considering the uncertainty, the 

surface area is approximately similar for the fiber samples measured.  The table also shows the 

normalized rate constant, k’, corresponding to k per unit surface area.  The values for k’ on the 

fibers are larger than those from the powder, but within the same order of magnitude.  From this 

data, we conclude that even though the fibers analyzed contain less ZrOH than the measured 

powder, the catalytic performance per unit surface area of the ZrOH on fibers is experimentally 
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similar to that for ZrOH powder, showing overall good performance for the fiber samples relative 

to the free powder. 

 

3.4.4 Automated Layer-by-Layer Deposition  

To demonstrate the scalability of this process, an automated layer-by-layer deposition tool 

was built. As described in Section 3.3.5, this tool consists of three precursor lines, each controlled 

by a rotary pump and pneumatic valves that interface with LabVIEW software. All three pumps 

were operated at their minimum flow rates. For a zirconium oxychloride exposure, a 30 g/L 

solution is pumped into the 12.5 mL substrate holder at a rate of 48 mL/min for a duration of 20s. 

Similarly, for the potassium hydroxide exposure, a 60 g/L solution is pumped into the holder at a 

rate of 54 mL/min for a duration of 20s. The respective precursor solution is held in the substrate 

holder for 30s. The water rinse is pumped into the substrate holder at a rate of 60 mL/min for 60s. 

A single deposition cycle consisted of zirconium oxychloride dose and hold, followed by a water 

rinse, followed by potassium hydroxide dose and hold, followed by a water rinse. 

In theory, the 60s rinse should correspond to an ~5x turnover of the fluid in the 12.5 mL 

sample holder. However, it must be noted that the entrance and exit of the holder are both at the 

top. This means that as the fresh rinse is entering the already full holder, it has to force liquid out 

of the holder. Furthermore, eddies are being formed, causing mixing of the fresh rinse solution and 

the spent precursor solution. It is challenging to determine if the 60s rinse would result only in a 

dilution of the spent precursor solution, as opposed to a full displacement of the solution. Similarly, 

after each rinse, the next precursor is only flowed for 20s. Again, this should be sufficient for a 

~2x turn over in solution, but may only result in a partial turnover.  
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During each experiment, cotton and silicon were coated simultaneously, and each condition 

was done in triplicate. The results on both substrates are shown in Figure 3.14. The mass loading 

on the cotton swatches iss similar to the manual process described in Section 3.4.1, with 

approximately 1-2% mass gain/cycle (Figure 3.14a). However, the variability is higher. The 

growth rate on silicon is approximately 6-8 Ȧ/cycle (Figure 3.14b), which is higher than the 

zirconia growth rate by gas-phase atomic layer deposition,20 but less than21 or equal to12 that of 

other liquid-phase SILAR processes. It is also in agreement with the calculated growth rate on 

cotton determined by XPS to be <1 nm/cycle in Section 3.4.2.  

 

 

Figure 3.14. (a) Mass loading on cotton and (b) film thickness on silicon coated by the automated 

layer-by-layer tool.  

 

SEM images of the swatches reveal similar coating quality to the manually produced 

samples, although, the coatings do not appear to be conformal, even after 10 cycles (Figure 3.15). 

Furthermore, there were no particulates seen in the holder or trapped between the fibers after 

deposition, indicating that rinsing is sufficient to avoid cross-contamination of precursor solutions 
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in the sample holder. This supports that the 20s precursor dosing and 60s water rinsing is sufficient 

to displace the previous solution. 

 

 

Figure 3.15. SEM image of 10 cycles of ZrOH deposited on cotton by LBL tool. 

 

These results show that this process can be automated and is scalable. Additionally, the 

process has the potential to be modified into a roll-to-roll spatial deposition process. In this case, 

rather than the substrates being stationary and the liquids being flowed over them, the textile 

substrates would be pulled through sequential precursor and rinse tanks. The speed of the textiles 

would determine the residence time for each reaction and rinse step, and the process could be 

repeated as many times as necessary to achieve the desired film thickness. This design would be 

of a similar nature to the spatial atomic layer deposition reactor for gas-phase thin film deposition 

on textiles that is the subject of Chapter 4 of this work.22 

 

3.5 Conclusions 

In this work, we showed a liquid-phase layer-by-layer deposition process that utilizes 

alternating electrolyte solutions to coat woven and nonwoven textiles with zirconium hydroxide. 
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The deposition process was shown to be controllable and reproducible, with growth rates of 1.0 ± 

0.3 %/cycle and 3.3 ± 0.7 %/cycle on cotton and nylon, respectively. The important operating 

parameters were identified to be solution concentration, precursor exposure times, rinse times, and 

solution age. XPS and EDS analysis reveal that potassium by-product gets trapped within the 

growing film to a significant extent. Washing these substrates under high agitation removes some 

of the potassium contamination within 1 hour. The strength of the attachment of the coatings under 

high-agitation is starting-surface dependent, but strong attachment on cotton fibers was 

demonstrated. These coatings were shown to be reactive with a chemical warfare agent simulant, 

and the reactivity of the material is dependent on the surface area, i.e. the density of terminal 

hydroxyl groups, which is substrate-dependent. Finally, we demonstrated that this layer-by-layer 

process can be automated and has feasibility for commercial scale-up. 
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4.1 Abstract 

Atomic layer deposition (ALD) shows promise for forming thin films on temperature-

sensitive materials, such as polymers, for applications in filtration, sensing, etc. However, 

traditional batch ALD generally proceeds slowly and requires controlled, low-pressure equipment. 

One approach to combat this limitation is spatial ALD, which uses moving substrates through 

zones of reactant exposure. To date, studies of spatial ALD have primarily explored growth on 

planar and nonporous substrates. Here, the authors demonstrate a proof-of-concept atmospheric 

pressure flow-through spatial ALD reactor specifically designed for through-porous substrates, 

such as fiber webs. This paper describes detailed gas flow modeling and experimental analysis of 

a prototype reactor. Model results identify precursor gas flow rates, channel spacing, and the 

distance between the substrate and reactor surfaces as key factors to achieve uniform deposition. 
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Using a previously developed surface wetting protocol, the authors experimentally verify 

operating conditions for uniform ALD alumina on polypropylene as a model fiber substrate. Under 

good ALD conditions, the spatial ALD reactor can complete 60 cycles/min over a large substrate 

area, which is 60 times faster than batch ALD. The authors quantify growth saturation conditions 

and find that under reduced gas flow rates or slow fiber translation speeds, a transition from ALD 

to chemical vapor deposition-like growth can be induced. Additionally, the authors demonstrate 

that fiber mat properties, such as mat density and air permeability, play important roles in the 

penetration depth of the precursors and, therefore, the conditions needed to achieve ALD. Overall, 

this work demonstrates a proof-of-concept reactor for high throughput ALD on porous substrates, 

and identifies important design challenges and considerations for future high-throughput ALD. 

 

4.2 Introduction 

In the semiconductor industry, atomic layer deposition (ALD) is often used and operated 

in a batch manner under vacuum pressures, offering a satisfactory throughput for the highly 

demanding process control manufacturing environment. For some applications, the industry is 

transitioning to ALD reactor configurations based on spatial gas delivery, where wafers are 

circulated in the reactor through various exposure zones. The semiconductor industry originally 

adopted the ALD process due to its ability to precisely control film thickness and deposit very 

conformal and uniform layers with a typical one-sigma film thickness uniformity requirement of 

less than 1%.1 Outside the semiconductor industry, different merits of the ALD process are more 

appealing. For example, industries depending on temperature sensitive materials, such as synthetic 

and bio-based polymers, will value the ability of ALD to deposit functional nanolayers at low 

processing temperatures under dry vapor environments more so than the technique’s ability to 
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deposit ultra-uniform layers. In addition, the high level of the process conformality attracts many 

industries looking to coat complex 3D structures, like catalysts. For industries beyond the 

semiconductor field, ALD processes offer key improvements to their materials processing. Yet, 

the process scalability of ALD is always the key hurdle for industrial implementation. The 

throughput obstacle is even more difficult to overcome for porous materials where the ALD 

process tends to be orders of magnitude slower.2 

Interest in nonconventional platforms for electronic memory, computation, and energy 

systems is pushing research into direct electronic integration on porous textiles, nonwoven fabrics, 

and paper. Likewise, research on surface modification of fibers for catalytic, protection, or sensing 

applications is also drawing attention.3–5 The ability of ALD to conformally coat highly 

nonuniform surfaces makes it an attractive method to add chemical and/or physical functionality 

to textiles and other porous materials. In a fabric matrix, ALD can uniformly and conformally coat 

each individual fiber without negatively affecting the fabric’s appearance, feel, or weight. Thin 

films deposited using ALD have been shown to influence the fiber properties of many woven and 

nonwoven fabrics for applications like wearable electronics and sensors,6–8 surface 

functionalization and wetting modification,5,9,10 mechanical and physical modification,11 and 

catalytic decontamination.12–14 

Research on ALD coatings for fibers and polymers has extended to many types of 

materials, including cellulose, polypropylene, polyethylene terephthalate, and nylon.15–17 ALD 

excels at the deposition of functional thin films in tortuous and narrow pore 3D structures. 

However, for all these applications, the key challenge is to engineer an ALD process that can coat 

these porous substrates at a high enough throughput and reasonable cost in order to allow for the 

method’s incorporation into the existing manufacturing lines. 
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Spatial ALD18-24 is a variation on the method which aims to address the scaling issues of 

conventional ALD. It is usually achieved by moving the substrate under different reactant zones 

separated in space by inert gas “curtains” as shown in Figure 1a. This spatial gas delivery allows 

for very high throughput, achieving up to a few microns per hour of deposition thickness, which 

is hundreds of times higher than conventional temporal ALD. In spatial ALD, the reactants flow 

continuously in their respective zones. When the substrate enters a reaction zone, the 

corresponding half reaction occurs on the substrate. The ALD cycle is not completed until that 

same substrate reaches the second reactant zone. The number of times that the substrate is exposed 

to both reactant zones determines the number of ALD cycles and, hence, the film thickness. The 

exposure to multiple ALD cycles can be done by having multiple reactant zones in series, so that 

the total number of ALD cycles is determined by the number of zones along the reactor length. 

Alternatively, the substrate can be “reciprocated” back and forth under a specific number of zones 

and, in this case, the total number of ALD cycles will be determined by the number of oscillations 

and the set number of reaction zones of the reactor. 
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Figure 4.1. Schematic diagrams of the spatial ALD reactor design. (a) Substrate passing through 

the TMA and H2O reactant zones separated by N2 in a sequence comprising three ALD cycles. (b) 

Linear reciprocating motion of a substrate under a spatial ALD tool comprising X number of ALD 

cycles to achieve a total number of cycles equal to X multiplied by the number of reciprocations. 

(c) Conceptual design of the spatial ALD showerhead where the gas flows through a gas manifold 

to get distributed to the respective channels and next through the nozzle arrays beneath these 

channels. 

 

The spatial ALD process has been studied under inert atmosphere and ambient conditions. 

For operations under ambient conditions, the reactor design must include gas “shields” at the 

reactor boarders to keep the deposition area clean and prevent any moisture diffusion into the 

reaction zones. Other key design goals include preventing reactants from mixing, supplying 

reactant uniformly over the substrate, and ensuring enough reactant exposure and inert gas purging. 

To achieve these goals, the key design parameters for spatial ALD include substrate velocity, 

spatial separation of reactants, gas flow rates, the gap size between the substrate and the reactor 

head, and in some cases, pumping rate between reactant zones. Different reactor designs have been 



   

67 

 

tested based on the spatial ALD concept, either in a roll-to-roll fashion,25–27 linear 

reciprocation,24,28 or spinning on a rotary drum.29–31 Current research and development has focused 

on deposition on silicon and polymers for solar cell passivation,20,31 barrier coatings,25 and flexible 

electronics.21,23 Current spatial ALD reactor designs were made to apply coatings on nonporous 

substrates, whether rigid or flexible. To date, no spatial ALD reactor has been designed for coating 

through-porous materials. 

To extend the spatial ALD concept to porous substrates, both new and existing challenges 

must be addressed. The key design goals will be similar to those stated for solid substrates, though 

the primary difference will be to ensure that the flowing gas will penetrate all the way through the 

substrate at each reactant zone. Previous spatial ALD designs used the solid substrate itself to 

ensure uniform gas coverage over the whole surface, as gas directed from each reaction zone 

nozzle tends to hit the substrate and flow over it. However, in the case of porous substrates, gases 

will tend to flow through the substrate; thus, the diameter of the nozzles and their distribution 

within the same gas zone will require more rigorous design of the gas manifold. Moreover, solid 

substrates tend to help in the formation of inert gas shields by maintaining the microsized gap 

between the substrate and the gas manifold. The gas shields challenge is not intuitive in the case 

of porous substrates, especially from the gas manifold sides (short length). Finally, due to the high 

specific surface area of porous materials as compared to planar ones, higher reactant exposures are 

needed which impart added difficulty in ensuring that reactants remain separated during 

deposition, especially as they travel through the tortuous 3D substrate. The key design parameters 

to address these issues include gas nozzle diameter and spacing within the same gas zone and 

between different reactant zones, gas flow rates, gap size between the reactor and the substrate, 

gas manifold tube diameters, and substrate speed. 
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In this study, we present a unique continuous high throughput atmospheric pressure flow-

through spatial ALD reactor for depositing uniform and conformal functional thin films on porous 

substrates, such as textiles and mesoporous scaffolds. This proof-of-concept reactor helps us to 

understand how to scale ALD for porous substrates including textiles, membranes, and other 

applications. 

 

4.3 Experimental Set-up and Methodology 

4.3.1 Spatial ALD Reactor and Gas Delivery System 

The conceptual design of the main deposition gas “showerhead” delivery module is shown 

in Figure 1, including a schematic of the gas delivery sequence (Figure 1a), substrate positioning 

relative to the gas delivery manifold (Figure 1b) and a detailed view of the gas delivery design 

(Figure 1c). The gas delivery system consists of three gas lines: one for the ALD precursor, 

trimethylaluminum (TMA), carried by N2, a second line for deionized (DI) water carried by N2, 

and a third line delivering only N2. These flow into three manifold lines, which distribute flow into 

horizontally arranged channel tubes, which then direct the gases to flow downward through gas 

outlet nozzles. With this arrangement, a moving sample can receive five ALD cycles for each pass. 

For our design, the substrate reciprocates back and forth to achieve more deposition cycles. 

The specifications for the manifold, reactant channels, gas outlet nozzles, and gas flow 

parameters were determined using gas flow dynamics modeling. The gas flow modeling approach 

and results are presented in Section 4.3.2 and Sections 4.4, respectively, and the experimental 

approach and results are presented in Sections 4.3.3-4.3.4 and Sections 4.5, respectively. 

The prototype of the spatial ALD system has a small footprint and was contained inside a 

movable vented cabinet as shown in Figure 2a. The overall gas delivery system is made up of three 
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gas delivery showerhead modules, all equivalent to the one module shown in Figure 1c, including 

an “entrance” module, “delivery” module, and “exit” module (where the entrance and exit are 

symmetrical). The entrance and exit modules deliver only N2 gas to help isolate the deposition 

zone from the external ambient. These three modules are aligned side-by-side and compressed in 

a series arrangement using Viton gaskets as shown in Figure 2b. With this gas flow configuration, 

the first and third modules deliver only N2, whereas the middle module spatially delivers the TMA 

and water doses. 

Each showerhead module is 16 cm wide and 21 cm long with 23 nozzle channel tubes 

running within the module as shown in Figure 2c4. Each channel tube has 77 nozzles of 0.5mm in 

diameter. The 23 nozzle channels allow each showerhead to include up to five ALD cycles, starting 

and ending with inert N2 channel tubes as shown in Figure 2c4. All three modules are constructed 

with the same design, but only the central showerhead is plumbed to flow the ALD reactants. 
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Figure 4.2. Building blocks of the spatial ALD reactor for porous materials. (a) The vented cabinet 

enclosing the roll-to-roll system and the reactor showerheads. (b) The reactor consists of three 

showerheads of equivalent size and design; however, reactants flow only through the central 

showerhead, while the two side ones provide inert gas (N2) flow only. (c) The showerhead setup 

consisting of (c1) gas manifold tubes and (c2) gas channels leading to the outlet nozzle arrays. (c3) 

and (c4) are the bottom views of the (c1) gas manifold tubes and (c2) channels, respectively. In 

panel (c4), each of the 23 channels delivers gas downward through 77 nozzles (whereas for visual 

clarity, the image shows only 18 nozzles per channel). 

 

For gas delivery, nitrogen gas (99.999%, Arc3) was dried and purified by flowing through 

an Entegris gatekeeper filter (<100 parts per trillion of H2O and O2) before flowing to the reactor. 

Trimethylaluminum (Strem Chemicals, Inc.) was transferred in a dry environment to a bubbler 

vessel to allow delivery at ambient pressure. The N2 flow was directed through mass flow 

controllers before going to bubblers for DI H2O and TMA delivery. Reactant bubblers allowed the 

water and TMA to be delivered in N2 at net atmospheric pressure at room temperature. The N2 

delivered to the entrance and exit modules was controlled using needle valves. 
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The gas flow configuration within the central showerhead module is sketched in Figure 2c. 

As described below, quantitative modeling is used to ensure that the gas flow impinging onto the 

fabric substrate is uniform and consistent across the 13cm width of the fabric web. In the design, 

the N2 carrier gas enters the middle manifold tube in Figure 2c1 and gets distributed to 12 ports in 

the top of the gas delivery module (Figures. 2c2 and 2c3). Each port then directs the gas to flow 

laterally through a bored channel where it then exits vertically (downward) through a set of 77 

nozzles to impinge on the fabric substrate. In this way, the purge N2 gas delivered to the top of the 

deposition module is distributed to 12 x 77 =924 gas delivery nozzles. 

Similar to the N2 flow, the TMA and H2O reactants are delivered to separate lines in the 

manifold which direct TMA flow to five channels and water to six channels, with each channel 

containing 77 nozzles (Figure 2c). Each TMA and water channel is separated by N2 channels to 

maintain the TMA and water delivery spatially localized within their respective delivery zones. 

The TMA with N2 carrier gas is delivered at room temperature and net atmospheric pressure (PTMA 

+ PN2 = 1 atm.) from a TMA bubbler. The outer purge gas modules are the same as that shown in 

Figure 2, except only N2 gas is supplied to the top manifold. The outer modules work to isolate the 

coated textile surface from ambient exposure during multiple cycle coating. In our experiments, 

we found better results extending the barrier N2 exposure length, so gas flow is arranged to allow 

TMA flow only through the three inner-most channels, and water through four channels, resulting 

in three ALD cycles per pass. To achieve more deposition cycles, the substrate is reciprocated 

forward and backward through the deposition zone. 

The textile substrate allows gas flow to permeate through the fiber network. The gas flow 

is directed downward from the nozzles onto the fabric, and the reaction products or heavily diluted 

excess reactant gases then flow into a gas collection box below the moving substrate where they 
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are directed to the laboratory exhaust. The distance between the gas delivery head and the gas 

collection box is approximately 1 cm. The roll-to-roll fabric handling system delivers the fabric 

under slight tension into the reactor, with the fabric positioned pressed against the top gas delivery 

head. As discussed below, the spacing between the gas delivery head and the fabric sample can 

affect the uniformity of the gas delivery and flow through the fabric. All reactor gas-flow lines 

were heated using resistive heating tape. The temperature of each showerhead module was 

monitored and controlled separately using a temperature controller set to 60°C. The temperature 

of the substrates during coating was also approximately 60°C. The water and TMA gas lines were 

heated to 80°C. 

 

4.3.2. Computational Fluid Dynamics Models 

Two critical regions of gas flow within the spatial ALD system were modeled using 

computational fluid dynamics (CFD): the gas flow in the showerhead; and the flow out of the 

nozzle arrays and through the porous medium. ANSYS FLUENT 14.0 package was used to 

generate the solution grids, specify the balanced equations, and apply finite volume solution 

algorithms for the coupled partial differential equations. All models were solved for steady state 

flow under isothermal conditions. For all models, it was confirmed that the solution is grid 

independent when different cases were solved for different numbers of grid cells using the grid 

adapting option in ANSYS FLUENT. Due to the involved complex geometry, all cases were 

solved as 3D models, as will be shown in Section 4.4. The inlet boundary conditions were set to 

“velocity inlet” and their values were chosen to achieve the required steady state gas flow rate, 

while atmospheric pressure was set as the outlet boundary condition and all other surfaces were 

set as fixed “wall” with a no slip condition. In the model of the outlet flow from the nozzle arrays, 
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the porous medium was kept stationary and no moving mesh conditions were applied. Also, the 

porous medium was modeled by adding a momentum source term to the flow equations, defined 

by the viscous and inertial loss terms, which depend mainly on the gas flow velocity. The viscous 

and inertial resistance coefficients of these loss terms can be determined in a variety of different 

ways. For this study, the viscous resistance coefficient, the reciprocal of substrate permeability, 

was determined based on the Kozeny–Carman equation32 that agreed well with experimental data 

obtained for other fiber mats.33 The inertial resistance coefficient was determined using the Ergun 

equation.34 

 

4.3.3. Deposition and Materials Characterizations 

To study spatial ALD on porous fiber substrates, we chose a set of nonwoven 

polypropylene (PP) mats with different densities, measured by basis weight (mass per unit fabric 

area, g/m2) and air permeability (air volume per second per unit fabric area, cm3/s/cm2). For these 

materials, air permeability was measured using facilities in the College of Textiles at NC State 

University following the standard method ASTM D737. For primary studies, we used a patterned 

melt-bonded material (referred to as type I) with a basis weight of 13.5 g/m2 and air permeability 

of 735 ft3/s/ft2. The mat thickness is 150 µm. We also studied a denser material (type II) with a 

basis weight of 40 g/m2 and air permeability of 36 ft3/s/ft2. All materials were obtained from the 

Nonwovens Institute at NC State University and were used as received. Nonwoven polypropylene 

was chosen for the preliminary experiments because previous work showed that a simple surface 

wetting test could be used to confirm ALD coating. Specifically, the hydrophobic starting material 

is observed to transition to fully hydrophilic upon coating with ~50+ ALD cycles of TMA/H2O at 

60°C.5 
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The fabric material to be coated was cut into pieces 4 ft (1.3 m) long and 13cm in width. 

For some samples, a 4 ft long piece of stronger nonwoven fabric was used with a 7.5 x 5cm window 

cut in it, and the sample to be coated was fixed over the window. The roll-to-roll handling system 

consisted of two rollers, an accumulator and a set of tensioners. The fabric material to be coated 

was loaded on the driving roller and then the substrate end was fixed to the other roller using tape. 

The rollers were operated using a belt driven motor system that allowed web speed up to 10 m/ 

min. The web system was also equipped with light sensors at one end of the reactor to track the 

number of passes (and therefore, the total number of ALD cycles) completed. However, the 

direction of the fabric motion was changed manually. 

To perform deposition, the fabric was pre-marked to identify a target region of 9 x 13cm 

to be coated and characterized. For some tests, adjacent to the target region, four narrow cuts were 

made in the fabric to allow a 10 x 0.5 mm silicon monitor to be held securely on the fabric. Before 

each deposition run, N2 was used to purge all gas lines and remove any moisture brought into the 

system when the fabric was loaded. During this purge, the N2 flow rate was set at 10 standard liters 

per minute (slm) through the middle showerhead module, with somewhat higher flow rate of 15 

slm through the two outer modules. This purge step was performed for a minimum of 15 min 

before each deposition. The reactor temperature was maintained at 60°C at all times. 

The deposition then began by starting the fabric motion and redirecting the N2 through the 

H2O and TMA bubblers. The N2 flow rate through each outer module was maintained at 15 slm. 

Through the inner module, the flow rate of purging N2 was varied between 2 and 10 slm, and the 

flow rates of N2 through the TMA and water were varied between 50 and 500 standard cubic 

centimeters per minute (sccm). The fabric linear speed was typically 1.6 or 3.8 m/min. 
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After coating, the fabric was removed from the web and a 5 x 7.5cm section of the fabric 

was removed from the center of the premarked area. This was then characterized by water contact 

angle goniometry (Rame-Hart, Inc., model 200-FI) in multiple locations on both sides of the fabric. 

The fabric “top” is the side that directly receives reactant exposure, and the fabric “bottom” is 

defined as the side not directly exposed to the gas flow. The thickness was also measured using 

ellipsometry (Alpha-SE, J. A. Woollam Co., Inc.) in multiple locations on the silicon monitors. 

For control experiments, similar fabric pieces and monitor wafers were coated under analogous 

conditions in a typical batch ALD reactor. 

Scanning electron microscope (SEM) images of the fiber mats were obtained using an FEI 

Verios 460L field emission scanning electron microscope with an Oxford energy dispersive x-ray 

spectrometer (EDS) detector. To image the coating throughout the mat thickness, mats were cut 

with a razor blade normal to the mat surface and to simplify handling, mounted using carbon tape 

onto a silicon wafer surface. The silicon wafer was loaded into the SEM using a vertical sample 

holder. We then selected and imaged a region where the fibers ran parallel to the cut. A JOEL 

2000FX scanning transmission electron microscope (STEM) was used to image microtomed fiber 

cross-sections. For these images, a region was chosen where the cut was perpendicular to the fiber. 

EDS line-scans of the microtomed fiber cross-sections were obtained using an FEI Quanta 3D 

FEG focused ion beam and scanning electron microscope. 

It should be noted that, while our tool was initially designed, modeled, and manufactured 

to contain five full ALD cycles per pass within the delivery module, it was later modified to include 

only three full ALD cycles. This was due to a need to increase the length of the barrier nitrogen 

modules after the tool was built. To do this, two TMA channels and two H2O channels (one of 

each on either side) were plugged in the manifold so that no flow passed through them. However, 
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the purging nitrogen channels between these precursor channels were not plugged. This allowed 

for additional nitrogen barriers on either side of the reactor, and minimized eddies that could have 

been formed if there had been areas with low gas flow within the module. 

 

4.3.4. Solvothermal Synthesis of Cu3(BTC)2 on ALD Coated Fabrics 

Previous work has demonstrated that ALD coatings on fibers can enable attachment of 

metal organic framework (MOF) crystals to the fiber surfaces for applications in chemical 

protection.12–14 To evaluate the spatially coated materials for these applications, we grew HKUST-

1 MOFs on polypropylene with spatially deposited alumina. To do this, we added 0.42g trimesic 

acid (H3BTC, Sigma) to 12ml ethanol (KOPTEC) in a glass 80ml beaker. 

Separately, we combined 0.87g copper nitrate trihydrate [Cu(NO3)23H2O, Sigma] with 

12ml deionized water in a glass 80ml beaker. Once both solutes were fully dissolved, they were 

combined and mixed for 2min. The reaction mixture was then poured into a Teflon lined pressure 

vessel (PARR Instruments). The ALD coated fabric sample was then loaded into the solution on a 

mesh holder to prevent the fabric from settling on the bottom of the vessel and to ensure the fabric 

was fully submerged. The pressure vessel was sealed and heated in a Fisher Isotemp furnace at 

120C for 24h. The sample was then allowed to cool 1– 2 hr before the fabric sample was washed 

in methanol (Fisher) for 24h and allowed to dry in air. 

 

4.4. Reactor Flow Modeling 

4.4.1 Reactant Exposure and Turbulence 

Any ALD process is defined by the reactant exposure required to saturate all of the reaction 

sites on the substrate and then the purge flow needed to remove all of the reaction products and 
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excess reactants before the next exposure step. Before going through more rigorous modeling of 

the process parameters, we performed simple calculations to determine flow rate requirements to 

supply enough reactants to saturate the total area of the substrate, as well as to penetrate all the 

way through the fabric. Considering one of the five TMA reactant delivery zones on the deposition 

module, the length of the zone (in the direction of the fabric substrate motion) is 6 mm, and the 

zone width (and fabric width) is 15 cm. The projected area of the fabric in the exposure zone at 

any time is 9 cm2. However, the total fiber surface area is estimated to be 1.4 m2/g, so the basis 

weight of 13.5g/m2 leads to a total surface area of 20 m2
net/m

2
projected. During steady-state ALD, 

after each TMA dose, we expect the total exposed polymer fiber surface area to be coated with 

methyl groups, corresponding to a methyl density of 5 x 1014  cm2.35 Considering the total cross 

sectional area of the water exposure zone (15 x 0.6 cm2), and the total exposed fiber surface area, 

the number of Al-CH3 reaction sites will be 1 x 1017, and therefore, a saturating water dose will 

consume a total of 2 x 105 moles of H2O from each water delivery nozzle. The flow rate required 

to deliver this volume of vapor will increase as the web speed increases (i.e., as the residence time 

of the fabric in the exposure zone decreases). The shortest exposure time will be 0.038s for the 

maximum web speed of 10 m/min (which is larger than used experimentally), leading to a 

maximum water supply requirement of 5 x 106 mol/s.  

Since water is carried by nitrogen, then it makes more sense to calculate the required flow 

rate of N2 to go through the water bubbler, which can be calculated from the equation of carried 

vapor flow rate:36 

𝐹 = 𝐹𝑣𝑎𝑝. 𝑅. 𝑇𝑠𝑡𝑑 .
𝑃𝑏𝑢𝑏𝑏𝑙𝑒𝑟 − 𝑝𝑣𝑎𝑝

𝑝𝑣𝑎𝑝. 𝑃𝑏𝑢𝑏𝑏𝑙𝑒𝑟
 

where F is the volumetric flow rate of the carrier gas through the bubbler, Fvap is the molar flow 

rate of carried gas, pvap is the saturated vapor pressure of the liquid precursor at the bubbler 



   

78 

 

temperature, Pbubbler is the total pressure in the bubbler, R is the universal gas constant, and Tstd is 

273K. 

Based on this analysis, we find that the N2 flow rate required to supply enough water 

molecules to react with all of the available reaction sites on the PP fabric is 1 slm. The TMA dose 

is also critically important to the overall deposition process because TMA has a lower vapor 

pressure than water at room temperature (at 25°C, P*TMA ≈ 12Torr vs P*H2O ≈ 24Torr), and it will 

therefore act as the rate determining precursor. We followed the same procedure to calculate the 

required N2 flow rate for the TMA and found it to be ~1.5 slm, which is slightly higher than water, 

as expected. We note that these calculations did not include the change in molar flow that results 

from the release of methane during the ALD surface reactions. These tentative flow rates will be 

the basis for the gas manifold design using the CFD models. 

Another key aspect of the spatial ALD process through porous substrates is the purge 

quality. Due to the tortuous and complex structure of the porous materials, eddies can easily form. 

These eddies can lead to trapped reactants and undesired CVD growth. Therefore, it is critical that 

the reactants flow in smooth stream lines through the fabric. Porous media lead to viscous and 

inertial resistance to the gas flow. The former is mainly due to friction with the substrate surface, 

while the latter is mainly due to “collision” of the gas with the surfaces which can lead to greater 

eddy formation. The extent of inertial resistance occurrence can be estimated using the Reynolds 

number, although there is not a good consensus in the literature as to what characteristic length 

should be used for such a calculation nor what the threshold value is for the transition between 

viscous to inertial resistant flow.37 Fiber diameter is the trivial choice as a characteristic length for 

Reynolds number calculation since it does not fully represent the conduit where the gas flows 

through. The reciprocal of the specific surface area of the fiber mat (m3/ m2), the square root of the 
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porosity and the ratio of inertial resistance coefficient (b) to viscous resistance coefficient (a) 

according to the Forchheimer equation were all suggested as possible characteristic lengths for the 

flow through porous media.38 The first two were found to be in the same range of the intrafiber 

pore size while the ratio of the constants of the Forchheimer equation agreed better with the 

interfiber pore size values and thus better represent the gas flow space.38 Based on that, the 

modified Reynold’s number will be 

𝑅𝑒𝑚 =
𝜌𝑣

𝜇

𝛽

𝛼
 

where q and µ are the gas density and dynamic viscosity at the flow temperature and 

pressure, α is the reciprocal of substrate permeability, and β is the inertial resistance coefficient as 

defined by Forchheimer.37 Although not widely studied for different materials and porosities, 

inertial resistance was shown to start at ~Rem =0.11, which corresponds to a flow with 10% inertial 

resistance and 90% viscous resistance.37 The outlet velocity from the showerhead will depend on 

the number of nozzles per nozzle array and their diameter. For 77 nozzles of 0.5 mm diameter, a 

0.2 slm total flow rate (1 slm divided over five channels of TMA, for instance) will lead to an 

outlet velocity of 0.3 m/s. The calculated values of α and β using Kozeny–Carman and Ergun 

equations, respectively, will result in a Rem of 0.02 which is in the viscous regime range and thus 

a minimum level of eddies is expected at such a flow rate. We found that the upper limit of viscous 

flow (Rem) will correspond to a total flow rate of ~5 slm. 

As mentioned earlier, the results of these simple calculations offer a good guideline for 

what range of flow rates to use for the more rigorous modeling of the CFD analysis. For the TMA 

and H2O gas manifolds, a flow in the range of 0.5–5 slm seems reasonable in terms of supplying 

enough reactants to saturate the polypropylene total surface area, and also to avoid eddy formation 
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within the fabric. As for the main N2 line, which acts as a gas curtain to separate the two reaction 

zones in the spatial ALD setup as well as a purging step, higher flow rates are needed. The 

uniformity of Al2O3 coatings at atmospheric pressure and low temperature is improved by high gas 

velocity.39 Also, the number of N2 channels is nearly double that of each reactant. Based on this, a 

flow rate as high as 10–30 slm will be required for the main N2 line in order to produce gas outlet 

velocities of ~0.9–2.6 m/s for a channel tube consisting of 77 nozzles of 0.5 mm diameter each. 

 

4.4.2 Showerhead Design: Uniform Outlet Flow 

The flow through each of the three lines (N2, TMA, and H2O) was modeled to determine 

the diameters of the tubes at their inlets and outlets during the conceptual design for the spatial 

ALD reactor showerhead component, shown in Figure 1c, using the flow rate ranges (which ensure 

uniform gas outflow) determined by the simple calculations in Section 4.4.1. The CFD geometry 

used for the TMA line is shown in Figure 3a, where gas enters the manifold tube and is distributed 

to five channels, each of which has 77 nozzles of 0.5 mm diameter. The outflow gas uniformity 

will depend on the inlet gas flow rate and diameters of the manifold and channel tubes as well as 

their inlet and outlet diameters. These are six parameters to be optimized, thus we set the values 

for some of them based either on simple CFD geometry modeling, machining constraints or 

engineering rules of thumb. For instance, the number and diameter of the outlet nozzles were 

chosen to fit the maximum number of nozzles in the 16 cm long channel as well as to satisfy some 

machining constraints. Also, the gas manifold was modeled separately to ensure uniform velocity 

from its five outlets to the gas channels. The results show that an inlet diameter of 1/4 in. and outlet 

diameter of 1/8 in. lead to uniform outlet velocity for different manifold tube diameters. The 
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uniformity of the gas flow out of the TMA line was determined based on the variation in outlet 

flow rates between the five channels and the velocity variation within each channel.  

 

 

Figure 4.3. CFD model geometry and results for N2 flow through the TMA lines. (a) CFD 

geometry of the TMA manifold tube leading to the 5 TMA channels, each having 77 gas outlets 

(nozzles). (b) The total outlet flow rate through each channel for different inlet flow rates and 

channel diameters. The results for 1 slm at 1/4 and 1/8 in. channel diameters were plotted on a 

different scale (right) to clearly show the variation in uniformity. (c) Outlet gas velocity profiles 

of different TMA channels from two separate CFD runs, one with 1/4 in. channels and the second 

with 1/8 in. channels. Both runs were done with 1 slm inlet flow rate to a 1/2 in. manifold tube. 

(d) Compiled data for the COV in outlet velocity of several CFD runs using different manifold 

tube and channel diameters for various inlet gas flow rates. The COV was determined by dividing 

the standard deviation in velocity per channel by the average outlet velocity of this channel. The 

error bars represent the different COV values for the five channels for each CFD run. 
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Figure 3b shows how the flow was evenly distributed among the different channels for 

inlet flow rates in the range of 0.5–3 slm for 1/4 in. channels and a 1/2 in. diameter manifold. The 

percentage coefficient of variation (COV), or standard deviation divided by the mean value, of the 

flow rates for the different runs was less than 0.5% for the 1/4 in. diameter channels, while it was 

~2.1% for the flow through 1/8 in. channel at 1 slm inlet flow rate. When the channel diameter 

was reduced to 1/8 in., more flow tended to go to the channels near the manifold inlet leading to 

nonuniform flow distribution between the different channels, which also affected the outflow 

velocity uniformity within the same channel. To determine the outflow uniformity within each 

channel, we checked the outlet velocity of each of the 77 nozzles for the different channels at 

different channel and manifold diameters as well as inlet flow rates to the manifold as shown in 

Figures 3c and 3d. The velocity profiles through the second and fifth channels for the 1/8 in. 

channels case are shown in Figure 3c and are compared to the profile through the fifth channel for 

1/4 in. diameter channels case. Both runs were carried for an inlet flow of 1 slm. The nonuniformity 

in flow distribution for the 1/8 in. channels leads not only to variation of outlet flow between 

channels, but it also leads to higher nonuniformity within the same channel, especially the nozzles 

furthest away from the manifold inlet. On the other hand, the flow through the 1/4 in. channels is 

very uniform, even for the farthest channel from the manifold inlet as shown in Figure 3c. To 

compile the outlet velocity data for the different runs, the percentages COV in velocity were 

compared for the different channel and manifold diameters as well as inlet flow rates. For instance, 

the COV in velocity for the 1/4 in. channel, 1/2 in. manifold, and 1 slm inlet flow run was 

calculated by dividing the standard deviation of the 77 data points shown in Figure 3c by their 

mean values for each of the five channels. The error bars shown in Figure 3d indicates the variation 

in COV of the five channels for the same run. In general, we found that using 1/8 in. channels 
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always leads to high flow nonuniformity relative to the 1/4 in. ones. Moreover, the higher the inlet 

flow rate and manifold diameter, the better the outlet uniformity. However, the slight improvement 

in outlet uniformity from increasing manifold diameter does not justify building a larger reactor, 

especially because it is more challenging to uniformly heat large reactors. 

Similar to the analysis of the TMA line, the same procedure was repeated for the H2O and 

main N2 lines. The velocity profiles of all the channels are shown in Figures 4a and 4b for 1/4 in. 

channels, 1/2 in. diameter manifold at 3 and 9 slm inlet flow rates for the H2O and N2 lines, 

respectively. The COV for both lines was ~4%, which is slightly higher than the TMA line for 

comparable conditions, probably due to the higher number of channels, especially for the main N2 

line. 

 

 

Figure 4.4. Outlet gas velocity profiles for (a) the twelve channels of the main N2 line and (b) the 

six channels of the water line at inlet flow rates of 9 and 3 slm, respectively. Both modeling runs 

had manifold tubes featuring 1/4 in. inlets and 1/8 in. outlets, along with 1/4 in. channels 

comprising 77 nozzles outlets of 0.5mm diameter each. 
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The previous analysis shows that uniform gas outflow can be achieved for the TMA and 

H2O lines using flow rates in the tested range of 0.25–3 slm and up to 10 slm for the main N2 line. 

Although not tested, higher flow rates should lead to more uniform flow based on the trend of the 

tested flow rates. The use of 1/4 in. channels will favor better separation between reactants, relative 

to smaller channels, but at the same time adds extra difficulty on gas coverage over the substrate. 

At relatively low flow rates (e.g., 1 slm), the reactant channels with 0.5mm diameter nozzles will 

not cover the whole 1/4 in. spacing between the channels. The unreached space will probably be 

occupied by N2 which will have a higher flow rate. If spreading of the N2 gas is unable to cover 

the whole range, then there will be the possibility of ambient moisture to diffuse in from the reactor 

sides. By applying proper gas curtains on the reactor sides, ambient moisture diffusion can be 

prevented. On the other hand, the spreading of the gas over the substrate will depend greatly on 

the gap size between the showerhead and the substrate, as will be discussed next. 

 

4.4.3. Gap Spacing and Reactant Spatial Separation 

The spacing between the reactant delivery head and the bottom exhaust plate must be 

sufficient to allow unhindered movement of the porous substrate, while simultaneously ensuring a 

uniform through-sample gas flow. The through sample gas flow uniformity can vary with the outlet 

velocity from the nozzle, which depends on the gas flow rate and nozzle diameter. Therefore, the 

reactor spacing and gas flow conditions must be adjusted to ensure reactants are not able to diffuse 

and react in the gas phase. To examine the effect of gap spacing and reactant flow, we modeled 

the flow through the fabric using the 0.5mm diameter nozzles at different flow rates and gap 

spacings. 
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Figure 5 shows the reactor setup and results from a full 3D CFD flow model through a set 

of five gas channels, with each channel consisting of 20 nozzle outlets. The 3D model did not 

include all of the 77 nozzles due to the high computational power needed to solve such large size 

geometry. This set of channels, shown in Figure 5a, corresponds to the gas flow arrangement: 

N2/TMA/N2/H2O/N2, which is the flow system required for one spatial ALD cycle. In this example, 

the nozzles are separated in each channel by 2 mm, and the channels are separated by 1/4in. The 

model was solved using three phases of N2, TMA, and H2O, which allows the determination of 

each component volume fraction in addition to the other flow properties. The inlet volume 

fractions of TMA and H2O to the nozzles were set to 0.05. Velocity was set as an inlet boundary 

condition for the nozzles, and the atmospheric pressure outlet was set at the bottom and sides. The 

results were determined through the channels in the X-Y plane and at the porous surface in the X-

Z plane. 
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Figure 4.5. (a) 3D geometry of the CFD model to determine flow and species uniformity on the 

porous surface. The model has different flow inlets for the different nozzle arrays, a porous zone 

and pressure outlets. The inlet volume fractions of H2O and TMA were set to 0.05 at their 

respective nozzles. The flow rate through the N2 channels was set to 10 slm for all the runs. (b)–

(d) The contours of the volume fraction of N2 on the porous zone top plane at different gap spacing 

and outlet gas flow rates as indicated in the figure. The three distinct nitrogen zones, with volume 

fractions 1, surrounding the two reactant zones verify that the suggested design specifics and 

process conditions prevent the reactants from mixing. 

 

Figures 5b–5d show model outcomes for two different values for the spacing between the 

gas delivery head and the porous substrate surface, and for two different values of the overall N2 

gas flow through the reactant delivery lines. The color scale corresponds to the N2 volume fraction 

at the porous zone top surface, ranging from pure N2 to a volume fraction of 0.95 N2, which 

corresponds to the 0.05 inlet volume fraction of either water or TMA. For all the conditions tested, 
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the reactants were spatially separated with distinct zones for TMA and H2O. The results show that 

decreasing the N2 flow rate going through the TMA and H2O lines from 3 to 1 slm (Figures 5b and 

5c), causes the width of the reactant zone to decrease, indicating less spreading of the reactant 

species as they come out of the nozzle at lower flow rates. Maintaining the formation of eddies 

between the nozzles within the same array at higher gap sizes. We also found that the N2 volume 

fraction midway between the reactant channels was 0.995 for the model featuring a 1mm gap size. 

Although the value is very low and in the range of parts per million contamination, it also supports 

the hypothesis of the formation of eddies and dead spaces as the gap spacing increases. 

The volume fraction contours showed uniform coverage of the reactants on the substrate, 

especially at 0.4mm gap spacing. However, the uniform coverage does not necessarily translate to 

uniform coating because a sufficiently high velocity is also required to get the gas all the way 

through the porous material. The velocity contours within the gap spacing at the channel outlets 

were analyzed and the results are shown in Figure 6. Figure 6a shows that for a gap spacing of 

0.4mm and N2 flow rate of 3 slm, the substrate leads to regions of low gas velocity (0.15 m/s) 

between the nozzle delivery zones with high gas velocity (1 m/s). For the same gas flow rate, 

surface and eventually leading to reactant mixing (i.e., leading to CVD). Figure 6c shows the 

velocity profile for the narrower spacing at a higher gas flow rate. Increasing the flow rate allows 

the gas to reach everywhere on the surface at a higher velocity. Therefore, the increasing the gap 

spacing allows a more uniform gas velocity profile to develop (Figure 6b) as the gas is given more 

space to spread before hitting the porous surface. On the downside, increasing the gap spacing can 

lead to eddy formation between the nozzles, as shown in the close-up image of Figure 6b. These 

eddies can lead to trapped reactants which will start diffusing slowly, thus affecting the reactants’ 

uniformity over the low gap spacing leads to more uniform reactant coverage over the surface, but 
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sufficient flow must be maintained to allow gas to spread uniformly between the nozzles within 

each exposure zone. As mentioned earlier, the experimental system delivered the fabric into the 

growth zone with the fabric adjacent to the gas delivery head. While the precise spacing was not 

readily adjustable, the effective spacing was estimated to be in the range of 1mm. 

 

 

Figure 4.6. Velocity contours through the nozzles, gap spacing and the porous zone. Results 

shown are for gap spacings of 0.4 and 1 mm, and flow rates of 3 and 5 slm. 1 m/s inlet velocity 

was used for the 3 slm run. The plane where these velocity contours were determined is shown 

by the dotted lines in the top right image. The velocity profile became more uniform (constant 

contour color) by increasing the gap spacing from (a) 0.4 mm to (b) 1 mm at total flow rate of 3 

slm and by increasing the flow rate from (a) 3 slm to (c) 5 slm at gap spacing of 0.4 mm. Eddies 

are formed between the nozzles at the larger gap size of 1 mm, as shown by the close-up image 

of (b). 
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4.5. Results and Discussion: Spatial ALD Coating on Polypropylene Fabric 

4.5.1. Control Experiments and Coating on Planar Substrates 

A critical concern in atmospheric pressure ALD open to the ambient environment is the 

influence of external moisture. To ensure ALD proceeds as required for metal oxide deposition, it 

is imperative to verify that no ambient moisture is diffusing into the deposition region. For the 

spatial ALD reactor for porous materials presented here, the reactor sides were sealed by pressing 

the showerheads against the bottom exhaust box. To verify the extent of water diffusion, we 

attached small strips of native oxide-coated silicon (~10 cm x 5 mm) on top of the PP fabric and 

ran the web back and forth under the reactor head for up to 99 ALD cycles with only N2 and TMA 

flowing (without intentional H2O flow). Using a fiber web speed of 1.6 m/min, 125sccm of N2 

through the TMA bubbler, and 2 slm of N2 through the purging nitrogen line, the resulting film 

thickness on the silicon was less than the thickness where reliable measurements can be made with 

ellipsometry (<1.5 nm), independent of the number of ALD cycles. Separate experiments using a 

N2 flow rate of 15 slm through the purge line again led to less than 1nm of growth after 200 passes 

under TMA without intentional H2O exposure. These results indicated that the flow conditions in 

the spatial ALD reactor were sufficient to exclude significant water contamination during coating. 

It is important to note that for some fiber materials, depending on pretreatment procedures and 

ambient conditions, we found that water could be entrapped within the fiber substrates, leading to 

excess growth and gas phase reaction. 

Similar experiments were performed using silicon wafers attached to the fiber mats under 

full spatial ALD conditions, and film thickness on the silicon was measured by ellipsometry. We 

note that the gas flow pattern, where reactants and products are designed to flow downward, will 

be locally disrupted by the planar substrate, likely promoting nonideal gas mixing. Even so, we 
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expect that under functional operation, the net growth on the silicon wafer will scale with the 

number of ALD cycles, and the nature of the film product (i.e., uniformity, particulates, etc.) will 

give insight into the growth process. We find that under the gas flow conditions used, specifically 

50 sccm of TMA and 100 sccm of water, the films on planar silicon were smooth and uniform, 

with growth rate per cycle of ~1.4±0.3 Å/cycle. This rate is larger than typical Al2O3 ALD, which 

could result from excess physisorption at the low temperature used (60°C) and/or reactant mixing 

across the solid surface. Even so, the growth rate was uniform across the wafer, consistent with 

uniform gas delivery, and the growth rate was less than 2Ȧ
 
/ cycle for all runs at these conditions, 

indicating reasonable control even with a nonideal substrate. 

 

4.5.2. Surface Wetting of ALD-Coated Polypropylene in Batch and Spatial Process 

To evaluate the coating of fiber substrates in the spatial ALD reactor, we chose nonwoven 

polypropylene fiber mats as a porous substrate. Previous studies show the naturally hydrophobic 

polypropylene becomes hydrophilic upon coating with ~50 ALD cycles of Al2O3 at 60°C.5 

Therefore, water contact angle could be used as a simple and direct means to evaluate the extent 

of coating. With the flow-through design of the spatial reactor, physical mat properties, such as 

density and air permeability, will play an important role in film deposition. To evaluate the role of 

porosity, we used melt blown polypropylene mats with various densities, including two materials 

shown in Figure 7. The mats shown in Figure 7a (type I substrates) have relatively large fiber 

diameter with an open geometry and melt-bonded points, whereas those in Figure 7b (type II) are 

more densely packed with a wider range of fiber diameters, resulting in reduced air permeability. 
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Figure 4.7. SEM images of untreated polypropylene nonwoven fiber mats used in this study: (a) 

Type I, basis weight of 13.5 g/m2, air permeability of 735 cm3/s/cm2. The oval region is a melt-

bonded point. (b) Type II, basis weight of 40 g/m2, air permeability of 36 cm3/s/cm2. 

 

To compare the spatial reactor with a standard batch ALD process, a set of fiber samples 

(type I) was coated with various numbers of ALD cycles at 60°C, and static water contact angle 

was measured at various points on each sample after coating. Figure 8a shows the resulting water 

contact angle for polypropylene fiber samples coated in a batch ALD reactor at 1.0 Torr, and Figure 

8b shows results for the same fabric material coated by spatial ALD in our reactor. In the batch 

reactor, dosing conditions were 1s/30s/1s/30s for the TMA/N2/water/N2 cycle. The spatial ALD 
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was performed using 50sccm of N2 for TMA delivery, 100sccm N2 for water, and 2 slm N2 for 

purging with a web speed of 3.8 m/min. As shown in Figure 8, these conditions are sufficient for 

saturated growth during both the TMA and the H2O dose steps. In the batch reactor, the transition 

from nonwetting to wetting occurs at ~50 cycles, whereas in the spatial coating system, the 

transition occurs earlier, at ~40 cycles. Moreover, it requires ~60 cycles to become fully wetted in 

the batch reactor, whereas samples are wetted after ~55 cycles in the spatial process. The error 

bars in Figure 8b represent one standard deviation from the average of three measurements each 

on the front and back of the 4 in.  3 in. coated sample. When experiments were repeated with the 

batch reactor, results typically varied by ±10%. The relatively large error bars for data in the 

transition zone reflects the strong sensitivity of contact angle to surface composition and surface 

roughness that develops during the ALD coating.5,16,17 For the type I materials in Figure 8, the 

transition from nonwetting to wetting occurs somewhat gradually, over a period of ~20 cycles, 

whereas previous studies showed wetting transitions upon ALD coating of nonwoven 

polypropylene occurring abruptly, over a period of ~5 cycles or less.5 We note that small flat areas 

in the melt-bonded type I material (not present in previous studies) could influence the net surface 

wetting and wetting transition for both the batch and spatially coated samples. Considering the 

experimental uncertainties, the results indicate that the spatial and batch ALD processes lead to 

the same change in surface wetting properties, indicating similar ALD coatings on these materials 

in these two reactor systems. 
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Figure 4.8. Water contact angle measurements on type 1 polypropylene after varying cycles of 

Al2O3 ALD: (a) deposited in a batch reactor; (b) deposited in the spatial ALD reactor. Image (c) 

is a photograph of a thicker polypropylene fabric being delivered into the spatial ALD reactor, 

including a narrow strip of silicon wafer. Image (d) shows nonwoven polypropylene in the 

nonwetting state (i.e., as received or after a small number or ALD cycles), and (e) shows a fully 

wetted substrate after many ALD cycles. In (e), the red color originates from a dye added to the 

water used for wetting tests. 

 

It is important to note that in the spatial ALD reactor, completion of 90 ALD cycles 

required approximately 99 s, or approximately 60 times faster than the batch ALD process where 
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the process time is ~60 s per cycle. One concern with the spatial ALD reactor is that if sufficient 

reactant flow is not delivered to the fabric or if the gas flow is not sufficient to push the reactants 

through the fiber mat during the dose time, then the extent of ALD film growth of the sample 

“bottom,” i.e., the fabric side not directly exposed to the gas flow, will be less than that observed 

on the sample “top” which directly receives precursor exposure. In the batch system, where the 

gas dose time and pressure allow diffusive gas flow to reach and react at all reactive sites on the 

fiber surface, there is no distinction between the sample top and bottom. Results in Fig. 8 show 

that for both systems, the wetting transitions occur after about the same number of ALD cycles for 

both the top and bottom of the fabric. 

It is also worth noting that with the spatial ALD reactor geometry, we were able to 

specifically design reactor conditions that limited the precursor exposure, and therefore allowed 

the fabric top to transition from nonwetting to wetting, while the bottom remained nonwetted. This 

ability to create a gradient in surface wetting on a fabric sample using ALD was achievable in the 

spatial reactor geometry, but was not readily achievable in the batch reactor system. 

 

4.5.3. ALD Reaction Saturation 

In the spatial reactor system, the extent of reactant exposure can be changed by adjusting 

the N2 flow rate used to deliver the reactants. Therefore, we can test the ALD reaction saturation 

by observing the sample surface wetting when we modify the N2 flow used for the TMA and H2O 

delivery. Results in Figure 9 show the water contact angle for polypropylene samples as a function 

of number of ALD cycles under various extents of TMA and water exposure. For this experiment, 

we first used 50 and 100 sccm of N2 to deliver TMA and H2O, respectively, and measured the 

water contact angle on the coated polypropylene as a function of number of ALD coating cycles. 
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The fabric web speed is held constant at 3.8 m/min and the purging nitrogen flow rate is 2 slm. As 

also shown in Figure 9a, we increased the TMA dose by increasing the N2 flow rate for TMA to 

100 sccm and repeated the contact angle versus ALD cycle experiment. The data for using 100 

and 50 sccm for TMA show a consistent trend. Under higher flow rates, some samples on the back-

side showed wetting behavior after only ~20 cycles, suggesting that turbulence under the sample 

may lead to CVD-like growth at high flows. The similar trends for sample wetting indicate that 

under the conditions used, 50 sccm of N2 is sufficient for TMA saturation. 

 

 

Figure 4.9. Effect of gas flow rates on ALD coating, as determined by change in water contact 

angle. In both plots, conditions start using 50 and 100 sccm of N2 to deliver TMA and H2O, 

respectively. In plot (a), the N2 flow rate for TMA delivery is increased to 100 sccm, effectively 

increasing the TMA dose, leading to no large changes in the number of cycles needed to transition 

from nonwetting to wetting (i.e., no substantive change in the growth per cycle), consistent with 

saturated growth conditions. In plot (b), the N2 flow for water delivery is decreased from 100 to 80 

and 50 sccm. The change to 80 sccm led to a slight decrease in surface wetting at lower cycle 

numbers, whereas to 50 sccm did not produce surface wetting even after 99 ALD cycles. Under 

the conditions used, 50 and 100 sccm of N2 produced saturating doses of TMA and H2O, 

respectively. 
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In another experiment, with results shown in Figure 9b, the N2 flow for water delivery was 

decreased from 100 to 80 and 50 sccm. Using 50 sccm, a transition to full-wetting did not occur, 

even after 100 ALD cycles, whereas 80 and 100 sccm both demonstrated a wetting transition, but 

at different numbers of cycles. At 100sccm, the transition to fully wetting occurs by 60 cycles, 

similar to the batch reactor. At 80 sccm, the mat is still slightly hydrophobic at 60 cycles and fully 

wetting by 99 cycles. Therefore, N2 flow of 50 and 100 sccm is sufficient to produce saturating 

doses of TMA and H2O, respectively. 

The change in wetting upon ALD coating on polypropylene is consistent with thickness 

measurements made on small silicon samples attached to the fiber mats. Using 50 sccm for 

TMA/N2 and 100 sccm for H2O/N2, the growth rate on silicon is ~1.46 ± 0.3 Ȧ
 
/cycle, so that the 

change in wetting after ~40 cycles corresponds to a thickness of ~55 ± 12 Ȧ, similar to that reported 

previously.5 The results on silicon also reveal that increasing the TMA flow rate leads to higher 

growth rates with increased variation across the substrate and from run to run (ascribed to CVD 

under excess TMA flow and insufficient purging). Unexpectedly, higher growth rates and more 

nonuniform coating were also observed on silicon when the water flow rate was decreased. 

Nonuniformity is consistent with the model results discussed in Section 4.4.2 showing degraded 

gas delivery profiles at lower flow rates. The results in Figure 9b showing less change in surface 

wetting using smaller H2O/N2 flows could also be explained by nonuniform coating. 

The reactant exposure also depends on the speed of the fabric web. Decreasing the speed 

effectively increases the exposure time, whereas increasing the speed reduces the time each point 

on the sample spends in the reactant exposure zone. As noted earlier, saturation was obtained using 

a web speed of 3.8 m/min with 50 and 100 sccm of N2 for TMA and H2O, respectively, and 2 slm 

N2 purge flow. We find that upon decreasing the web speed to 1.6 m/min, the transition from 
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nonwetting to fully wetting follows the same general trend shown in Figures 8 and 9, i.e., the 

sample becoming partially wetted before becoming fully wetted, with large variations in the 

contact angle for samples in the partial wetting zone. However, we found that when the web speed 

was reduced to 1.6 m/min, samples became fully wetting after 30–35 ALD cycles, compared to 

~60 cycles needed at 3.8 m/min. This result was ascribed to excess CVD-like growth caused by 

absorption and retention of ALD reactants within the fabric polymer during the long reactant 

exposure time. This effect was not observed when the N2 purge flow was increased from 2 to 6 

slm or larger. This indicates that there is an optimal purging flow rate for each belt speed, with 

more purge required at slower belt speeds. However, depending on the application, CVD-like 

growth may be acceptable. Controlled CVD/ALD throughout the substrate or biased to one surface 

may be useful for certain applications, such as wicking, which could be driven by a gradient of 

hydrophilicity. 

 

4.5.4. Across-Substrate Uniformity 

The gas flow modeling results presented earlier indicate that flow conditions in the gas 

manifold delivery system should provide uniform exposure across the fabric width as the substrate 

moves through the deposition zone. To test for uniform deposition, samples were coated with 

various numbers of ALD cycles, and the surface wetting was measured at several locations across 

the samples. If growth is nonuniform, then wetting would proceed sooner in regions that received 

larger reactant doses, and wetting would lag in spots with less reactant exposure. Results of this 

test, presented in Figure 8, show that the surface wetting at all spots across the fabric occurs after 

a similar number of ALD cycles. Considering the data uncertainty in the transition zone between 
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nonwetting and wetting, some variation in film thickness may be present, but the deviation is not 

substantial enough (i.e. < ± 10%–20%) to be observed by this method. 

 

4.5.5. Role of Mat Density and Permeability  

It is reasonable to expect that increasing the fiber mat density will influence the flow of 

reactant species through the substrate. To test this, several samples of the denser type II substrate 

were coated with 99 ALD cycles using various conditions and tested for surface wetting. Results 

in Figure 10 show that the fabric top generally became wetting after 99 cycles, whereas the bottom 

side remained hydrophobic, indicating that precursors were not able to penetrate under the 

conditions studied. Increasing the N2 purge flow rate to 10 slm or higher and increasing the TMA 

and water flow rates to 500 sccm did not lead to significant surface wetting on the fabric bottom, 

confirming the importance of fabric density and permeability in the coating process. As noted 

earlier, these results show that the spatial ALD process is capable of creating coating gradients, 

where the two fabric sides receive different amounts of ALD coating. 



   

99 

 

 

Figure 4.10. Water contact angle on the top and bottom of denser (type II) substrates after coating 

with 99 cycles by spatial ALD. The N2 flow rate for TMA and H2O delivery (horizontal axis) 

were equivalent for these tests. The web speed was 1.6 m/min, and the N2 purge flow rate is 

indicated. Open symbols: substrate top (toward reactant delivery). Closed symbols: substrate 

bottom (away from reactant delivery). For both low and high N2 purge rate, the bottom of the 

denser mat remains hydrophobic, indicating relatively poor penetration of reactant species through 

the mat. Similar conditions on the less dense type I fibers (Figure 8) show full wetting on the top 

and bottom of the mat. 

 

4.5.6. SEM and TEM Analysis of Fibers Coated by Spatial ALD 

Figure 11 shows SEM images of nonwoven polypropylene fiber mats (type I) before and 

after coating with Al2O3 by spatial ALD. The fibers appear smooth and uniform, and the wetting 

properties of these samples follow that shown in Figure 8 (i.e., the samples with less than 50 cycles 

are nonwetting, and those with thicker coatings readily wet with water). Close examination of the 

images shows evidence of particles on the fibers, with more particles present after many deposition 
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cycles. These particles may originate from CVD effects in the reactor due to reactant mixing during 

deposition, and/ or particle contamination from the reactor wall due to previous runs. To test for 

reactor contamination, samples were passed through the reactor under only N2 flow (without TMA 

or water) for the equivalent of 99 ALD cycles, and no particulates were seen on the fibers. This 

indicates that gas phase CVD contributes to the observed particles. 

 

 

Figure 4.11. SEM images of polypropylene nonwoven fiber mats before and after coating using 

spatial ALD. 

 

Energy dispersive x-ray spectroscopy (EDS) maps of a mat cross-section are shown in 

Figure 12. The image corresponds to a cut region where the fibers align parallel with the cut. 

Results show the presence of aluminum and oxygen across all exposed fibers, consistent with 

coating throughout the fiber mat. For each element, the signal intensity is influenced by the species 
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concentration and the distance from the surface to the EDS detector. The relatively thin Al2O3 layer 

leads to relatively weak aluminum and oxygen signals compared to carbon from the bulk fiber. 

 

 

Figure 4.12. EDS images of the cross-section of the type 1 fiber mats coated with 99 cycles of 

Al2O3 by spatial ALD. Images were collected from a region within the cut where fibers aligned 

along the direction of the cut. 

 

Transmission electron microscope (TEM) images of samples after 99 and 450 ALD cycles 

are shown in Figure 13. The darkest areas are the surface coatings, outlining the fiber. A contrast 

gradient can be observed between the dark oxide coating and the bulk polymer, and this is ascribed 

to a mixed polymer/aluminum oxide layer, where the TMA has diffused into the polymer fiber 

surface to create subsurface nucleation and growth. These areas of the films are less dense than the 

surface coating. The 450 cycle sample shows significantly thicker, darker, and more defined areas 

of subsurface coating. 
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Figure 4.13. TEM images of polypropylene fibers coated with (a) 99 cycles and (b) 450 cycles 

of Al2O3 by spatial ALD. Samples are the same as shown in Figure 11. 

 

Figure 14 shows an EDS linescan of a cross-section of a polypropylene fiber coated with 

99 cycles of spatial ALD Al2O3. In our experiments, EDS mapping oxide coated fibers were 

difficult due to electron beam charging and damage during imaging. The EDS linescan was 

collected using low energy electrons in STEM which minimized damage but produced a relatively 

poor visual image quality. The EDS results show an increase in the aluminum and oxygen 

concentration in the bright band region, consistent with a uniform Al2O3 coating as indicated by 

TEM in Figure 13. 
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Figure 4.14. EDS linescan of fiber cross-section. The fiber was coated with 99 cycles of Al2O3 by 

spatial ALD. 

 

4.5.7. Application of Spatial ALD for Advanced Fiber Functionalization  

Coating and surface modification of fibers by ALD can enable applications including 

electronic integration, enhanced physical and chemical stabilities, improved mechanical 

properties, ultraviolet absorption, and others.3 Fibers and textiles with catalytic and/or 
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photocatalytic functionality are also of strong interest, including work where catalytic MOF 

materials were integrated with fibers for absorption of toxic compounds or degradation of harmful 

chemical agents.40 Recent work has demonstrated that ALD coatings on polymers can enable 

highly uniform MOF/fiber composites, where the surface-bound MOFs achieve high surface area 

and excellent catalytic performance, similar to those in powder form.12–14 Compared to MOFs in 

common powder form, integrating the MOFs onto fibers could make them significantly more 

functional, for example, by allowing them to be rapidly deployed or actively displayed on clothing 

for immediate personal protection. 

To evaluate the spatial ALD coating materials as platforms for functionalization, we 

evaluated growth of HKUST-1 MOFs onto ALD coated substrates, and results are shown in Figure 

15. For MOF growth, we followed previously published procedures as discussed earlier. The 

results in Figure 15 show good MOF coating on the fabric, with better overall coverage for the 

fibers with 450 cycles of ALD. Additionally, we see good coverage of the MOF on both sides of 

the fabric, indicating a good alumina coating on both the top and bottom surface. This trend is 

consistent with previous results showing better uniformity for MOF growth on polypropylene 

using more than 100 ALD cycles of Al2O3 deposited in a batch process.12 
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Figure 4.15. HKUST-1 metal organic framework grown via hydrothermal synthesis on 

polypropylene coated with (a) 99 cycles and (b) 450 cycles of Al2O3 by spatial ALD. The MOF 

growth conditions were the same for both substrate materials. MOF crystals are visibly attached 

to the fiber mat surface, with the thicker ALD coating resulting in more uniform MOF coverage. 

 

4.6. Summary and Conclusions 

Results presented here describe detailed gas flow modeling and reactor operation for spatial 

ALD coating of porous fabric materials using through-substrate reactant flow at ambient pressure. 

Model results show specifications for uniform gas delivery, and results indicate that uniform ALD 

coating on polypropylene fiber mats can be achieved. A simple surface-wetting method is used to 

evaluate ALD coatings on fabrics, and coating is confirmed by electron microscopy imaging. 
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Using the spatial ALD reactor at 60°C, polypropylene fiber mats transitioned from hydrophobic 

to fully wetting after 60 cycles of ALD Al2O3. The same substrates coated by slower batch ALD 

showed the same transition after 60 ALD cycles. Consistent with the gas flow modeling, the 

transition from nonwetting to wetting occurred uniformly across the width of the fabric being 

coated. 

By changing the reactant gas delivery rate, and hence the extent of precursor exposure, we 

identified growth conditions consistent with ALD reaction saturation. Under typical saturated 

growth conditions, the spatial ALD reactor can complete 90 ALD cycles in ~99s, which is 

approximately 60 times faster than the analogous batch ALD process operating at ~1 cycle/min. 

While growth is readily achieved on porous substrates that allow gas flow, less permeable 

materials with a denser fabric structure lead to growth predominantly on the top of the fabric that 

receives direct reactant exposure. Under some conditions, excess growth is observed in the form 

of particulates, which is ascribed to CVD reactions resulting from TMA and water reactant 

diffusion and trapping within the fiber matrix and/or within the polymer fiber materials. 

Overall, this work demonstrates a feasible design model and experimental approach for 

high throughput ALD surface coating of porous substrates, including nonwoven fabrics and 

textiles. The work also highlights some outstanding challenges for next-generation spatial reactor 

design. Specifically, while good quality conformal coatings on fibers can be achieved, some 

reactant mixing due to precursor subsurface diffusion and trapping and/or reactant entrainment 

within a porous fabric network also occurs, leading to particle formation. Furthermore, uniform 

coating is limited by the polymer mat porosity, so that future processes to coat dense or thick 

porous structures will benefit from different gas flow conditions, including lower pressure 

operation. We also believe that improved gas flow will enable process speeds to exceed the 60x 



   

107 

 

rate enhancement that we observe relative to batch ALD. Process flow modeling indicates that 

high gas flow rates can minimize reactant mixing above the substrate surface, but new designs for 

the gas exhaust can be considered to minimize mixing after passing through the substrate where 

the flow is of much lower velocity, especially for low porosity substrates. The prototype spatial 

ALD reactor for coating porous materials is a valuable step in extending ALD to a broad range of 

materials and applications. 
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5.1. Abstract 

Molecular layer deposition (MLD) is a thin-film deposition technique that utilizes self-

limiting half-reactions to control growth rates of organic and hybrid organic-inorganic thin films. 

MLD has been used to deposit polyamides, polyimides, and polyesters using various organic 

precursors. However, this technique presents many challenges, specifically when it comes to the 

organic precursors, which can have low vapor pressures and poor thermal stability. Furthermore, 

maintaining constant, controlled growth of organic films can be very challenging, depending on 

the flexibility of the growing polymer chains and the sterics involved.  Presented in this work is a 

study of the nucleation and growth mechanisms of nylon-66 deposited by molecular layer 

deposition of adipoyl chloride and 1,6-hexanediamine on various metal oxide surfaces. The growth 

rate of nylon-66 on silicon is shown to decrease significantly with increasing cycle numbers, 

ranging from 20 Ȧ/cycle over the first 5 cycles, to approximately 4 Ȧ/cycle over 100 cycles at 

90°C. Unreacted 1,6-hexanediamine is shown to be very challenging to remove from the film after 

exposure, even after 60s of purging and 30s of pumping at 90°C. QCM analysis reveals a film 

growth rate of 249 ng/cm2/cycle over the first 10 cycles on an approximately 12 nm TiO2 starting 

surface at 90°C. SEM, XPS, and AFM suggest that nylon-66 nucleates as islands on both zirconia 

and silica surfaces, which then grow in size with increasing cycle numbers. XPS results also 
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indicate the presence of hydrogen bonding between the primary amine functionality of 1,6-

hexanediamine and the hydroxyl groups of the zirconium oxide surface.  

 

 

5.2. Introduction 

Molecular layer deposition (MLD) is a gas-phase, layer-by-layer (LBL) deposition 

technique that produces organic or hybrid organic-inorganic thin films. Similar to its parent 

technique, atomic layer deposition (ALD), MLD relies on self-limiting half-reactions to provide 

sub-nanometer control of film thickness and composition. MLD was coined in the early 1990s and 

has maintained steady research interest for the last 3 decades, specifically for its ability to produce 

unique and tailorable organic films.1  Examples of organic films produced via MLD include 

polyamides--such as nylon-662 and poly(p-phenylene terephthalamine) (Kevlar®)3--polyimides,4 

polyester (polyethylene terephthalate),5 and polythiourea.6  These materials can be deposited as 

single-phase films or as nanolaminates containing layers of either organic and inorganic films7 or 

multiple organic films.8,9 There have been a significant number of organic precursors that have 

been utilized in MLD processes, from homobifunctional monomers such as adipoyl chloride2, 

ethylenediamine,10 ethylene glycol,11 and hydroquinone,12,13 to homotrifunctional monomers such 

as glycerol,14,15 to heterobifunctional monomers such as 4-aminophenol.16 Any number of 

combinations are possible to create unique polymer chains with specifically designed backbones. 

However, there are significant challenges associated with MLD, specifically with regards 

to the precursors. Organic precursors often have much lower vapor pressures than the inorganic 

precursors ALD uses.1 Unfortunately, they are also often thermally sensitive and decompose at 

low temperatures. Additionally, the precursor monomers and growing chains can be very bulky, 

which leads to the blocking of active sites during subsequent exposures, and therefore, unsaturated 
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growth conditions. Finally, precursors with longer, flexible chains can react with multiple surface 

sites at once, in a process known as “double reactions,” which will also lead to unsaturated growth 

or cause the reactions to essentially terminate. When developing MLD processes, precursor 

properties must be carefully considered to minimize these effects. Often, a combination of these 

effects will occur simultaneously, making it difficult to fully understand the deposition process. 

However, the ability of the user to create thin films with unique, controlled chemistries often 

counterbalances the process drawbacks. 

In this work, the authors explore the nucleation and growth of nylon-66 via molecular layer 

deposition on various metal oxide surfaces, the process of which is depicted in Figure 5.1. Here, 

the authors are showing a native oxide starting surface being exposed to adipoyl chloride (AC). 

The byproduct of this reaction is HCl. Next, the HCl gas and any remaining adipoyl chloride are 

purged away, leaving a chlorine-terminated surface. This surface is then exposed to 1,6-

hexanediamine (HD), again releasing HCl. The last step of the cycle is another purge step. This 

process can be repeated as many times as needed to reach the desired film thickness. It is important 

to note that not every reactive site will be utilized with each precursor exposure, as is depicted in 

Figure 5.1. Steric hinderance from the growing chains or double reactions can result in unsaturated 

growth of the film and contamination from unreacted functional groups.  
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Figure 5.1. Schematic diagram of molecular layer deposition of nylon-66. Here, a native-oxide 

surface is our starting surface. The first step is the exposure to the adipoyl chloride precursor. This 

releases HCl as a byproduct, which is purged away along with any excess adipoyl chloride. Next, 

the new chlorine-terminated surface is exposed to 1,6-hexanediamine. Again, the byproduct is 

HCl, which is purged away along with excess 1,6-hexanediamine. This process then repeats for 

however many cycles are necessary to reach the desired thickness. This schematic shows instances 

with unreacted sites after precursor exposures, as is a common occurrence in MLD processes.    

 

 Previous work has focused on the deposition of nylon-66 using amine-terminated self-

assembled monolayers (SAM), such as (3-aminopropyl)-triethoxysilane2 or γ-

(aminoethyl)aminopropyl-trimethoxysilane,17 as nucleation layers on silicon substrates. This work 

focuses on the nucleation and growth directly on hydroxyl-terminated metal oxide surfaces. To 

gain deeper understanding of the film deposition process, both in-situ and ex-situ analysis 

techniques were used. Ellipsometry and quartz crystal microbalance (QCM) were used to evaluate 
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ex-situ film thickness and in-situ growth mechanisms, respectively. Scanning electron microscopy 

(SEM) and atomic force microscopy (AFM) provided insight into the surface roughness and 

nucleation behavior of the resulting films. Film composition and bonding was determined by 

Fourier transform infrared absorbance (FTIR) and x-ray photoelectron spectroscopy (XPS).  

Finally, we discuss possible precursor substitutions that can be made to further understand how 

precursor chemistry and polymer chain backbones affect the growth and properties of organic 

films.  

 

5.3. Materials and Methods 

Adipoyl chloride and 1,6-hexanediamine were purchased from Sigma Aldrich. 1,6-

hexanediamine used without further purification. Adipoyl chloride was purified by vacuum 

pumping at room temperature and at low temperature (<40°C) to remove any volatile impurities. 

All precursor transfers were performed in a glove box to minimize degradation of the material in 

air. All depositions took place in a hot-walled, viscous-flow tube reactor. The reactor tube inner 

diameter was 3 inches. Resistive heater tape was used to maintain the temperature of the reactor 

and the gas lines. Nitrogen carrier gas (99.999%, Arc3), was purified by flowing through an 

Entegris gatekeeper filter (<100 parts per trillion of H2O and O2) before entering the reactor.  Both 

adipoyl chloride and 1,6-hexanediamine were dosed into the reactor using direct-port bubblers. 

Adipoyl chloride was maintained at 60°C and 1,6-hexanediamine was maintained at 50°C. The 

precursors were dosed into the reactor via separate lines to prevent mixing. All gas lines were 

heated to 80°C and the reactor was heated to 90°C.  

An InficonTM QCM with 6 MHz gold-coated QCM crystal sensor and SQM-160 monitor 

that interfaced with LabVIEW software provided in-situ monitoring of film deposition. Ex-situ 
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measurement of film thickness was done using a J. A. Woollam Co., Inc. Alpha-SE ellipsometer.  

FTIR (Thermo Nicolet Magna 750) and XPS (SPECS with a PHOIBOS 150 Analyzer and 

magnesium anode source) provided insight into chemical composition and conformality of the 

nylon films. SEM images were obtained using a FEI Verios 460L Field Emission Scanning 

Electron Microscope. More details on the design of this reactor and the analytical techniques used 

are described in Chapter 2 of this work. 

 

5.4. Results and Discussion 

5.4.1. Precursor Dosing Schemes 

1,6-Hexanediamine has a vapor pressure of approximately 400 mTorr at 25°C and 

approximately 3 Torr at 60°C, which is reasonable for an ALD or MLD precursor. Adipoyl 

chloride, however, has a vapor pressure of approximately 5 mTorr at 20 °C, which is considered 

low and makes it very challenging to dose sufficient quantities consistently, even at higher 

temperatures. To combat this, we varied our process recipe from the typical dose/pure/dose/purge 

that is generally used in ALD and MLD. In the standard approach, carrier gas (nitrogen) is 

continuously flowing and the precursors are dosed simply by opening their respective valves. This 

results in a sudden increase in pressure for the duration of the dose, followed by a return to the 

reactor operating pressure that is maintained only by the flowing carrier gas.  

Figure 5.2 shows the pressure changes within our system throughout a single MLD cycle. 

Here, we chose to introduce pump-down steps prior to precursor exposures. This significantly 

reduces the reactor chamber pressure prior to dosing, from 400 mTorr with nitrogen flowing to 

approximately 10-20 mTorr at the time of the dose, so that there is a greater driving force for the 

low-vapor pressure materials to be drawn out of their respective bubblers. Furthermore, while the 
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precursors are being dosed, a bellows valve isolates the pump from our system, increasing the 

residence time for the precursors. Immediately following the dose, the pump bellows valve remains 

closed and pneumatic valves at the end of each gas line (at the entrance of the reactor) all close. 

This creates a hold step in which all gasses already in the reactor remain for a given amount of 

time. The large pressure increases at the purge steps are due to a build-up of pressure behind the 

purging nitrogen line that occurs because of the long pump-down, dose, and hold before each 

purge.  For consistency, we used pump-downs and holds for both precursors. However, we found 

that 1,6-hexanediamine did not require as long of a pump-down as the adipoyl chloride did to 

maintain consistent, sufficient dosing.  

 

 

Figure 5.2. Reactor pressure versus time for a given MLD cycle of nylon-66. The recipe was 

30s/4s/30s/60s/30s/5s/30s/60s for the AC pump-down/AC dose/AC hold/AC purge/HD pump-

down/HD dose/HD hold/HD purge.   
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5.4.2. Film Growth and Morphology 

FTIR analysis of the nylon-66 films are shown in Figure 5.3 below. The red spectrum is 

from an 8 nm film (bottom) and the black spectrum is from a 30 nm film (top). The spectra have 

been shifted for clarity. The peaks at 3300, 2850-3050 and 1650 cm-1  are ascribed to N-H, C-H 

and C=O stretching vibrations, respectively, while the peaks at 1550-1600 cm-1 are ascribed to the 

C-N stretching and CO-N-H bending modes, all of which are characteristic peaks of nylon-66.17 

All peaks increase in absorbance with increased thickness of the film. Furthermore, there is a small 

peak at 2050 cm-1 in the 30 nm sample that is not present in the spectrum of the 8 nm sample. This 

is consistent with the findings of Yu et. al., and has been hypothesized to be due to the formation 

of nitriles formed by dehydration of the amine material under acidic conditions, which result from 

the condensation reaction (and subsequent release of HCl byproduct) between adipoyl chloride 

and 1,6-hexanediamine.2   

 

Figure 5.3. FTIR analysis of 8 nm (red) and 30 nm (black) nylon-66 films. 
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The relationship between film thickness and precursor exposure time after 10 cycles of 

deposition at 90°C was evaluated using ellipsometry and is shown in Figure 5.4. Error bars are 1 

standard deviation from the mean of 3 samples. In all cases, there is a 30s pump-down prior to 

each precursor dose, a 30s hold after each precursor dose, and a 60s purge after each hold. When 

the adipoyl chloride dose is held constant at 4s, hexanediamine does not appear to saturate within 

6s of dosing. While one might argue that this indicates more purging is required to mitigate the 

larger exposures, it must be noted that following each precursor dose and hold was a 60s purge 

and 30s pump-down (in preparation of next precursor dose). During that pump-down, reactor 

pressures consistently dropped to 10-15 mTorr. The combination of the long purge and pump-

down to low-pressure should have been enough to drive out any weakly adsorbed precursor on the 

film surface. This indicates that, in addition to the expected chemisorption on the surface, 1,6-

hexanediamine may also strongly physisorb to the surface or diffuse into the growing film.  

The same trend is not seen for adipoyl chloride in Figure 5.4b. If an MLD process is truly 

delivering one monolayer per cycle across the entire substrate surface, the expected growth rate is 

approximately equal to the length of 1 repeat unit of the polymer. In this case, that thickness is 

approximately 17 Ȧ/cycle.2 Based on this assumption, any 1,6-hexanediamine dose below 5s is 

clearly resulting in unsaturated growth. Holding the 1,6-hexanediamine dose time at 5s, saturation 

of the AC dose occurs after 4s, though there is a significant amount of variability run to run at 

these conditions. This variability is likely due to the physisorbed or trapped precursor within the 

growing film.  
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Figure 5.4. Film thickness after 10 cycles of nylon-66 deposition on silicon with (a) different HD 

exposures (holding AC constant at 4s), and (b) different AC exposures (holding HD constant at 

5s). Pump-downs were 30s, holds were 30s, and purging was 60s.  

 

Figure 5.5 shows film thickness (Figure 5.5a) and growth per cycle (Figure 5.5b) as a 

function of cycle number, respectively. The reactor temperature was 90°C and the recipe was 30s 

pump-down/4s AC dose/30s hold/60s purge/30s pump-down/5s HD dose/30s hold/60s purge. The 

growth rate significantly decreases with increasing cycle numbers. In the first 10 cycles, the overall 

growth rate is about 15-20 Ȧ/cycle, but by 50 cycles, the overall growth rate has dropped to about 

7 Ȧ/cycle (Figure 5.5b). For the 50 cycle samples, if we assume the growth rate in the first 10 

cycles was 15 Ȧ/cycle (150 Ȧ grown in the first 10 cycles), then the growth rate over the 

subsequent 40 cycles (cycles 11-50) is only 4 Ȧ/cycle. Furthermore, if we assume the film grows 

150 Ȧ in the first 10 cycles, and an additional 100 Ȧ in the subsequent 10 cycles (cycles 11-20), 

then the growth rate over the next 30 cycles (cycles 21-50) is approximately 3 Ȧ/cycle. This clearly 

indicates a non-linear growth mechanism, with the film growth rate decreasing significantly with 

increasing cycle numbers. This could be caused by double reactions decreasing the number of 

reactive sites over time, or by steric hindrance of the growing chains, or both. When depicting 
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MLD processes, it is typically assumed that the chains grow perpendicular to the substrate surface. 

However, nylon-66 does not contain any ring structures or double bonds within its backbone and 

is, therefore, very flexible.  As the nylon-66 chains grow in length, they likely become entangled 

with each other, and may even begin to grow parallel to the substrate surface, resulting in the lower 

growth rates self-termination at higher cycle numbers.  

 

 

Figure 5.5 (a) Film thickness and (b) growth rate as a function of number of cycles. All data points 

shown in plot (b) are the film thickness after a certain number of cycles divided by that number of 

cycles (e.g. after 50 cycles, the film thickness was 350, so the overall growth rate over 50 cycles 

was 350/50=7 Ȧ/cycle). The reactor temperature was 90°C and the dosing recipe was 

30s/4s/30s/60s/30s/5s/30s/60s. 

 

A closer look at the first 10 cycles of deposition via QCM analysis is shown in Figure 5.6. 

It should be noted here that control experiments were conducted to confirm that the large variations 

in pressure due to the recipe do not have a significant effect on the QCM frequency changes. In 

other words, neither the decrease in pressure from the pump-downs nor the large pressure spikes 

from purging led to frequency changes in the QCM crystal. Therefore, the results presented in 

Figure 5.6 are due only to changes in the growing film. Prior to deposition of nylon, the gold QCM 
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crystal was exposed to 200 cycles of TiO2 via ALD of TiCl4 and H2O (approximately 120 Ȧ). 

Overall, the growth rate of nylon-66 over the first 10 cycles of deposition is 249 ng/cm2/cycle. It 

is hard to discern if there is any non-linearity in the film growth that would indicate a decrease in 

growth rate over time, especially as ellipsometry results indicate the growth rate over the first 10 

cycles only changes slightly with increasing cycle number.  

 

 

Figure 5.6. QCM analysis of the first 10 deposition cycles of nylon-66 on TiO2-coated quartz 

crystal. 

 

Initially, there is very small mass increase from the first adipoyl chloride dose, with very 

little mass being lost during the subsequent purge step, resulting in an approximately 45 ng/cm2 

mass increase (Figure 5.7a). Interestingly, despite the small initial mass loading from adipoyl 

chloride, there is a large overall mass change from 1,6-hexanediamine of approximately 150 

ng/cm2. The reaction between adipoyl chloride and 1,6-hexanediamine should be 1:1 (assuming 

no double reactions) and 1 HCl molecule is released for every reaction between the precursors. In 
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a 1:1 reaction of adipoyl chloride molecule with an amine- or hydroxyl-terminated surface, there 

should be an overall mass increase of 147 g/mol. The subsequent 1,6-hexanediamine exposure 

should result in an overall mass increase of 81 g/mol, which is 45% smaller than the mass gain 

from adipoyl chloride. However, this was not the case in the first exposures of each precursor, or 

in subsequent exposures. This supports the theory that hexanediamine is prone to adsorbing onto 

the film surface and sticking, even without reacting with adipoyl chloride.  

 

 

Figure 5.7. QCM analysis of cycle (a) 1, (b) 5, (c) 6, (d) 10. 

 

By cycle 5, the adipoyl chloride dose has stabilized and there is a consistent ~120 ng/cm2 

overall mass change with each dose (Figure 5.7b, c, and d).  The overall mass change from the 1,6-

hexanediamine dose has decreased to approximately 100-120 ng/cm2. Again, the mass gain from 
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1,6-hexanediamine is significantly larger than it should be, with respect to the adipoyl chloride 

dose. Furthermore, at the time of the subsequent adipoyl chloride dose, it appears that sometimes 

the mass is still decreasing and has not reached a constant value (Figure 5.7b and d), while 

sometimes it does (Figure 5.7c). Again, this supports the conclusion that the 1,6-hexanediamine 

precursor is not easily removed, even with 60s purges and 30s pump-downs. Furthermore, at the 

end of the 10 cycle deposition (Figure 5.7d), the system remained idle under purging conditions 

for a period of several minutes before the next experiment was started. Throughout this extra 

purging time, the mass on the QCM crystal continuously decreases, indicating that trapped 

precursors may diffuse out of the film with long enough times. However, excessively long purge 

times lead to unrealistically long processing times, and it is unclear if it is possible to remove all 

excess precursor.  

Nylon-66 was also deposited on 100 nm zirconium films deposited on silicon via 

sputtering. However, transfer from the zirconium sputter tool to the nylon-66 MLD reactor 

required a vacuum break and the samples spent several days in air prior to nylon deposition. 

Therefore, the zirconium metal surface had likely formed an oxide layer that was not removed 

before MLD. These films received 5, 10, and 20 cycles of nylon-66 deposition at 90°C using the 

30s/4s/30s/60s/30s/5s/30s/60s recipe discussed above. 

AFM surface mapping of the zirconium surface coated with various amounts of nylon-66 

are shown in Figure 5.8. After 5 cycles of nylon MLD, there are small islands with >10 nm of 

height scattered across the substrate. The size and number of these islands increases with 

increasing number of cycles. By 20 cycles, these islands do not appear to have coalesced to form 

a conformal film. This is further demonstrated by the SEM images shown in Figure 5.9. It is 

important to note that the surface of these samples was not sputtered with any conductive coating 
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for imaging, so any surface texture seen is attributed to the surface of the sputtered zirconium and 

the formation of nylon. The contrast in brightness of the SEMs of 5 and 10 cycles indicate the 

presence of two different materials. The brighter spots are the more conducting 

zirconium/zirconium oxide films and the dark spots are the more insulating nylon-66 films. The 

dark spots appear to grow in size with increasing cycles, again indicating the presence of a non-

coalesced film. The formation of islands as opposed to coalesced films supports the variability in 

ellipsometry measurements of different samples discussed in Figure 5.4 and 5.5.  

 

Figure 5.8. AFM mapping of zirconium surfaces after exposure to varying cycles of nylon-66 

MLD. Bright spots are islands of nylon that appear to grow in dimension and number with 

increasing deposition cycles. 
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Figure 5.9. SEM images of various cycles of nylon-66 deposited on zirconium films. In the 5 

and 10 cycle images, the bright spots are more conducting zirconium/zirconium oxide and the 

dark spots are the more insulating nylon-66. Dark spots appear to increase in size and surface 

coverage when number of cycles are increased from 5 to 10.  

 

Similar analyses were performed after 10 cycles of nylon growth on silicon (Figure 5.10). 

AFM of the surface shows large scattered islands on the silicon surface, ranging from about 1-2 

µm in length, with many smaller islands in between. The islands measure greater than 15 nm in 

height, which is consistent with the ellipsometry measurements discussed in Figure 5.5a. SEM 

images of these surfaces are shown in Figure 5.10b and 5.10c. Again, the sample surface was not 

sputtered with any conductive coating for imaging, so any surface texture seen is attributed to the 
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formation of nylon. Again, we see small dark areas of nylon on the lighter silica surface. These 

areas vary in width from approximately 0.5-3 µm, consistent with the AFM in Figure 5.10a. 

Furthermore, at higher magnification, there is evidence of even smaller nucleation sites on the 

silicon surface (Figure 5.10c). It is hard to discern if these are present across the 100 µm2 area 

mapped by AFM, but they indicate the formation of new nucleation sites on the substrate surface.   

 

Figure 5.10. Surface topography of silicon coated with 10 cycles of nylon-66 evaluated by (a) 

AFM and (b, c) SEM. 

 

Figure 5.11 below shows the Zr 3d and N 1s peaks of different numbers of nylon-66 cycles 

on the zirconium films. The Zr 3d peaks in the range of 181-185 eV are associated with zirconium 

oxide, supporting the earlier conclusion of an oxide forming on the zirconium metal surfaces upon 

exposure to air. The peak decreases with increasing film thickness, consistent with the presence of 

a growing film. The slight shift of the Zr 3d peak to lower binding energy upon exposure to nylon 

is caused by the formation of Zr-O-C bonds, indicating that the nylon films chemisorb to the metal 
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oxide surface. However, even after 20 cycles, the zirconium peak is still visible. According to 

ellipsometry, 20 cycles of deposition should be 25-30 nm of film, which is beyond the penetration 

depth of XPS (typically <10 nm). Similarly, the N 1s peak continues to increase with increasing 

cycle numbers, including from 10 to 20 cycles. Since even 10 cycles should be 10-15 nm, the 

nitrogen peak should not increase further after 10 cycles of deposition. This indicates that there 

are areas of thinner film or no film across the substrate, even after 20 cycles.  

 

 

Figure 5.11. XPS analysis of the (a) Zr 3d peak and (b) N 1s peak following 0, 1, 3, 5, 10, and 

20 cycles of nylon-66 MLD. 

 

The nitrogen 1s spectrum of the zirconium oxide + 10 cycles of nylon-66 sample is shown 

in Figure 5.12. The solid black line is the measured XPS peak. The dashed red, blue, and green 

lines are fitted peaks. The dashed orange line indicates overall fit of the red, blue, and green peaks. 

The largest peak at 399.5 eV is produce by the secondary amine backbone in nylon-66.18 

Interestingly, a small shoulder forms at higher binding energy. Peak fitting identifies the presence 

of two small peaks at 401.3 and 402.6 eV, which are present at all nylon-66 film thicknesses shown 
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in Figure 5.11b. The presence of nitrile groups, as indicated by the FTIR spectra in Figure 5.3, 

would produce an N 1s peak at much higher binding energy, typically ~405 eV, which was not 

seen.19 The two peaks seen 401.3 and 402.6 eV are indicative of hydrogen bonding between the 

zirconium oxide surface and the primary amine group in 1,6-hexanediamine.20 Incorvia et. al. 

demonstrated that the adsorption of organic amines onto the surface hydroxyl groups of iron 

surfaces produces a wider, asymmetrical N 1s peak.21 These strong hydrogen bonds are responsible 

for the difficulty in fully removing excess 1,6-hexanediamine precursor seen in Figure 5.7. It is 

also possible that some hydrogen bonding between the secondary amine within the polymer chains 

and the zirconium oxide surface occurs, but steric hinderance would likely prevent most of those 

nitrogen groups from contacting the surface.  

 

 

Figure 5.12. Nitrogen 1s peak from 10 cycles of nylon deposition on zirconium oxide surface. The 

solid black line is the measured XPS peak. The dashed red, blue, and green lines are fitted peaks. 

The dashed orange line indicates overall fit of the red, blue, and green peaks.  
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5.5. Future Work 

In this work, nylon-66 serves as the backbone to understanding the role of precursors in 

the nucleation and growth of organic MLD on various surfaces. Adipoyl chloride and 1,6-

hexanediamine are both 6-carbon, linear organic precursors. Adipoyl chloride can be substituted 

with shorter chain acyl chlorides, such as malonyl chloride, or an acyl chloride with a ring structure 

to produce a more rigid backbone, such as terephthaloyl chloride. Terephthaloyl chloride has been 

demonstrated as an MLD precursor for Kevlar® films,3 but malonyl chloride has yet to be utilized 

in this way. However, malonyl chloride is a liquid at room temperature with a boiling point of 

53°C at 19 torr, indicating that is likely a high vapor pressure material, and therefore, has promise 

as an MLD precursor. Hexanediamine can be similarly substituted with shorter chain diamines, 

such as ethylenediamine,10 or with a diamine containing a benzene ring, such as 

phenylenediamine.3  Furthermore, hexanediamine can be substituted with organic diols, such as 

ethylene glycol, which has been shown to be reactive with acyl chlorides.5 By varying the organic 

linkers, organic polymer films with customizable backbones can be made. These substitutions, 

when done in a careful and controlled manner, will lead to new insights on the role of polymer 

chain composition on film properties, as well as the role of the organic linker in the resulting MLD 

films’ nucleation, growth, and bulk properties.  

 

5.6. Conclusions 

Presented in this work is a study of the nucleation and growth mechanisms of nylon-66 

deposited by molecular layer deposition of adipoyl chloride and hexanediamine on metal oxide 

surfaces. The authors utilize a pump-down step prior to the dosing adipoyl chloride to increase the 

exposure of the low vapor pressure material. The growth rate of nylon-66 decreases significantly 

with increasing cycle numbers, ranging from 20 Ȧ/cycle over 5 cycles, to approximately 4 Ȧ/cycle 
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over 100 cycles at 90°C. Unreacted hexanediamine is shown to be very challenging to remove 

from the film after exposure, and it does not show saturation, even after 60s of purging and 30s of 

pumping at 90°C. QCM analysis shows a film growth rate of 249 ng/cm2/cycle over the first 10 

cycles on an approximately 12 nm TiO2 starting surface and 90°C. SEM, XPS, and AFM suggest 

that nylon-66 nucleates as islands on zirconium dioxide, which then grow in size with increasing 

cycle numbers. More work is needed to determine at what point coalescence of these films occurs. 

XPS results also indicate the presence of hydrogen bonding between the primary amine 

functionality of 1,6-hexanediamine (and possibly the secondary amine in the growing nylon 

chains) and the hydroxyl groups of the zirconium substrate surface. This hydrogen bonding is 

responsible for the difficulty in removing excess 1,6-hexanediamine precursor.  
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6.1. Abstract 

Molecular layer deposition (MLD) has remained a research interest since the early 1990’s 

as a thin-film deposition technique capable of producing unique and tailorable thin films. Interest 

in its ability to produce purely organic thin films has remained steady over time, while interest in 

its ability to produce organic-inorganic hybrid thin films has grown significantly in the last decade. 

These organic-inorganic hybrid materials are typically referred to as “metalcones,” and are 

polymer structures with metal oxides within the backbone. Examples of metalcones include 

alucone, zincone, titanicone, and zircone. Research into metalcones has focused both on the as-

deposited films’ unique properties and the use of these films as sacrificial templates to produce 

porous metal oxides. In this work, we demonstrate the use of tetrakis(dimethylamino)zirconium 

(TDMAZ) and ethylene glycol to produce zircone thin films. We study the deposition properties 

of the TDMAZ precursor both with ethylene glycol and water, to provide a deeper understanding 

of the reaction mechanism. The zircone film growth rate was ~23-27 ng/cm2/cycle at temperatures 

of 150-175°C, which corresponded to approximately 0.8 Ȧ/cycle at 175 °C by ellipsometry. The 

films had a refractive of ~1.48 and appeared to grow as islands, instead of a coalesced film. Quartz-
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crystal microbalance measurements indicate that the amine byproduct of TDMAZ sticks to the 

film surface and is difficult to remove from the system, interfering with the subsequent ethylene 

glycol exposures. Finally, the stability of the films was evaluated at various humidities, in water, 

and at high temperatures. Results show that the refractive index of the films decrease after short 

times in water or wet air, but are stable in low humidity (<30%) environments. Furthermore, the 

films will collapse upon exposure to heat (200°C). 

 

6.2. Introduction 

Molecular layer deposition (MLD) is a gas-phase layer-by-layer thin film deposition 

technique. MLD is a subset of the more commonly studied atomic layer deposition (ALD), which 

uses two self-limiting half-reactions to produce highly conformal thin films with angstrom-level 

control of the film thickness. However, unlike ALD, MLD is used to produce organic or inorganic-

organic hybrid films.1 Organic films that have been produced via MLD include polyamides--such 

as nylon-662 and poly(p-phenylene terephthalamine) (Kevlar ®)3--polyimides,4 polythiourea,5 and 

polyester (polyethylene terephthalate).6 These materials can be deposited as single films or as 

nanolaminates containing layers of either alternating organic and inorganic films7 or alternating 

organic films.8,9 Single-component organic-inorganic hybrid films, often referred to as metalcones, 

have been a topic of significant interest within the MLD community. These materials include a 

metal oxide component within the polymer backbone.  

Examples of metalcone films include alucone (aluminum-based),10–15 zincone (zinc-

based),16–18 titanicone (titanium-based),19,20 and zircone (zirconium-based).21,22 Most metalcone 

films have been deposited using ethylene glycol10,12,18,19,23 as the organic linker, but some studies 

have been done with alternative organic linkers, such as hydroquinone24 or glycerol.19 These 
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materials have been studied both for their unique properties17 and their use as a sacrificial template 

to create porous metal oxide films.10,18 Zircone, for example, has been shown to decompose at 

high-temperatures (200-400°C) to create porous zirconia, which has applications in catalysis.25,26 

Recently, interest in zircone nanolaminates has expanded into organic light emitting diode (OLED) 

manufacturing. For example,  zirconia/zircone nanolaminate films were shown to increase the light 

purity of green organic light-emitting diodes.27 The nanolaminates were also shown to improve 

the lifetime of OLEDs by acting as a thin-film encapsulation layer for air-sensitive commpents.28 

Thus far, only two zirconium precursors have been used to produce zircone: zirconium tert-

butoxide (ZTB)21,22 and tetrakis(dimethylamino)zirconium (TDMAZ).27,28 However, a thorough 

study of the growth mechanism and film stability of zircone produced by TDMAZ has yet to be 

conducted.  

In this work, we investigate the use of TDMAZ and ethylene glycol to produce zircone thin 

films. We determine the film growth rate to be ~23-27 ng/cm2/cycle (~0.8 Ȧ/cycle) at 150-175°C, 

slightly higher than that reported with zirconium tert-butoxide (15 ng/cm2/cycle). This discrepancy 

is likely due to the amine byproduct of the TDMAZ precursor adsorbing onto the surface and 

interfere with the subsequent ethylene glycol dose. The films have a refractive index of ~1.48, 

which is lower than measured value of zirconia deposited with TDMAZ (2.11) and the reported 

value of zircone deposited with ZTB (1.63). Stability of the films was evaluated in air, water, and 

at high temperatures. Zircone films are shown to be sensitive to both moisture and heat. Wet air 

causes films to decompose but maintain some porosity, while heat (200°C) causes films to 

decompose and collapse. 
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6.3. Materials and Methods 

Tetrakis(dimethylamino)zirconium (TDMAZ) was purchased from Sigma Aldrich and 

used without any purification. It was transferred into a direct port bubbler in a dry environment. 

Upon installation on the ALD reactor, it was heated to and maintained at 70-73°C with minimal 

thermal cycling to prevent decomposition. Ethylene glycol (EG) was purchased from Sigma 

Aldrich and purified by continuous pumping at room temperature for 20 minutes to remove 

residual water.  Ethylene glycol was installed on the reactor lines using a direct port bubbler heated 

to 80-95°C.  

All depositions took place in a hot walled, viscous flow tube reactor with an outer diameter 

of 2 ¾”.  The reactor walls were heated to 150-175°C, and gas lines were heated to 80-90°C. 

Reactor pressure was maintained at 400 mTorr by flowing ~30 sccm of nitrogen (carrier and purge 

gas) at any given time. In-situ monitoring of film growth was done using quartz-crystal 

microbalance (QCM) using an InficonTM QCM with a 6 MHz gold-coated QCM crystal sensor and 

SQM-160 monitor that interfaced with LabVIEW software. Ex-situ monitoring of film thickness 

and chemical composition was done using a J. A. Woollam Co., Inc. Alpha-SE ellipsometer and a 

Thermo Nicolet Magna 750 Fourier transform infrared spectrometer (FTIR). Experiments 

monitored with ellipsometry and FTIR were done on silicon with ~20 Ȧ of native oxide. No surface 

treatments were performed on the wafers prior to deposition. All thermal studies were conducted 

in a box furnace under ambient air using a ramp rate of 10°C/min. Scanning electron microscope 

(SEM) images were obtained using a FEI Verios 460L Field Emission Scanning Electron 

Microscope. More details on the design of this reactor and the analytical techniques used are 

described in Chapter 2 of this work.  
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6.4. Results and Discussion 

6.4.1. Understanding the TDMAZ Precursor in Zirconia Deposition 

The TDMAZ precursor must be maintained at temperatures above 70°C to maintain 

sufficient vapor pressure, but below 80°C, as decomposition of the material has been seen above 

this temperature over extended periods of time.29 Figure 6.1 below shows saturation curves for 

TDMAZ and water dosing at 175°C. Front silicon samples were placed closest to the entrance of 

the system gases (but still within the fully-developed flow regime), roughly 6 inches from the back 

silicon samples, which were closest to the pump. Typically, saturation curves show increasing 

growth with increasing dose time until saturation is reached, at which point the growth rate remains 

constant with increasing dose time. In our system, we reach saturation at TDMAZ and water 

exposures of at least 0.1s, which was the lower limit of the valves used.  The saturated growth rate 

was 1.1 ± 0.1 Ȧ/cycle, in agreement with literature values.29 Furthermore, purge times of 60s and 

75s for the TDMAZ and water dose were determined to be sufficient to maintain steady, controlled 

growth across a 6 inch sample boat, as is shown in Figure 6.2. The growth rate of 1.1 Ȧ/cycle was 

maintained for up to 500 cycles with good agreement in growth rate across the sample boat for all 

runs done at this condition. Film thickness varied by ±20Ȧ after 500 ALD cycles. The intercept of 

the linear regression is approximately -1.1 ± 3 Ȧ, indicating that there is little to no nucleation 

delay.  
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Figure 6.1 a) TDMAZ saturation curve using the recipe X/120s/0.5s/120s and b) water saturation 

curve using the recipe 0.25s/120s/X/120s for the for the TDMAZ dose/purge/water dose/purge, 

respectively. The reactor temperature was held at 175°C, the reactor pressure was held at 400 

mTorr, and the TDMAZ temperature was held at 73°C. Front silicon samples were closest to the 

entrance of the system gases, roughly 6 inches away from the back silicon sample.  

 

 

Figure 6.2. Thickness versus cycles of zirconia deposition using the recipe 0.25s/60s/0.5s/75s for 

the TDMAZ dose/purge/water dose/purge, respectively, at 175°C and 400 mTorr. Linear 

regression shows good ALD behavior and reproducibility. Front silicon samples were closest to 

the entrance of the system gases, roughly 6 inches away from the back silicon sample. 
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QCM results of this recipe (Figure 6.3) provide a film growth rate of 65 ng/cm2/cycle over 

50 cycles at 175°C (Figure 6.3a). Prior to deposition, the gold-coated QCM crystal was coated 

with 100 Ȧ of ALD aluminum oxide using trimethylaluminum and water. This provided an oxide 

surface so that more direct comparisons can be made to deposition on silicon. Hausmann et. al. 

reported a zirconia film density of 5.8 g/cm3 for films deposited using TDMAZ and water.29
 Based 

on this and the QCM growth rate, the expected film thickness from this deposition is ~55 Ȧ, with 

a growth rate of ~1.1 Ȧ/cycle, which is in good agreement with the ellipsometry results shown in 

Figure 6.2. A close-up of the QCM results are shown in Figure 6.3b. Here we see very 

reproducible, uniform dosing in each cycle. There is a sudden, large initial increase in mass with 

the TDMAZ dose, followed by a slow decrease in mass associated with slow diffusion of 

byproducts off the surface, resulting in an overall mass change of ~70-75 ng/cm2. Following the 

water dose, we see a very small initial mass gain, again followed by a slow decrease in mass 

associated with the loss of the amine byproducts.  

 

Figure 6.3. QCM data for 50 cycles TDMAZ/water at 175°C. The recipe was 0.25s/60s/0.5s/90s 

for the TDMAZ dose/purge/water dose/purge, respectively. 
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The refractive index (RI) of the zirconia films was 2.11, which is higher than the value 

reported for zirconia films deposited with ZTB (1.86),23 but in agreement with the reported RI 

value of zirconia films deposited with TDMAZ (2.10).29 The higher values for the films produced 

with TDMAZ could be due to trapped nitrogen within the film from the precursor, as metal nitrides 

typically have higher RI than their metal oxide counterparts (e.g. Al2O3=1.79 and AlN=2.11).30  

 

6.4.2. Zircone deposition with TDMAZ and ethylene glycol 

Figure 6.4 shows the FTIR results of as-deposited zircone films on silicon. There are C-H 

asymmetric and symmetric stretching peaks, a C-C stretching peak and a C-O stretching peak 

associated with the organic linker at approximately 2940, 2870, 1140, and 900 cm-1, respectively. 

The Zr-O peak starts at 500 cm-1, which is right at the limit of the mid-IR spectrometer utilized in 

these experiments. Residual nitrogen in the form of C-N bonds from the TDMAZ precursor would 

correspond to a peak around 1500 cm-1. Noise around 1400-1800 cm-1 due to unbound water makes 

confirmation of these C-N bonds difficult. However, based on the refractive index of the zirconia 

films produced via TDMAZ, it is likely that nitrogen does remain in the zircone films to some 

degree.  
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Figure 6.4. FTIR analysis of 20 nm zircone films. 

 

The refractive index of the as-deposited films on silicon was approximately 1.48, which is 

lower than the value reported of 1.63 by Byoung et. al. for films deposited using zirconium tert-

butoxide and ethylene glycol.23 Additionally, SEM images of the surface of a 35 nm indicate that 

the films form as large islands (Figure 6.5). These islands could contribute to the lower than 

expected refractive index. 

 

 

Figure 6.5. SEM images of a zircone film surface. The film was stored in a dry (<30% humidity) 

environment until SEM images could be obtained. 
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Figures 6.6 and 6.7 show QCM results for the deposition of zircone using TDMAZ and 

ethylene glycol at 150°C and 175°C, respectively. Both depositions show linear growth, with the 

growth rate being 27 ng/cm2/cycle at 150°C and 23 ng/cm2/cycle at 175°C. Both rates are higher 

than the reported value of 15 ng/cm2/cycle obtained at 145°C using zirconium tert-butoxide and 

ethylene glycol.21 Correspondingly, ellipsometry revealed a growth rate of 0.8 Ȧ/cycle at 175°C, 

which was again higher than the previously reported growth rate of 0.6 Ȧ/cycle at 170°C. This, 

along with the QCM mass uptake per cycle, corresponds to a calculated film density of 2.9 g/cm3. 

The reported density for zircone films made from zirconium tert-butoxide was 2.17 g/cm3, which 

is significantly lower than the results presented in this work.  

 

Figure 6.6. QCM data of TDMAZ/Ethylene glycol at 150°C and 550 mTorr with a recipe of 

0.25s/90s/0.25s/90s for the TDMAZ dose/purge/water dose/purge, respectively. Ethylene glycol 

was held at 80-85°C and TDMAZ was held at 70°C. 
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Figure 6.7. QCM data of TDMAZ/Ethylene glycol at 175°C and 550 mTorr with a recipe of 

0.25s/90s/0.25s/90s for the TDMAZ dose/purge/water dose/purge, respectively. Ethylene glycol 

was held at 80-85°C and TDMAZ was held at 70°C. 

 

Following a TDMAZ dose, the compound will react with 1-3 hydroxyl groups on the 

surface, stripping away 1-3 hydrogens, and leaving behind zirconium and 1-3 dimethylamine 

groups. In all combinations, there will be an overall mass gain from the TDMAZ dose, assuming 

the TDMAZ adsorbs onto the surface in some manner. The expected mass increase from TDMAZ 

was seen in all QCM analysis, both with ethylene glycol and water. However, the ethylene glycol 

doses tell a different story. The QCM data shown in Figure 6.6 and 6.7 depicts two different growth 

behaviors following the ethylene glycol exposures. In Figure 6.6b and c, there is either a sudden, 

small increase in mass followed by a small mass loss or a slow mass gain. In both instances, 
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however, there is an overall mass gain. In Figure 6.7b and c, there is an initial mass loss, followed 

by a slight mass gain, resulting in an overall mass loss. At 150°C, only the trends in Figure 6.6 

were seen. However, at 175°C, both trends were seen, with the majority of the results showing 

only the second trend (Figure 6.7). 

Figure 6.8 shows different mechanisms by which the ethylene glycol can react with a 

TDMAZ saturated surface. In mechanism 1, two amine groups are lost and replaced with two 

organic linkers. The mass loss from the byproduct is 88 g/mol and the mass gain from the addition 

of the organic linkers is 122 g/mol, resulting in a net gain of 34 g/mol. In mechanism 2, two amine 

byproducts are lost, but are replaced with only one organic linker due to double reactions. In this 

case, the mass loss from the byproducts is 88 g/mol and the mass gain due to the linkers is 60 

g/mol gain, with a net loss of 28 g/mol. In mechanism 3, three amine groups react with three 

organic linkers. This leads to a loss of 132 g/mol from the byproduct removal and a gain of 183 

g/mol from the addition of the organic linker, with a net gain of 51 g/mol.  In mechanism 4, one 

amine group is lost and one organic linker is gained, leading to a net mass gain of only 17 g/mol.  
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Figure 6.8. Possible growth mechanisms after ethylene glycol exposure to TDMAZ-saturated 

surface.  

 

With every 1:1 exchange of amine byproduct and organic linker (mechanisms 1, 3 and 4), 

there is a positive mass change. The only instance that produces a negative mass change is in the 

case of double reactions (mechanism 2). It is possible we have a combination of these mechanisms 

and that other factors (starting surface, conditions, recipe) influence which mechanism is more 

dominant for a given run. However, in Figure 6.7c, there is an overall mass loss with every ethylene 

glycol dose. If this was, in fact, only due to double reactions, the overall growth rate of the film 

would decrease over time because more reaction sites would be consumed than are being created. 

After increasing the zircone deposition to 700 cycles, there was a slight decrease in average growth 

rate to 0.6 Ȧ/cycle with a large variability (±0.15 Ȧ/cycle) across a 6 in. sample boat, indicating 

that the growth rate does decrease over time to some extent. However, double reactions are likely 

not the dominating mechanism. 
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Another explanation for the mass loss with the ethylene glycol dose is the desorption of 

previously trapped byproducts. All previous discussion assumed that the mass changes observed 

during deposition are due only to chemisorption of the new reactants on the surface of the film 

followed by desorption of all byproducts. However, the amine byproduct of the TDMAZ is prone 

to hydrogen bonding and can stick to the surface of the growing film. In this instance, TDMAZ 

dosing would show a significant mass gain due to both TDMAZ reaction with the surface, and 

TDMAZ and amine byproduct adsorption onto the surface after reaction. This would be masked 

by the large mass gain expected solely from the TDMAZ surface reaction. Upon ethylene glycol 

dosing, there is an immediate displacement of the physisorbed byproducts and unreacted TDMAZ, 

which presents a mass loss unrelated to the reactions occurring with ethylene glycol on the surface. 

It is more challenging to determine if the amine byproducts remain after the water dose in zirconia 

ALD because there is always an expected mass gain from the TDMAZ exposure and an expected 

mass loss from the water exposure (Figure 6.3). However, the high refractive index of the zirconia 

films indicates that there likely is nitrogen remaining in the films. It is reasonable to assume that 

if there is nitrogen remaining in the zirconia films due to the TDMAZ byproducts, there is also 

nitrogen trapped within the zircone films.  The issue of physisorbed byproducts and methods to 

improve purging of the system need to be evaluated in future work. 

  

6.4.3. Zircone Decomposition 

To study the stability of the zircone films, thick films were first deposited (350-500A). 

Each film was measured by ellipsometry immediately after deposition. The films were then tested 

for their stability in water, ambient air, dry air (<30% humidity) and heat. To study the effect of 

water, films were submerged for 2 hrs, 5 hrs, or 2 days (Figure 6.9). Film thickness and refractive 
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index were measured before and after exposure using ellipsometry. There appeared to be no 

significant change in film thickness after water exposure for 5 hours. However, there was a 

significant increase in film thickness after 2 days in water, indicating swelling. Furthermore, the 

refractive index of the films decreased after only 5 hours in water, indicating that the water 

decomposes the organic linker to create pores, which then swell. 

 

 

Figure 6.9. a) Film thickness and b) refractive index of zircone films before and after submersion 

in water. 

 

To evaluate the effect of heat on zircone films, samples were heated in air to 100°C or 

200°C for 1-4 days using a box furnace at a ramp rate of 10°C/min. Film thickness and refractive 

index were again monitored with ellipsometry. There is a slight decrease in film thickness after 2 

days at 100°C (Figure 6.10). However, the refractive index of the films remains constant, 

indicating that the film is relatively stable at lower temperatures. After exposure to 200°C for 1 

day, there is a significant decrease in film thickness indicating that the films collapse upon 

exposure to heat. We do not see any additional decrease in film thickness with additional time at 
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200°C. The refractive index of the films increases approximately 3-6% after heating at 200°C for 

at least one day, again indicating that the films collapse as they decompose to form zirconia, which 

was shown to have a higher refractive index than zircone. However, it is possible that there is still 

some porosity in the film, moderating the change in refractive index.  

 

 

Figure 6.10. a) Film thickness and b) refractive index of zircone films before and after heating. 

 

The stability of zircone at different humidities was also evaluated. Figure 6.11 compares 

two samples stored in ambient air (~60-70% humidity) and dry air (nitrogen environment, <30% 

humidity) for 64 days. There was a 10% decrease in the film thickness of the samples stored in 

both dry air and ambient air. The film thickness of the sample stored in ambient air decreases 

within the first 3-7 days and then remains fairly constant (Figure 6.11). The refractive index of the 

films remained the same during this time. The sample stored in dry air was not evaluated before 

64 days. FTIR of these two samples after storage for 64 days shows that the sample stored in dry 

air (Figure 6.11a) still has the characteristic C-H stretch of the organic linker and no OH stretch, 

while the sample stored in ambient air (Figure 6.12b) has very little C-H absorbance and a large, 
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broad OH peak. This indicates that the sample stored in dry air was still predominately zircone 

after 64 days, while the sample stored in ambient air decomposed over time, but maintained its 

film thickness through the introduction of pores. The porous zirconia films will have an abundance 

of surface hydroxyl groups, and may also adsorb atmospheric water, resulting in the large OH 

stretching mode seen in Figure 6.12b.  Furthermore, both samples showed a significant decrease 

in film thickness after heating to 200°C for 1 day (30-35%), indicating that heating will cause both 

zircone and porous zirconia films to collapse (6.11).  These results show zircone will decompose 

in the presence of moisture, and the addition of heat can not only increase the rate of the 

decomposition, but also alter the morphology of the film.  

 

 

Figure 6.11. Film thickness of samples over 64 days of storage in a) dry air and b) ambient air, 

before and after heating. 
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Figure 6.12. FTIR measurements of samples after 64 days of storage in a) dry air and b) ambient 

air, before and after heating. 

 

6.5. Conclusions 

This work demonstrates that TDMAZ and ethylene glycol can be used to produce zircone 

thin films via molecular layer deposition with growth rates of ~23-27 ng/cm2/cycle at 150-175°C. 

The films had a refractive index of ~1.48, which is lower than the reported value for zircone using 

zirconium tert-butoxide. QCM results indicate that it is challenging to fully purge out the amine 

byproduct, which interferes with subsequent precursor exposures and leads to higher growth rates 

and film densities. Furthermore, the as-deposited films were very rough and possibly had some 

initial porosity. The stability of the films was evaluated in ambient air, dry air, water, and at high 

temperatures, and results show that zircone is sensitive to both heat and moisture. These factors, 

namely exposure to ambient air at low temperatures, can be used to ensure slow decomposition to 

create porous films while maintaining film thickness.  
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Appendix A: Co-Authored Publications 

 

Appendix A.1. Intrinsic Limitations of Atomic Layer Deposition for Pseudocapacitive 

Metal Oxides in Porous Electrochemical Capacitor Electrodes* 

 

By comparing the pseudocapacitive performance of ALD V2O5 in micro-, meso-, and 

macro-porous carbon electrodes, we describe the fundamental limits to ALD in very fine pores for 

pseudocapacitive charge storage. Comparing experimental trends with an ALD coating model, we 

find that the thermal V2O5 ALD process using vanadium triisopropoxide (VTIP) and water is 

unable to deposit in pores where the pore diameter is below a critical diameter of 13 A. By adding 

the ALD V ˚ 2O5 layer onto activated carbon electrodes, we find that the energy storage capacity 

could be increased by 144% for carbon with micropores and macropores, whereas for carbon black 

powder containing only macropores (i.e. a low surface area resulting in a relatively small starting 

capacity) the ALD coating increased the capacity more than 40-fold. To understand the ALD 

coating limits, the pores of the carbon electrodes were modeled as a series of connected tubes, and 

the volume of V2O5 deposited determined experimentally was compared to the calculated 

deposition limit. Pores below this critical diameter were sealed and decreased the accessible 

volume for V2O5 deposition by more than half, decreasing the maximum capacity. The effect of 

the pore sealing by the ALD process on the capacitive response of the activated carbon based 

electrodes was also studied. This work highlights the intrinsic capabilities and limitations of 

coating microporous materials using ALD. 

 

* James S. Daubert, Ruocun Wang, Jennifer S. Ovental, Heather F. Barton, Ramakrishnan 

Rajagopalan, Veronica Augustyn, and Gregory N. Parsons, J. Mater. Chem. A 5, 13086 (2017). 
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Appendix A.2. Corrosion Protection of Copper Using Al2O3, TiO2, ZnO, HfO2, and 

ZrO2Atomic Layer Deposition* 

 

Atomic layer deposition (ALD) is a viable means to add corrosion protection to copper 

metal. Ultrathin films of Al2O3, TiO2, ZnO, HfO2, and ZrO2 were deposited on copper metal using 

ALD, and their corrosion protection properties were measured using electrochemical impedance 

spectroscopy (EIS) and linear sweep voltammetry (LSV). Analysis of ∼50 nm thick films of each 

metal oxide demonstrated low electrochemical porosity and provided enhanced corrosion 

protection from aqueous NaCl solution. The surface pretreatment and roughness was found to 

affect the extent of the corrosion protection. Films of Al2O3 or HfO2 provided the highest level of 

initial corrosion protection, but films of HfO2 exhibited the best coating quality after extended 

exposure. This is the first reported instance of using ultrathin films of HfO2 or ZrO2 produced with 

ALD for corrosion protection, and both are promising materials for corrosion protection. 

 

 

* James S. Daubert, Grant T. Hill, Hannah N. Gotsch, Antoine P. Gremaud, Jennifer S. Ovental, 

Philip S. Williams, Christopher J. Oldham, and Gregory N. Parsons. ACS Applied Materials & 

Interfaces 2017 9 (4), 4192-4201 

 

 

 

 

 


