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Abstract

Surface and interfacial modification processes have the potential to address several of the

performance limitations in the fields of structural materials, energy conversion, and energy

storage, among others. Hence, there has been a need to integrate reliable surface and inter-

facial modification techniques into materials processing. In this dissertation, atomic layer

deposition (ALD) was utilized to impart multifunctionality onto composites and biotem-

plate surfaces and demonstrate its potential to enable the development of transformative

materials.

Accurate temperature monitoring and control of temperature distribution is necessary

in order to obtain ideal and uniform ALD growth. The work in Chapter 3 assessed how

inaccuracies in temperature monitoring and temperature control of the reactor can lead to

nonuniform deposition. The implementation of an improved heater and thermal monitoring

design drastically improved uniform ALD thickness across the reaction chamber. This

study highlighted the need of properly designed ALD systems that can control and monitor

the temperature of the reactor with accuracy and precision. This is especially important as

new ALD precursors emerge that have narrower temperature windows for ideal deposition

conditions.

To explore the capabilities of ALD to impart multifunctional properties into structural

composites, we first studied the effects these coatings have on their interfacial properties,

which directly affect the bulk strength and toughness of the composite. In Chapter 4, we

utilized ALD as a method to conformally coat structural fibers with various materials and

studied the impact of these interlayers on their mechanical adhesion to polymer matrix

xiv



materials. It was observed that the mechanical force required for debonding of the polymer

droplet from the coated fiber surfaces depended on the composition and thickness of the

coating. The ability to tune the interfacial properties presents an opportunity to develop

engineered structural composite materials designed with specific macroscopic mechanical

properties. Additionally, ALD of ZnO was demonstrated to prevent fiber degradation from

ultraviolet radiation and high-temperature thermal treatments, demonstrating a pathway

towards multifunctional composite interphase engineering by ALD.

Expanding upon this work, ALD coatings were utilized to impart multifunctionality.

Imparting electrical conductivity into polymer-matrix composites (PMCs) is an important

step in enabling multifunctionality, while maintaining mechanical stiffness and strength.

In the work presented in Chapter 5, electrically conductive PMCs were fabricated by con-

formally coating Kevlar® 49 woven fabrics with aluminum-doped zinc oxide using ALD.

This work demonstrates a new pathway for scalable and tunable incorporation of electrical

conductivity into fiber-reinforced composites without significantly changing their density

or load-bearing capabilities.

Lastly, the versatility of ALD was demonstrated in Chapter 6 by imparting multifunc-

tional properties onto Morpho sulkowskyi butterfly wings. The wings contain high aspect

ratio nanostructures, which make them ideal templates for applications in solar energy and

photocatalysis. This study demonstrated the ability to precisely tune the natural struc-

tural coloration while also integrating multifunctionality by imparting photocatalytic ac-

tivity onto fully intact Morpho wings. These structurally colored photocatalysts exhibited

an optimal coating thickness to maximize photocatalytic activity, which was attributed to

trade-offs between light absorption and catalytic quantum yield with increasing coating

thickness. These multifunctional photocatalysts present a new approach to integrating so-

lar energy harvesting into visually attractive surfaces that can be integrated into building

facades or other macroscopic structures to impart aesthetic appeal.

In summary, ALD has been demonstrated as a method to impart multifunctional prop-
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erties onto a variety of materials that require precise control of thickness and uniformity.
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Chapter 1

Introduction

1.1 Surfaces and Interfaces in Materials Engineering

The combination of two or more materials with different but synergistic properties can have

significant impacts in materials design across a multitude of applications. For example,

batteries1,2 combine multiple materials with different electronic and ionically conductive

properties that function together to store energy. Another example is that of structural

composite materials,3,4 which incorporate reinforcements and fillers into a matrix material

composed of polymers, ceramics, or metals to obtain material properties not previously

achievable in the individual materials.

While the examples presented above are typically used for very different applications,

they both have one thing in common: their performance highly depend on the surface and

interfacial properties of their material constituents. In some cases, the performance lim-

itations of materials can occur at surfaces and interfaces. Often, these limitations can be

addressed by intentionally modifying the surface and interfacial chemistry of the materi-

als. For example, one might want to tailor interfacial adhesion,5 surface wetting,6,7 and

electronic properties,8,9 among others, in order to obtain a desired function. One method

to tailor these properties is through the application of thin coatings. Coating methods with

precise compositional control and thickness resolution are thus critical in order to obtain

the desired properties.
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In this work we utilize ALD as a method to tune surface and interfacial properties of

composite materials and biological substrates, with the overall intention of imparting new

multifunctional capabilities. Details about ALD and the motivation behind multifunctional

materials are discussed in Sections 2.1 and 1.2, respectively.

1.2 Multifunctional Materials

Often, design of materials tends to focus on improving a specific physical property for

a given application. This is a lost opportunity to design materials that can achieved this

targeted property, while also imparting additional useful functionality. Around the early

2000’s, DARPA (The Defense Advanced Research Projects Agency) introduced the Syn-

thetic Multifunctional Materials program. This program aimed to transform “parasitic”

structural materials, which occupy mass and volume but do not contribute to additional

system performance, by imparting an additional non-structural, system-enhancing func-

tionality. These materials are often referred to as multifunctional materials, and have sub-

sequently represented a significant topic in the field of materials science.

Materials with transformational levels of performance can be obtained by designing

them in a manner that considers their potential for multifunctionality. For example, struc-

tural batteries10,11 can have significant implications for vehicle systems, as they could incor-

porate the energy storage capabilities into the interior panels of a vehicle, reducing the vol-

ume and weight taken up by traditional battery packs. Other examples of multifunctional

materials include self-healing materials,12–14 wearable electronics,15–17 damage-detecting

materials,18,19 and electromagnetic shielding properties.20–22

Integration of additional material components is often needed in order to bring about

these system modifications. Multifunctional integration can occur at various spatial levels,

including the macro, micro, meso, and/or nanoscale. The most common methods to in-

corporate multifunctional properties are through macroscale material integration.23 While
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these methods often benefit from simplicity in their processing, they usually come at the

expense of the structural integrity of the final product. Furthermore, they can significantly

increase the weight of the material, which is often not desired. Thus, over the past sev-

eral decades, research in the area of multifunctional materials has focused on imparting,

tuning, and tailoring non-structural properties through microscale and nanoscale material

integration.24

Much of this research has been performed on fiber composites, textiles, foams, and

other porous structures.25 One common challenge present among all of these material sys-

tems is the incorporation of additives or coatings without significantly affecting the me-

chanical properties or structural integrity of the material being modified. Furthermore,

nonuniform distribution of additives or inconsistent thickness control of the coatings can

result in inhomogenous properties. Thus, there has been an increasing need for conformal

and uniform distribution of these components to obtain precise desired properties.

A thorough understanding of the material properties and interactions between the main

constituents and additives is necessary to tailor and design specific performance metrics.

By understanding the process-structure-property relationships associated with the fillers

and/or coatings in these systems, multifunctional materials with the desired optimal prop-

erties can be rationally designed. Lastly, multifunctional composites can provide significant

contributions to energy savings, reduction of emissions, and/or more efficient use of mate-

rials. In Chapter 5, a method to incorporate interfacial coatings into composite materials

and impart multifunctionality via ALD is presented. A brief introduction to the principles

of fiber-reinforced composites can be found in Section 2.2.

1.3 Biological Nanostructures

Many engineered nanostructures have drawn inspiration from nanoscale architectures

found in nature, which have been optimized to serve specific functions over the course
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of billions of years of evolution.26–29 Many of the nanoarchitectures found in these biotem-

plates have demonstrated technological potential applications in areas including advanced

optoelectronic devices,30,31 sensors,32 catalysis,33,34 energy conversion and storage,,35–38

and bactericidal and antifouling applications.39 Several attempts have been made to mimic

or replicate biological nanostructures artificially. The two main approaches to accom-

plish this can be categorized as biomimicry and biotemplating. Biomimicry attempts to

artificially replicate the natural material architecture, using a combination of top-down

and bottom-up processing for patterning (often with multiple lithography and/or self-

assembly steps, in combination with etching and deposition processes).40–42 These meth-

ods present geometric challenges, particularly when attempting to replicate complex three-

dimensional (3D) nanostructures composed of heterogeneous material systems. Thus, ar-

tificial biomimetic materials fall short of the structural complexity and precision found in

nature. Additionally, many of these fabrication processes are generally energy-intensive

and require costly cleanroom techniques that produce large material waste streams. This

limits the scalability and environmental sustainability of biomimetic nanomanufacturing.

In contrast, biotemplating utilizes existing structures found in nature as a scaffold for

bottom-up additive manufacturing.42 This allows for efficient use of raw materials and re-

duces energy and cost inputs. The structural information and embodied manufacturing

energy are provided by nature, and the templates are compostable. Existing natural waste

streams of biological materials, including insect wings, feathers, and shells, possess unique

optical properties and high-aspect-ratio surfaces. This presents an opportunity for a wide

range of applications that benefit from nanostructuring.

However, moving beyond simple replication of the geometry requires integration of

functional materials onto biological surfaces. This can present a challenge for traditional

coating processes such as sol–gel, physical vapor deposition, and chemical vapor deposi-

tion, which are limited in their ability to deposit conformal films on complex 3D surfaces

with high aspect ratios that may contain mixtures of convex and concave surface features.
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In Chapter 6, a method is presented that integrates functional materials via ALD, enabling

deposition of conformal thin-films onto 3-D surfaces while precisely maintaining the struc-

tural form of the underlying template.

1.4 Outline

Chapter 2 provides a summary of the background and principles related to processes, mate-

rials, and devices presented throughout this work. It briefly touches upon the basic concepts

of ALD, continuous fiber-reinforced composites, and photocatalysis.

Chapter 3 presents a systematic study of the temperature dependence of ALD growth.

We demonstrate that uniform temperature control and accurate temperature monitoring

across the reactor become increasingly important as new ALD processes with stringent

requirements in temperature control emerge. To address this need, we implemented an

improved heater design, along with accurate and precise thermal monitoring to improve

uniform ALD thickness across the reaction chamber. The lessons learned from this study

were utilized to build a larger ALD reactor in our laboratory that is capable of coating larger

substrates such as woven fabrics, which enabled the work presented in Chapter 5.

Chapter 4 explores the effects that ALD coatings have on the interfacial mechanical

properties between structural fibers and polymers. The microbond test method, which is

a modified form of the fiber pullout test, was used to quantify the interfacial mechan-

ical properties between the polymer matrix and ALD-coated structural fibers. Two fiber-

polymer material systems were used in this study: Kevlar®/PMMA and carbon fiber/epoxy.

Furthermore, ZnO coatings were shown to prevent damage from high-temperature and

ultraviolet (UV) light exposure, demonstrating other potential benefits of the coatings.

The potential of ALD coatings to impart multifunctionality is further explored in Chap-

ter 5. This work demonstrates that electrically conductive properties can be imparted to

PMCs that are normally electrically insulating through interfacial modification by ALD.
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The interfacial coating material used in this study was AZO. The influence of the coat-

ing thickness on the electrical properties through individual fibers, tows, and fabrics was

studied. The degree of percolation through a fiber network depended on the number of

bridged connections. Consequently, the number of bridged connections increased with

AZO thickness. Tensile tests were performed to evaluate the coupled mechanical prop-

erties and electrical response of the composite. The electrical response as a function of

strain was observed to vary with the thickness of the coating. Lastly, a thin-film fracture

mechanics model was considered to explain the thickness-dependent behavior.

Chapter 6 demonstrates a bottom-up biotemplating approach by coating Morpho but-

terfly wings with multifunctional ALD coatings. It was demonstrated that low-temperature

ALD can impart photocatalytic properties onto Morpho sulkowskyi butterfly wings by de-

positing nanocrystalline ZnO. The hierarchical nanostructures that naturally occur in Mor-

pho sulkowskyi wings produce structural color, which can be tuned by precisely control-

ling the coating thickness. The photocatalytic performance was optimized by controlling

the thickness of the ZnO coating. Optical spectroscopy and finite-difference time-domain

numerical modeling were used to elucidate the competing effects between light absorption

and catalytic quantum yield as a function of coating thickness. Additionally, this study

showed we can maintain the macroscopic structure of a biological template over large ar-

eas, which could enable the expanded use of biological materials in multifunctional appli-

cations.

Chapter 7 concludes the work presented in this dissertation and presents directions for

future work.

1.5 Individual and Group Research Statement

The work presented in this research would not have been possible without the collaborative

efforts, guidance, and expertise from others. The contributions from the collaborators are
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presented below.

The work in Chapter 3 spurred from a collaboration with engineers from Watlow Elec-

tric Manufacturing Co. to develop heating and temperature sensing solutions for precise

control and uniformity of temperature. The 3-D computer-aided design of the reactor and

finite element analysis (FEA) were implemented by Robin E. Rodrı́guez. The ALD of

TiO2 on Si substrates was performed by Robin E. Rodrı́guez. Spectroscopic ellipsome-

try data were measured by Ashley R. Bielinski. Infrared (IR) imaging was performed by

William S. LePage. A systematic design of experiments (DOE) method was implemented

by Robin E. Rodrı́guez, with guidance from Watlow, Co. engineers Patrick Margavio and

Peter Hwang. The new reactor was built and assembled by Robin E. Rodrı́guez. Neil P.

Dasgupta provided guidance and support.

Chapter 4 was adapted from Rodrı́guez, et al. 2020. Robin E. Rodrı́guez developed the

procedure for coating single fibers by ALD. Robin E. Rodrı́guez and Tae H. Cho developed

a method to add PMMA microdroplets onto single Kevlar® fibers. Robin E. Rodrı́guez

and Mohammad Ravandi developed the method to add epoxy microdroplets onto single

carbon fibers. The microvise design and assembly were designed and built by Tae H. Cho,

Mohammad Ravandi, and Robin E. Rodrı́guez. The microbond test setup and procedure

was developed by Mohammad Ravandi and optimized by Robin E. Rodrı́guez. SEM and

EDS mapping were performed by Robin E. Rodrı́guez. Cross-sectional SEM images were

obtained by Eric Kazyak. William S. LePage helped to produce the box plot figures and

provided general feedback on the microbond method. Mihaela Banu, M. D. Thouless and

Neil P. Dasgupta assisted with writing and revising the conference proceedings manuscript

and provided guidance and support.

Chapter 5 was adapted from a manuscript that has been submitted for publication. The

procedure for preparing and coating single fibers, single tows, and woven Kevlar® fabrics

by ALD was developed by Robin E. Rodrı́guez. Tae H. Cho assisted with some of these

coating procedures. Tae H. Cho and Julia Lenef helped perform spectroscopic ellipsometry
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measurements. William S. Lepage designed and built the four-point probe assembly. The

methods for measuring the electrical properties and calculating the effective electrical re-

sistivity of the samples was developed by Robin E. Rodrı́guez. Tae Hwa Lee implemented

and trained Robin E. Rodrı́guez on the vacuum-assisted resin transfer molding (VARTM)

method for fiber-reinforced composites (FRCs) manufacturing, which was later modified

by Robin E. Rodrı́guez to fabricate electrically conductive FRCs. Yuxin Chen helped to

prepare fabrics that were used for VARTM. Robin E. Rodrı́guez developed the methods for

sample preparation and testing of the electrically conductive composites, with input and

feeback from Tae Hwa Lee. Custom made grips for tensile tests were designed and built by

Robin E. Rodrı́guez, with input from Andrea Poli. Claire Huang helped continue sample

preparation and testing. Erik Kazyak took the SEM-FIB images presented. M. D. Thouless

provided insight into the fracture mechanisms of the ALD coatings. Mihaela Banu, M.

D. Thouless, and Neil P. Dasgupta assisted with writing and revising the manuscript and

provided guidance and support.

Chapter 6 was adapted from Rodrı́guez, et al. (2018). Robin E. Rodrı́guez, Sneha P.

Agarwal, and Debashree Das developed the methods for preparing and coating the Mor-

pho butterfly substrates by ALD. Debashree Das and Sneha P. Agarwal developed the

dye-degradation process and aliquot absorption intensity measurements (using a UV-vis

spectrophotometer), with modifications from Robin E. Rodrı́guez. Robin E. Rodrı́guez

and Sneha P. Agarwal acquired the data for this work. Robin E. Rodrı́guez interpreted

the results and identified the underlying mechanisms of the observed behavior. The finite-

difference time-domain (FDTD) model and simulations were developed by Shun An. Wen

Shang, Tao Deng, and Neil P. Dasgupta assisted with writing and revising the manuscript

and provided guidance and support.
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Chapter 2

Background

2.1 Basics of Atomic Layer Deposition

Recent technological advances have led to the successful commercialization of nanotech-

nology in the semiconductor industry, and have enabled advances in a range of applications

including electronics, medical devices, energy conversion, and energy storage. Advances

in nanofabrication have allowed these devices to incorporate features with reduced dimen-

sions and increasingly efficient performance. However, traditional nanofabrication tech-

niques have presented several limitations as devices are pushed to smaller scales. Many

industrially-relevant nanofabrication processes lack consistency and uniformity at the sin-

gle nanometer and sub-nanometer lengths scales, which can lead to inhomogeneous mate-

rial addition and/or subtraction. Furthermore, as advanced materials and device engineering

has pushed to increasingly complex three-dimensional architectures, the ability to confor-

mally deposit materials on high-aspect ratio structures without gradients or pinholes has

become increasingly challenging.

Atomic layer deposition (ALD) has become an enabling deposition technique in the

semiconductor industry owing to its ability to control film thicknesses with angstrom

scale precision while achieving highly conformal coverage on high-aspect ratio substrates

(>2000:1).43,44 Furthermore, ALD is a scalable process as it is not line-of-sight dependent,

and does not require high vacuum levels or temperatures. As a result of these beneficial
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qualities ALD is currently used widely in both front-end and back-end processing in semi-

conductor manufacturing. A recent study reported a compound annual growth rate in the

global ALD equipment of 26.4% from 2020 to 2026, and projections expect it to reach

$1,335.3 million by the end of 2026,45 cementing ALD’s rising importance in the field of

nanodevices.

Atomic Layer Deposition (ALD) is a vapor-phase deposition technique that has demon-

strated the ability to manufacture thin films with atomically-precise control of thickness

and composition.46 ALD is a modified Chemical Vapor Deposition (CVD) process, and

typically occurs in two steps (Figure 2.1). The first step consists of a precursor gas that

is pulsed into a chamber, reacts with the substrate in a self-limiting manner, and is then

purged with an inert gas. A second step pulses a different precursor gas that reacts in a

self-limiting manner with the adsorbed layer of the first precursor. The chamber is then

purged once more with an inert gas. The culmination of both half-reactions results in the

deposition of one “ALD cycle”, with typical thickness control ranging from 0.1-3 Å/cycle.

This process is repeated in a cyclic manner to deposit additional layers until thin-film of

the desired thickness is formed.

The ideal conditions for reproducible control in ALD processes are strongly affected by

the temperature profile across the substrate surface. The temperature range for which these

ideal conditions are met is known as the ALD window (Figure 2.2). Within the ALD win-

dow, the film growth displays the repeatable self-limiting behavior characteristic of ALD.

Temperatures outside the ALD window cause deviations from the ideal ALD process such

as precursor condensation, decomposition, or desorption, or kinetically limited surface re-

actions. These deleterious effects result in non-conformal or uncontrolled film deposition.

Therefore, precise spatial control of the temperature in the reaction chamber is essential for

successful ALD processes.

Non-ideal growth behavior during the initial cycles may still occur even when the con-

ditions for self-limiting ALD processes are met. For example, slower ALD film growth can
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Figure 2.1: Schematic illustration of one ALD reaction cycle. [Reprinted with permission from
Puurunen, R. L. Surface chemistry of atomic layer deposition: A case study for the trimethylalu-
minum/water process. J. Appl. Phys. 2005, 97, 121301. Copyright 2005 AIP Publishing LLC]

take place due to delayed nucleation of the film or steric hindrances between the precursor

molecules.47–50 Nucleation delay often occurs on surfaces that are inherently chemically

inert, due to a lack of functional species on the surface for the precursor to react with. As a

result, the growth rate will initially be slow, and the precursor will react with only a few sur-

face sites. During the following ALD cycle, the precursor will tend to react preferentially

with the existing ALD material instead of the inert substrate. This results in the formation

of islands during the initial cycles, instead of a continuous film. As the neighboring islands

grow, they eventually merge to form a continuous film and a steady growth rate is attained.

A similar behavior is observed in cases where steric hindrance occurs. Steric hindrance

is possible even when active sites for precursor chemisorption is highly favorable. Pre-
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Figure 2.2: ALD window

cursor molecules that have already chemisorbed or adsorbed on the substrate surface have

remaining ligands that can potentially block the reaction on nearby sites. A similar delay in

the formation of a continuous film is initially observed, but a steady growth rate is obtained

once the film is fully formed. In conclusion, the growth behavior of ALD films are highly

dependent on precursor chemistry, substrate surface chemistry, substrate temperature, and

precursor dosage, and thus the control of process parameters are necessary to obtain the

full characteristics of ideal ALD.

When the ideal conditions are met, ALD can be a powerful platform for a wide range

of applications ranging from energy conversion and storage to nanocomposites and inter-

facial mechanics. This diverse set of technology areas requires a wide range of functional

materials that can be tuned with atomic-scale control that can be enabled by ALD.

2.2 Basics of Fiber-Reinforced Composites

The need for lightweight materials has become increasingly important as the demand to

reduce fuel use and carbon emissions continues to be of critical significance. To this end,

fiber-reinforced composites (FRCs) are lightweight structural materials that are of great
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interest to the aerospace industry and to high-performance vehicle manufacturers because

of their high values of specific strength and toughness compared to metal structures. FRCs

are able to obtain these desirable properties through the implementation of high-modulus

and low-weight fibers into a polymer matrix. A few examples of fibers commonly utilized

in FRCs include glass fibers, carbon fibers, and aramid fibers. The following sections will

briefly discuss the basic principles of continuous FRCs.

2.2.1 Macromechanical Stress-Strain Relationships of Orthotropic

Laminae

First, we will discuss the macroscopical properties of a continuous FRCs lamina, assuming

linear-elastic behavior. There are nine stress components (σij) that describe the 3-D state of

stress of a material (Figure 2.3), where i and j denote the axes directions in a 3-D coordinate

system. The coordinate system is composed of three perpendicular coordinate axes. The

stress state can be described by three normal stress components (i = j) and six shear stress

components (i 6= j). However, given certain conditions of symmetry (σij = σji), the total

components of shear stress can be simplified down to three. Thus, the 3-D state of stress

can be described with just six total stress components (i.e. three normal and three shear).

The strain state of the material (εij) can also be reduced to six total components following

this same logic.

In materials design, it is necessary to understand the stress-strain relationships of the

system. Each stress component can be expressed as a function of all the strain components

by the utilization of Hooke’s Law. A simplified matrix form can be used to describe all of

the relationships relating stresses to strains. This is referred to as the stiffness matrix [C],

which is a fully populated matrix of stiffness constants that relate the stress to the strain for

these particular components. The full relationship can be expressed as:
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Figure 2.3: 3-D state of stress
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where γij is the engineering strain and τ ij is the shear stress. Similarly, strain components

can be expressed as a function of all the stresses that can fully be described by the com-

pliance matrix [S], which is also the inverse of the compliance matrix (or [C]-1). The full

relationship here becomes:
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For purposes of simplification, the following discussion will focus on the stress-strain

relationships specific to unidirectional and continuous FRCs. Often, a single lamina is

referred to as a specially orthotropic material that is under plane stress (2-D state of stress)

conditions. Under these assumptions, the out-of-plane properties need not be considered

(i.e. σ33 = τ 23 = τ 31 = 0). Furthermore, if the direction of the fibers are aligned with one

of the coordinate axes, then there will exist two orthogonal planes of symmetry. In this

situation, there will not exist any interactions between the normal strains and shear strains

nor between the shear stresses in different planes. Thus, the strain-stress relationship can

be simplified to:


ε11

ε22

γ12

 =


S11 S12 0

S21 S22 0

0 0 S66



σ11

σ22

τ12

 (2.3)

Finally, after substituting the orthotropic engineering constants into the simplified com-

pliance matrix, the general strain-stress relationship for a continuous and unidirectional

fiber-reinforced lamina becomes:
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where in this particular case, E11 and E22 are the Young’s moduli of the composite in the

longitudinal (parallel to the fibers) and transverse (perpendicular to the fibers) directions,

respectively, G12 is the shear modulus, and vij is the Poisson’s ratio (vij = −εjj/εii).

2.2.2 Micromechanical Relationships of Fiber-Reinforced Composites

In the previous section, we reviewed the stress-strain relationships of a unidirectional fiber-

reinforced lamina, which were expressed as a function of its effective material properties

(i.e. E11, E22, G12, v12, and v21). Here, we will briefly review the basic principles to estimate

these effective properties.

First, the Young’s modulus and the Poisson’s ratio of each constituent need to be known

as well as the fiber volume fraction. For continuous fiber composites, the cross-sectional

fiber volume fraction is often assumed to be constant along the longitudinal direction. The

fiber volume fraction (Vf) can thus be expressed as:

Vf =
Af
Ac

=
Af

Af + Am
(2.5)

where Ac is the total cross-sectional area of the composite, Af is the cross-sectional area of

the fibers, and Am is the cross-sectional area of the matrix. Accurate measurements of the

fiber volume fraction are essential to estimate the longitudinal and transverse moduli (E11

and E22, respectively).

When a tensile force is applied in the longitudinal direction, the fiber reinforcements

and matrix behave in a manner analogous to springs connected in parallel. In this case, the

strain of the matrix (εm11) and the strain of the fibers (εf 11) are assumed to be equal to the

strain of the composite (εc11 = εm11 = εf 11). The stress, however, is not uniform across the

cross-section, and is highly depend on the modulus of the constituents. Static equilibrium

equations help reveal the impact of the modulus on stress.
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Tc11 = Tm11 + Tf11 (2.6)

where Tc11 is the total tensile force applied on the composite system and Tm11 and T f 11 are

the tensile forces on the matrix and fibers, respectively. To obtain this equation expressed

in terms of the moduli, the following equations are needed:

Tc11 = σc11Ac ; Tm11 = σm11Am ; Tf11 = σf11Af (2.7)

where σc11 , σm11 , and σf11 are the average tensile stresses of the composite, matrix, and

fibers, respectively. Substituting Equation 2.7 into Equation 2.6 yields:

σc11Ac = σm11Am + σf11Af (2.8)

which can be expressed as a function of the fiber volume fraction by substituting Equation

2.5 into Equation 2.8:

σc11 = σm11(1− Vf ) + σf11Vf (2.9)

Lastly, assuming all constituents follow the one-dimensional (1-D) Hooke’s Law, the

modulus of the constituents can be inserted into Equation 2.9:

Ec11εc11 = Em11εm11(1− Vf ) + Ef11εf11Vf (2.10)

and can be simplified further because the strain of the composite is the same as the strain

in the matrix and the strain in the fiber:

Ec11 = Em11(1− Vf ) + Ef11Vf (2.11)

where Ec11 is the effective modulus of the composite, Em11 is the modulus of the matrix, and
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Ef 11 is the modulus of the fibers. This equation is known as the rule of mixtures, and can

provide an estimate of the effective longitudinal modulus of a FRC

The transverse modulus however, behaves contrary to the longitudinal modulus, in the

sense that when pulled in the transverse direction, the fiber reinforcements and matrix be-

have analogous to springs connected in series. Thus, the strain of the individual constituents

are no longer considered to be equal. Instead, the total displacement of the composite needs

to be equal to the sum of the displacements of the individual constituents. This can be ex-

pressed using the following equation:

δc22 = δm22 + δf22 (2.12)

where δc22 is the total displacement of the composite, δm22 is the total displacement of the

matrix, and δf 22 is the total displacement of the fabric.

Following similar method of equation substitutions, we eventually arrive with an equa-

tion that describes the effective transverse modulus (Ec22):

Ec22 =
Em22Ef22

(1− Vf )Em22 + VfEf22
(2.13)

where (Em22) and (Ef 22) are the transverse moduli of the matrix and the fibers, respectively.

The resulting equation is known as the inverse rule of mixtures. This method predicts the

correct trend relative to the fiber volume fraction; however, it is generally considered to not

be an accurate estimate of the effective transverse modulus of the composite.

Finally, the Poisson’s ratio of the composite (v12) and the shear modulus (G12) can also

be estimated. The Poisson’s ratio follows the rule of mixtures, whereas the shear modulus

follows the inverse rule of mixtures. Similarly, the rule of mixtures provides an accurate

estimate, but the inverse rule of mixtures does not.
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2.2.3 Interfaces of Fiber-Reinforced Composites

A key area of research for the development of high-performance FRCs lies in the study of

mechanical properties at the fiber-matrix interface. Control of the mechanical properties at

the fiber-matrix interface is critical in the design of composite systems. The desired me-

chanical properties of this interface vary for different types of FRCs. For fiber-reinforced

PMCs, strong fiber-polymer interfaces are desired to maximize load transfer to the fiber

because the polymer-matrix has relatively low stiffness and strength. In contrast, for fiber-

reinforced ceramic-matrix composites (CMCs), weaker interfaces are generally desired.

Typical ceramic matrices such as silicon carbide (SiC) are relatively stiff and strong, but

brittle. Therefore, fibers can increase toughness by providing a weak fiber-matrix inter-

face that promotes crack deflection and dissipates energy.51,52 Therefore, the ability to tune

and tailor the adhesion at the fiber-matrix interface enables control of the bulk mechanical

properties of the composite.

Because the desired interfacial properties vary among composite material systems, new

pathways to precisely modify the fiber-matrix interface present opportunities for rational

design of material properties of FRCs. The two main methods to tune the interfacial prop-

erties of composites are done through chemical modification and through physical modifi-

cation of the fiber surface. The work presented throughout this dissertation will primarily

focus on the chemical modification of aramid fiber and carbon fiber surfaces.

Carbon fibers and Kevlar® aramid fibers are known to have smooth and chemically inert

surfaces, which can result in poor compatibility and adhesion between the polymer matrix

and the structural fibers.53–56 PMCs that utilize these fibers rely on strong adhesion at the

interface between these materials to fully benefit from the strength-enhancing benefits of

the fiber reinforcements. Therefore, researchers have looked into incorporating surface

treatments on the fibers to introduce additional active functional groups on the surface,

which promote stronger adhesion to the polymer matrix.

Some of the surface treatments commonly used include electrochemical oxidation,57,58
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plasma treatments,59–66 acidic and basic solution treatments,67–72 among others. These treat-

ments increase the content of surface functional groups that enhance the interfacial bond-

ing strength.73 However, intense surface functionalization treatments can also sometimes

reduce the tensile strength of the fibers due to excessive oxidation and damage to its ex-

terior.67,70,74 Thus, these applications require controlled but sufficient exposure in order to

provide sufficient functionalization on the fiber surface, while minimizing detrimental ef-

fects of the fiber’s tensile properties.

Another way to modify the fiber-matrix interface, without affecting the tensile strength

of the fiber, is by adding an intermediate layer onto the fiber surfaces before incorporating

them into the matrix. Sizing layers are frequently added to fibers for protection during

manufacturing.75 Sizings influence the strength and toughness at the fiber-matrix interface,

which can be modified by changing the surface chemistry or morphology.76–79 For exam-

ple, previous surface modification of fibers has explored the addition of graphene oxide

sheets80 or carbon nanotubes (CNTs) to fiber surfaces81,82 to strengthen the interface of

PMCs. Chemical vapor deposition (CVD)82,83 has also been used to coat glass fibers and

carbon fibers. However, in the case of both PMCs and CMCs, the ability to conformally

coat tows and woven fabrics is challenging due to high aspect-ratios and overlapping ge-

ometries that block line-of-sight deposition. As a result, these modified coating processes

are often studied at the single-fiber level. CVD and physical vapor deposition (PVD) have

been explored for coating fabrics; however, precise control of the composition and phase of

the coatings on 3-D templates can be challenging.84 Furthermore, in the case of nanocom-

posites, the need for highly conformal and uniform deposition processes at the nanoscale is

pivotal to engineer interfacial properties. This highlights the need for deposition processes

that allow for precise control and tunability of process parameters.

Atomic layer deposition (ALD) is a gas-phase deposition technique that allows for

improved conformality and precise compositional control compared to conventional gas-

phase and solution-based processes.43 It has been previously shown that ALD can confor-
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mally coat tows of fibers and woven fabrics with various compositions of metal oxides, al-

leviating the limitations of other coating techniques.85–89 Additionally, Liang et al. demon-

strated that the mechanical properties of multi-walled carbon nanotubes (MWCNTs) dis-

persed in a polymer-derived ceramic matrix could be altered significantly by controlling the

coating material and the number of deposition cycles.90 However, despite the advantages

of ALD for interfacial engineering of composites, relatively few studies have explored the

impact of ALD coatings on interfacial mechanics of FRCs.91

In addition to modification of the mechanical properties of FRCs, interfacial coatings

may also be used to introduce new functionality into the composite. For example, deposi-

tion of dispersed CNTs onto fiber surfaces has been shown to significantly change the elec-

trical and thermal properties of a fiber-reinforced laminate.81,82,92 PZT (PbZr0.52Ti0.48O3)

coatings on carbon fibers and BaTiO3 coatings on SiC fibers have demonstrated that piezo-

electric interfaces can be used to convert mechanical stress from vibrational energy into an

electrical signal.93,94 These examples demonstrate that precisely engineered modifications

at the interface of a FRC can enable the development of multifunctional composites.

Among the various modification methods available, ALD presents an excellent oppor-

tunity to develop multifunctional materials.95 ALD can be used to deposit a wide range

of material systems facilitating a virtually limitless selection and combination of materials

with specific properties.96,97 This ability to precisely tune interfacial chemistry and struc-

ture offers a powerful method for multifunctional composites development by design.98

2.3 Basics of Photocatalysis

Problems related to remediation of hazardous waste have emerged as a global priority that

require addressing. Furthermore, investigation of renewable resources to address energy

needs is also of urgent importance to address the effects of climate change today. Research

in the field of photocatalysis presents an opportunity to address both.99,100 Over the last
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several decades, semiconductor photocatalysis has been extensively studied as a means to

utilize the energy from the sun to address both environmental and energy needs.101,102 Pho-

tocatalysis is generally defined as the acceleration of a photochemical reaction, that occurs

at the surface of the photocatalyst, which initiates upon the absorption of energy from light.

Homogeneous (solid-solid interfaces) and heterogeneous (solid-liquid and solid-gas inter-

faces) photocatalysts can be utilized in a variety of applications. Photocatalytic fuel pro-

duction through water splitting of hydrogen and oxygen or through the reduction of carbon

dioxide to produce fuels such as methanol are examples of such applications of renew-

able energy. Examples of applications related to environmental decontamination have also

been demonstrated, such as water and air purification, degradation of hazardous waste, and

pathogen inactivation.101 The field of semiconductor photocatalysts is multidisciplinary,

bringing together concepts from solid-state physics, photochemistry, and surface science.

A summary of essential concepts that pertain to the work in Chapter 6 (i.e. heterogenous

photocatalysts for water purification) are briefly reviewed below.

2.3.1 Principles and Mechanisms of Heterogeneous Photocatalysis for

Water Purification

The mechanisms presented here will be discussed from the perspective of dye degradation

in water, but also apply more generally to water decontamination and bactericidal appli-

cations. In order for the process of dye degradation in aqueous solution to take place,

a semiconductor with a sufficiently large bandgap needs to be used to drive oxidation-

reduction reactions. This bandgap needs to be sufficiently large to provide the necessary

electrochemical potential to drive the reaction, and it needs to align such that the valence

and conduction bands are below and above the necessary electrochemical potential s for

oxidation and reduction, respectively. TiO2 and ZnO are common examples of semicon-

ductors that meet these requirements. However, even though these semiconductors can

serve as functional photocatalysts, their broad band gap values requires the use of UV light
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Figure 2.4: Representative photo-induced formation mechanism of electron–hole pair in a semi-
conductor (e.g. TiO2 particle) with the presence of water pollutant (P). [Reprinted with permission
from Chong, M. N.; Jin, B.; Chow, C. W. K.; Saint, C. Recent developments in photocatalytic water
treatment technology: A review. Water Res. 2010, 44 (10), 2997-3027. Copyright © 2010 Elsevier
Ltd.]

to achieve photoactivation.

The photons incident on the semiconductor need to have an energy (hv) that is equal or

greater than the bandgap to be absorbed by the material. This absorbed photon can then

excite an electron from the valence band to the conduction band of the semiconductor. As

a negatively-charged electron (e-) moves to the conduction band, a positively-charged hole

is left behind in the valence band. This results in the generation of an electron-hole pair.

Because the surface of the semiconductor is in contact with the water, an electron-hole pair

migrates to the solid-liquid interface before recombination can simultaneously react with

the molecules in the water. Generally what happens during this photocatalytic reaction is

that hydroxyl radicals (•OH) will begin to evolve. This occurs as a result of the byproducts

from the interaction between the photogenerated holes and the water (Figure 2.4). The

electrons in the conductive band can also interact with dissolved oxygen (O2) through a

series of reactions to produce additional (•OH).

The evolution of these powerful oxidizing (•OH) species is particularly important for
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the dye degradation process. As the dye molecules adsorb onto the semiconductor surface,

the (•OH) radicals will begin to attack the dye through an oxidation process. While there

are other mechanisms that can also contribute to dye degradation, the consensus in the

literature denotes this to be the primary mechanism and the largest contributing factor for

photocatalytic dye degradation.
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Chapter 3

Design of Atomic Layer Deposition Reactor for

Scalable Manufacturing with Improved Thermal

Design

ALD can be utilized for a wide range of applications ranging from energy conversion and

storage to nanocomposites and interfacial mechanics. Application of ALD to this diverse

set of technology areas requires a wide range of functional materials that can be tuned with

atomic-scale control.

For example, ALD of TiO2, a functional semiconductor material, is of significant im-

portance in a wide range of ALD applications ranging from high-k dielectrics, to gas sens-

ing, to solar energy conversion. It is also an example of a material for which there are

inconsistencies in the published literature on the reported ALD window.103–105 Further-

more, defects such as adventitious incorporation of impurities in the ALD films have been

reported, which can affect the electronic properties of the films. These inconsistencies are

likely to be heavily dependent on variations in ALD reaction chamber designs, including

spatial variations in surface temperature sensing and heat flux. Furthermore, many reports

of ALD growth rate and ALD windows do not provide spatial maps of thickness across

larger areas, and do not confirm that the reported temperature was locally measured in

the region of reported growth rate. These inconsistencies in monitoring and reporting the

coupling between localized spatial gradients in temperature and variations in ALD growth
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presents a problem for the ALD community, and highlights the need for improved accuracy

in thermal reactor design and spatial temperature sensing.

Furthermore, if ALD is to be used in larger scale applications, such as multifunctional

composites, design of larger reactors will be necessary. Control of proper temperature

distribution becomes more challenging at these larger length scales, thus careful thermal

design considerations become critical. The goal of this study was to understand how in-

consistencies in proper temperature monitoring can lead to undesired ALD growth and to

implement strategies for improved temperature control in ALD systems.

3.1 Results and Discussion

This study was performed using TiO2 as the deposited material. The tests were performed

with the reaction chamber set to 200 °C based on reported temperatures for the deposition

of TiO2 with tetrakis(dimethylamido)titanium (TDMAT) and water as precursors. Ellip-

sometry was used to measure the thickness and uniformity of TiO2 films deposited by ALD

on planar 4” diameter Si (100) substrates. TiO2 film growth initially demonstrated anoma-

lous behavior, which was indicative of non-ideal ALD growth. Data from Table 3.1 shows

inconsistent growth and thickness variations at the positions shown in Figure 3.1. The

growth rate at the center of the chamber was significantly higher than the thickness at the

edges. Across the 4” deposition region, the per cycle growth rate showed a percent range

of 27.2% and a standard deviation of 0.18 Å. It was hypothesized that the non-uniform

thickness was a result of spatial variations in the substrate temperature, causing some local

regions to be outside the ALD window for TiO2.

To verify this hypothesis, a series of thermocouple measurements, infrared (IR) imag-

ing, and finite element analysis (FEA) were performed. Separate thermocouples were used

to measure the temperature directly at the reactor surface in various positions. The lo-

cations of the thermocouples in the chamber and the temperature measurements obtained
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Table 3.1: Growth rate of TiO2 at positions from Figure 3.1. Chamber set to 200 °C.

POSITION GROWTH RATE (Å/CYCLE)
1 1.14
2 0.77
3 0.81
4 0.73
5 0.69
Mean 0.83
Std Dev 0.18
% Range 27.2%

Figure 3.1: Positions on the chamber from which multiple measurements were taken. Also indicates
the thermocouple location of the former chamber design.

from these locations are shown in Figure 3.1 and Table 3.2, respectively. The results show

a temperature gradient of 51 °C between the center and the edge of the reaction surface.

Additionally, the temperature at the center of the chamber was 236 °C, which is signifi-

cantly higher than the intended set temperature of 200 °C. IR imaging was also performed

to provide a higher resolution map of the observed thermal behavior (Figure 3.2a and 3.2b,

respectively). IR imaging demonstrated an upper bound temperature between 230-240 °C

and the lower bound between 170-180 °C, with the temperature radially decreasing from

the center toward the edges.

To gain insight into the origins of this temperature gradient, FEA analysis was per-
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Table 3.2: Thermocouple temperature measurements on positions from Figure 3.1 (Control Set to
200 °C)

POSITION TEMPERATURE (°C)
1 236
2 185

Figure 3.2: (a) FEA & (b) IR imaging showing thermal profile of the reaction chamber.

formed on the chamber, using the heater as an input, and with boundary conditions of the

FEA that were set to be representative to the conditions in the environment, including heat

dissipation due to natural convection and radiation. The thermal properties for each com-

ponent were input based on material properties. The FEA results predicted a maximum

temperature of 234.7 °C with a gradient of 50.9 °C, and almost perfectly replicated the

thermocouple measurements. These results confirm the need to develop an improved ther-

mal system design that both senses and controls spatial variations in substrate temperatures

with a high degree of confidence, in order to improve reproducibility.

Originally, the custom-made ALD station used a ceramic heater (Watlow Electric Man-

ufacturing, Co.) to heat the deposition chamber. These ceramic heaters are made from

aluminum nitride, provide durable heater construction and thermal transfer necessary for

high temperature and long heater life, and their high thermal conductivity make for an

ultra-fast temperature ramp rate of up to 150°C (270°F) per second. However, the partic-
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ular design of the heater used in this original reactor design was not optimized to obtain

lateral uniform temperature distribution. Furthermore, material incompatibility and contact

resistance between the aluminum nitride of the heater and the stainless steel of the reac-

tion chamber required a high conductive and malleable interface to improve contact and

heat conduction. Lastly, the ceramic heater has an internal thermocouple that measures

the heater temperature, but an offset was measured between the heater temperature and

substrate temperature when using a separate thermocouple. Therefore, a copper foil was

inserted as an interfacial buffer to improve thermal conduction. However, copper oxidizes

in air at high temperatures, which can degrade the thermal conductivity, which could lead

to a decrease in accuracy over time.

In addition to the heater design, temperature sensor integration also affect the thermal

profile of the ALD chamber. One challenge in ALD system design is that a single temper-

ature sensor often provides inaccurate temperature feedback to the temperature controller,

which maintains the targeted substrate temperature. Unless the heater accommodates inser-

tion of the sensor in a representative region that accurately reflects the surface temperature

of the substrate, an offset will instead be measured. Surface-mounted thermocouples with

high-temperature adhesives are not very robust and can easily and accidentally be peeled

off. Other more robust thermocouple integrations are more intrusive and could limit heater

integration and/or disrupt thermal uniformity. The original ALD chamber used for this

study utilized an RTD threaded thermocouple. However, due to its bulky geometry it was

placed adjacent to the heater to avoid disturbing the thermal distribution, working under the

simplifying assumption that the deposition surface was close to isothermal. Furthermore,

this control thermocouple was located 2.25 inches away from the center of the chamber,

since the flat Ultramic heater did not allow insertion of the thermocouple directly in be-

tween the heater and chamber outer surface. As a result, the thermocouple reading did

not accurately measure the actual temperature at the surface of the reaction chamber, and

could not capture the temperature gradient observed in the IR data. The lack of tempera-
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ture uniformity and accurate temperature sensing and control are leading examples of the

limitations many ALD systems currently face, and are directly correlated to the quality and

uniformity of the resulting films, as demonstrated by the coupled thermal and thickness

behavior reported above.

The need for high precision and high accuracy thermal system design becomes increas-

ingly important as the ALD community develops new precursors and more complex mate-

rials with new functionalities but with narrower ALD windows. Furthermore, not all ALD

processes exhibit a growth rate that is constant with temperature inside the ALD window.

The higher demand of these new ALD chemistries require improvements in thermal system

design in order to obtain reproducible ALD behavior. In these cases, it is especially im-

portant to maintain temperature uniformity across the substrate in order to obtain uniform

film thickness. To address this challenge, Watlow Electric Manufacturing Co. worked col-

laboratively with the Dasgupta Research Group to provide a redesigned solution in order

improve the thermal profile of the ALD chamber, as well as the accuracy of the temperature

sensing.

Watlow’s 430 stainless steel thick film conduction heaters provide a good combina-

tion of heat transfer, thermal efficiency, and temperature uniformity. They also offer design

flexibility, allowing for configurations of different circular and rectangular shapes and sizes,

and can be designed for areas where space is unconventionally small. Furthermore, because

design flexibility of the heating elements is possible, FEA modeling can be used to inform

the heater design in order to achieve proper thermal distribution over a wide range of tem-

perature set points. Additionally, the thick film heaters ensure efficient heat transfer and

precise resistance trace patterns, ensuring maximum temperature response.In hte modified

reactor design, the single threaded insert thermocouple was replaced by two spring-loaded

thermocouples. The spring-loaded thermocouples present an advantage over alternate sen-

sor designs, such as surface mount or screw-in thermocouples. The reproducibility and

accuracy of these traditional sensor designs may diminish as the chamber undergoes ther-
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Figure 3.3: Cross-sectional 3-D model of assembled ALD chamber with thick film conduction
heater and spring loaded thermocouples.

mal cycling, which can loosen contact, or affect the sensor/surface mechanical compressive

load. The spring integration ensures the thermocouple maintains intimate thermal contact

with the surface of interest even during thermal cycling, and enables a consistent load be-

tween the sensor and surface, improving contact resistance.

The incorporation of two thermocouples provides important feedback of the spatial

temperature variations at different positions. Incorporating both the thick film conduction

heater and the spring-loaded thermocouples allowed for an improved control heat transfer

and temperature monitoring that drastically improved the thermal profile of the ALD reac-

tion chamber. In order to enable improved sensor positioning, the thick film heaters were

custom designed with two through holes, one at the very center and one 2 inches from the

center along the radial direction. This enabled the integration of the spring-loaded ther-

mocouples to accurately measure the radial thermal gradient across the deposition region.

Additionally, the threaded portion of the thermocouple was screwed onto a structural com-

ponent offset from the chamber (Figure 3.3). This allowed for only the tip of the thermo-

couple to be in contact with the chamber to minimize thermal disturbances. The modified

thermocouple integration design allowed for more accurate temperature control and more
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Figure 3.4: FEA analysis (a) before and (b) after the new thermal design. IR imaging (c) before
and (d) after the new thermal design.

representative monitoring of the actual temperature profiles expected on the surface of the

ALD chamber.

A temperature gradient of 9 °C with a maximum temperature of 200 °C at the center

was measured between the two spring-loaded thermocouples. Additional thermocouple

measurements on the deposition surface were performed to confirm the temperature profile

measured by the spring-loaded thermocouples. The thermal gradient was reduced by 82%

to 9°C for a setpoint temperature of 200 °C (Table 3.3), compared to the 51 °C obtained

from the previous design, which is consistent with the gradient measured from the spring-

loaded thermocouples. Additionally, FEA and IR imaging demonstrate similar trends to
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Table 3.3: Thermocouple temperature measurements on positions from Figure 3.1 after addition
of thick film heater (Control set to 200 °C)

POSITION TEMPERATURE (°C)
1 198
2 193
3 193
4 193
5 189

support this improved thermal behavior. Figures 3.4a and 3.4c show the FEA and IR imag-

ing results before the new heater design (from Figures 3.2a and 3.2b), which have been

previously discussed. Figures 3.4b and 3.4d show the FEA and IR imaging results after

the new heater design, and retain the temperature scale for comparison. The data from the

FEA analysis predicted a maximum temperature of 201.4 °C with a temperature gradient

of 13.9 °C, again showing improvements in the temperature profile across the deposition

region. A similar trend is observable from the IR images.

To confirm the effect of the improved temperature profile on the ALD film growth,

ellipsometry was performed using identical ALD growth conditions. The results obtained

are shown in Table 3.4, and Figure 3.1 illustrates the positions where these measurements

were taken. The average growth rate obtained across the deposition range was 0.76 Å per

cycle, with a percent range of 2.0% and a standard deviation of 0.01 Å per cycle (Table

3.4). The deviation of the thickness variations across the chamber was reduced by 94% as

Table 3.4: Growth rate of TiO2 at positions from Figure 3.1 after addition of thick film heater.
Chamber set to 200 °C.

POSITION GROWTH RATE (Å/CYCLE)
1 0.78
2 0.76
3 0.76
4 0.77
5 0.75
Mean 0.76
Std Dev 0.01
% Range 2.0%
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Table 3.5: Growth rate of TiO2 at positions from Figure 3.1 after addition of thick film heater.
Chamber set to 185 °C.

POSITION GROWTH RATE (Å/CYCLE)
1 0.68
2 0.67
3 0.67
4 0.67
5 0.67
Mean 0.67
Std Dev 0.004
% Range 0.7%

compared to the previous thermal design.

Additional experiments were run to verify growth rate variations when setting the re-

action chamber to 185 °C. The average growth rate reported in Table 3.5 is 0.672 Å per

cycle. While the standard deviation and percent range of 0.004 and 0.7% are still compa-

rable, the growth rate is 0.1 Å less than when the chamber is set to 200 °C. This confirms

a discrepancy in the growth rates from only a 15 °C variation, and merits further studies

to accurately report the ALD window of materials such as TiO2. This result identifies and

supports the need for better thermal control in the ALD community, so that reported ALD

windows are consistent across all platforms.

3.2 Conclusion

In this study, we measured the growth rate effects of TiO2 and its dependence on temper-

ature control. A poor thermal design resulted in a temperature gradient of 51 °C. This

gave way to thickness variations with a percent range of 27.2% and a standard deviation

of 0.18 Å, from an average growth rate of 0.828 Å per cycle. The implementation of an

improved heater design, along with an accurate and precise thermal monitoring, resulted in

drastically improved uniform ALD thickness across the reaction chamber. The improved

thermal design significantly improved the thickness variation reducing the deviation of the

growth rate by 94% and the temperature range by 93%. In conclusion, a more uniform tem-
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perature profile has significantly improved the consistency of ALD thin-film processes for

the deposition of materials, which was subsequently used to fabricate multifunctional com-

posites in the later chapters of this Thesis. This improved reactor design enables precise

thermal control that inspired the design and construction of a scaled-up ALD tools in our

laboratory. It also highlighted the importance of accurate sensing and reporting of thermal

gradients in the published literature on ALD, in order to reduce many of the inconsistencies

and scatter in the reported data that hinder reproducible results.
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Chapter 4

Mechanical and Interfacial Properties of Fibers

Coated by Atomic Layer Deposition for

Polymer-Matrix Composites with Enhanced

Thermal and Ultraviolet Resistance

Adapted with permission from Rodrı́guez, R. E.; Cho, T. H.; Ravandi, M.; LePage, W.

S.; Banu, M.; Thouless, M.D.; Dasgupta, N. P. Mechanical Properties of Fibers Coated

by Atomic Layer Deposition for Polymer-Matrix Composites with Enhanced Thermal and

Ultraviolet Resistance. TMS 2020 149th Annual Meeting & Exhibition Supplemental Pro-

ceedings 2020, 4614-4621. Copyright The Minerals, Metals & Materials Society 2020.

In this work, we performed single-fiber microbond tests to study the mechanical prop-

erties of the interface of two fiber-polymer material systems: carbon fiber/epoxy and

Kevlar®/PMMA. Al2O3, TiO2, and ZnO coatings by ALD were used to study the effects of

ALD modification on the mechanical properties at the interface. Furthermore, we demon-

strate that ALD coatings can impart additional benefits, such as protection from radiation

and thermal damage.106 This added capability serves as a proof-of-concept demonstration

that the development of multifunctional composites via ALD surface modification is pos-

sible.
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4.1 Methods

The experimental procedure involved preparing samples for mechanical experiments (Sec-

tion 4.1.1 “Material Systems and Specimen Preparation”). These mechanical experiments

primarily used the microbond method (section 4.1.2 “Microbond Test Setup and Proce-

dure”), and single-fiber tensile tests were also performed to assess fiber degradation during

UV and thermal exposure (section 4.1.3 “Single-Fiber Tensile Tests of Kevlar® Fibers Ex-

posed to Ultraviolet Radiation and Elevated Temperatures”).

4.1.1 Material Systems and Specimen Preparation

4.1.1.1 Carbon Fiber/Epoxy

For the carbon fiber/epoxy material system, unsized HexTow® IM-8 carbon fibers (Hexcel

Corporation; average fiber diameter of 5.2 µm) were used with EPO-TEK® 301 thermoset

polymer (Epoxy Technology, Inc.). Single carbon fibers were separated and cleaned by

soaking in a boiling acetone bath for 10 min, followed by a boiling ethanol bath for 10

min, to remove any organics and contaminants from the fiber surface. The fibers were then

rinsed in deionized (DI) water for 5 min and dried in a vacuum oven at 130 °C for 3 h.

For the single-fiber microbond experiments, microdroplets of the polymer-matrices

(PMMA and epoxy) were added to the fibers. After cleaning and drying, the fibers were

mounted horizontally on a custom frame and glued to a paper tab on one end of the fiber

(Figure 4.1). The paper tabs facilitated the handling of the fibers and helped prevent slip-

page when mounting the samples on the grips of the tensile stage. The uncured polymer

droplets were produced by mixing 1 g of hardener for every 4 g of resin. The uncured

epoxy microdroplets were transferred onto carbon fibers by means of a fiber-to-fiber resin

transfer technique using a “conveyer fiber” (Figure 4.1). A micro-pipet was used to add a

droplet of resin on the conveyer fiber mounted on a paper frame. Next, the fiber was used to

transfer the resin to the original specimen by bringing the fibers into perpendicular contact.
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Figure 4.1: A conveyer fiber was used to place the epoxy droplet onto the sample fibers, which
were mounted on a custom frame with a paper tab attached at one end.

The epoxy droplets were cured in a convection oven at 50 °C for 8 h and post-cured at

room temperature for another 24 h. The droplets were observed in order to confirm that a

symmetric geometry was obtained after curing, and the embedded lengths of the droplets

were measured using an optical microscope. This technique produced consistent droplets

with embedded lengths (Lemb) below 80 µm. Droplets that exceeded this Lemb threshold

required shear forces to debond the interface that exceeded the ultimate tensile strength of

the carbon fiber.

4.1.1.2 Kevlar®/PMMA

Unsized single Kevlar® 49 para-aramid fibers (JPS Composite Materials; average fiber

diameter of 12.6 µm) were extracted, cleaned, and mounted horizontally onto a frame with

paper tabs at the end, in the same manner as the carbon fibers. Polymethyl methacrylate

(PMMA) thermoplastic, with an average molecular weight of 120,000 by gel permeation
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chromatography (GPC), was used as the embedding microdroplet in this material system.

A 3% wt PMMA solution was made by fully dissolving the PMMA powder in chloroform

while stirring and heating to 70 °C for 10 min. After fully dissolving the PMMA, a droplet

was placed on the Kevlar® fibers using the same fiber-to-fiber transfer technique. The

chloroform solvent evaporates as soon as a drop is placed on the fiber, and the solidified

PMMA does not immediately take the shape of an axisymmetric droplet. Therefore, the

samples were heated to 200 °C for 2 h to allow the PMMA to melt and form into the desired

droplet shape. Because the amount of polymer placed cannot be precisely controlled, some

excess of PMMA may extend past the end of the droplet, forming a thin wetting layer.

To remove this wetting layer, the fiber samples were submerged in chloroform for 3 min.

This allowed the wetting layer to be fully etched without dissolving the PMMA droplet.

The samples were then reheated to 200 °C for 1 h, and the final PMMA droplet shape was

obtained. Droplets with embedded lengths greater than 250 µm resulted in the Kevlar®

fibers breaking.

4.1.1.3 ALD Process

A custom-built, hot-wall, cross-flow thermal atomic layer deposition (ALD) reactor [28]

was used for all ALD processes. Argon was used as the carrier gas for all ALD processes

and was set with a flow rate of 70 sccm. For ALD of Al2O3, the ALD reaction chamber was

heated to 130 °C, and the trimethylaluminum (TMA, Sigma-Aldrich) and water precursors

were evaporated from stainless steel cylinders at room temperature. An ALD cycle for

depositing Al2O3 films consisted of a 0.05 s pulse TMA followed by a 30 s argon purge

and then followed by a 0.1 s pulse of water and 30 s more of argon purging. The average

growth rate of Al2O3 on a Si wafer under these conditions was measured to be 1.31 Å/cycle

using spectroscopic ellipsometry.

For ALD of ZnO, the precursor and chamber temperature, the flow rate of the carrier

gas, and the precursor pulse times were the same as those used for Al2O3. Diethylzinc
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Figure 4.2: (a) Low magnification and (b) high magnification SEM images of a carbon fiber coated
with 20 nm of ZnO. (c) Low magnification SEM image of a Kevlar® fiber with 50 nm of Al2O3 and
(d) high magnification SEM images of Kevlar® fiber coated with 50 nm of ZnO. All images show
conformal coverage of the ALD coatings.

(DEZ, Sigma-Aldrich) was used as the precursor. The growth rate of ZnO was measured

to be 1.69 Å/cycle. The chamber temperature was 150 °C for the TiO2 ALD processes.

The carrier flow rates and precursor pulse times were the same as the previous two ALD

processes. The tetrakis(dimethylamido)titanium (TDMAT, Sigma-Aldrich) precursor used

for TiO2 was heated to 75 °C. The growth rate for TiO2 was measured to be 0.74 Å/cycle.

The Kevlar® fibers and carbon fibers were coated after drying in the convection oven (dur-

ing the cleaning process) and before placing the polymer droplets on the fiber surfaces.

The ALD coatings conformally coated both carbon fibers and Kevlar® fibers (Figure 4.2),

demonstrating the power of this technique for interfacial engineering of FRCs.
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Figure 4.3: (a) Schematic of the microbond method. (b) Representative load-displacement curve
of a microbond test. (c) Image of an actual carbon fiber/epoxy sample mounted on the microvise,
with shear blades in position and ready to be tested

4.1.2 Microbond Test Setup and Procedure

The microbond test method was used to quantify the interfacial mechanical properties be-

tween a structural fiber and a polymer-matrix.107–109 The method consisted of a micro-scale,

axisymmetric polymer droplet that was placed on a single fiber, and then debonded by ap-

plying a shear force at the interface of the fiber-polymer (Figure 4.3a). This is an alternative

procedure to the single-fiber pull-out test,110–112 where very small embedded lengths (often

in the micron scale) are necessary to avoid exceeding the ultimate strength of the fiber. The

embedded length was defined as the geometrical length of the resin in the axial direction of

the fiber, and the fiber-polymer interface area (Aint) is calculated as:

Aint = πdfLemb (4.1)

where df is the nominal diameter of the structural fiber and Lemb is the embedded length.

The interfacial mechanical properties were calculated from the interfacial area and the peak

load at debonding (Figure 4.3b). A customized microvise setup, with position-adjustable

shear blades, was designed and constructed to apply the shear load (Figure 4.3c).

The microbond test was performed with the custom microvise on an Instron 3345

universal testing machine equipped with a 10 N load cell. The paper tab region of
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the droplet/fiber specimen was clamped in the upper grip attached to the displacement

crosshead. The shear blade gap was adjusted by first bringing the razor blades into contact

with the fiber and then retracting and adjusting the blade positions a specified distance. The

blades were retracted approximately 2 µm from the contact position of the carbon fibers and

approximately 5 µm from the contact position of the Kevlar® fibers. Accounting for the mi-

crometer resolution accuracy of 2 µm, the blade gap was approximately 6–8 µm for carbon

fiber/epoxy specimens and 15–20 µm for Kevlar®/PMMA specimens. The fiber was then

pulled at a crosshead displacement rate of 0.05 mm/min, and the load was measured until

an abrupt drop in the load was observed, signaling debonding of the polymer droplet. The

peak load at the point of debonding was recorded and used to quantify the strength of the

interface. Post-mortem analysis was performed using optical and/or electron microscopy

to ensure that samples included in the data set failed at the interface and not due to cohesive

fracture of the droplet.

It is common to report the interfacial shear strength as an average value under the as-

sumption of a uniform shear distribution at the interface.113,114 However, it is known that the

shear stress distribution of the fiber-polymer interface is nonuniform during a microbond

test.109,113,115,116 To properly estimate the interfacial shear strength, an understanding of

shear stress distribution at the interface would be necessary, requiring additional and exten-

sive modeling. Variables such as fiber geometry, droplet size, razor blade position, and plas-

ticity are parameters that need to be taken into account,108,109,115,117,118 but these are often

difficult to measure or control experimentally, requiring assumptions to be made that may

introduce multi-variable uncertainties into the model. Therefore, in this work, the experi-

mental data reported will not be referred to as an intrinsic mechanical property—instead,

the data will be denoted as the “force to debond per unit interfacial area” (Pmax/Aint).
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4.1.3 Single-Fiber Tensile Tests of Kevlar® Fibers Exposed to Ultravi-

olet Radiation and Elevated Temperatures

The protection capabilities of ZnO coatings in Kevlar® fibers against elevated temperature

exposure and ultraviolet (UV) radiation were studied. Tensile tests were conducted to eval-

uate the effects of temperature and UV light on the ultimate tensile strength (σult) and work

to failure WF of the fibers. The Kevlar® fibers were cleaned by the same method in section

“Carbon Fiber/Epoxy”, and the ALD conditions for ZnO were similar to section “ALD

Process”, except the precursors that were exposed for a longer period. One cycle of this

ALD recipe consisted of a diethylzinc (DEZ) pulse time/additional DEZ exposure time/Ar

purge/H2O pulse time/additional H2O exposure time/Ar purge, of 0.05 s/10 s/30 s/0.10 s/10

s/30 s. The samples were then exposed to UV radiation (of an intensity of 15 W/m2) for

24 h or to temperatures of 300 °C for 8 h. The tensile properties of the Kevlar® fibers were

tested using an RSA3 Dynamic Mechanical Analyzer (TA Instruments) following ASTM

Standard C1557. The samples were pulled in tension at a constant displacement rate of 5

µm/s until the fiber failed, and ultimate tensile strength (σult) and work to failure WF were

recorded.

4.2 Results and Discussion

4.2.1 Kevlar® Fiber and PMMA

The box plot in Figure 4.4 shows the Pmax/Aint results for the Kevlar® fibers and PMMA.

The average Pmax/Aint of uncoated Kevlar®/PMMA interfaces was 25.0 N/mm2. The aver-

age Pmax/Aint of Kevlar®/PMMA interfaces with coatings of 10 nm Al2O3, 10 nm TiO2, 50

nm Al2O3, 50 nm TiO2, and 50 nm of ZnO was 22.2 N/mm2, 19.8 N/mm2, 19.8 N/mm2,

and 20.9 N/mm2, and 18.0 N/mm2, respectively. The 50 nm ZnO coated samples exhibited

the weakest Pmax/Aint values with an average weakening of 28%, whereas the 10 nm Al2O3
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Figure 4.4: Box plot of the force to debond per unit area of Kevlar®/PMMA samples with and
without various ALD coatings.

coatings had the least detrimental effects on the interface, weakening the interface by an av-

erage of 11%. These results demonstrate that ALD Al2O3, TiO2, and ZnO coatings weaken

the Kevlar®/PMMA interface, and the amount of weakening depends on both thickness and

composition of the coating.

The results illustrate that nanometer-scale coatings of equal thickness, but different

metal oxide composition, may result in significantly different interfacial mechanical prop-

erties. For example, the average Pmax/Aint for coatings of 50 nm thick TiO2 was 6% greater

than the 50 nm Al2O3 coated Kevlar®, whereas fibers coated with 50 nm of ZnO were 11%

weaker. Furthermore, the thickness of the ALD coatings also plays a role in influencing

the mechanical properties at the interface. The average Pmax/Aint for 10 nm thick Al2O3

coatings was 12% stronger than the thicker 50 nm Al2O3 coatings. The opposite trend is

observed for TiO2, where the average Pmax/Aint for thinner 10 nm coatings was 5% weaker
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Figure 4.5: (a) SEM image of a Kevlar®/50 nm Al2O3/PMMA sample after the microbond test.
The Al2O3 coating is not present where the PMMA droplet used to be as confirmed by (b) the EDS
elemental map of Al. (c) SEM image of a Kevlar®/50 nm ZnO/PMMA sample after the microbond
test. Similar to the Al2O3 sample, the ZnO coating is not present where the PMMA droplet used to
be as confirmed by (d) the EDS elemental map of Zn.

than the thicker 50 nm TiO2 coatings. These results highlight the importance of the ma-

terial and thickness control of the coatings on the interfacial mechanical properties of the

Kevlar®/PMMA interface.

SEM analysis was used to inspect the samples after the microbond experiments, in or-

der to observe the morphology of the polymer droplets after they debonded from the fiber.

The PMMA droplets pulled off cleanly from the Kevlar® fibers with no traces of PMMA

residue, for the entire set of Kevlar®/PMMA samples (including the coated samples). In-

terestingly, the ALD coatings were also observed to delaminate from the Kevlar® surface

in the original region where the droplet was bonded to the fiber (Figure 4.5). Both Al2O3

and ZnO coatings (50 nm thick) were absent in the original droplet position along the fiber

surface after the microbond test (Figure 4.5a, c, respectively). EDS elemental mapping

further confirms the absence of Al2O3 and ZnO coatings in the debonding region (Figure
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4.5b, c, respectively).

These post-mortem observations suggest that the PMMA adheres more to the ALD

coatings than the coatings adhere to the fiber. We therefore hypothesize that if the strength

of adhesion between the ALD coatings and the Kevlar® fibers could be enhanced, the

Pmax/Aint could potentially reach or even surpass that of the bare Kevlar®/PMMA. Chen

et al.5 showed that the interfacial toughness was lower when delamination occurred at the

ALD/polymer beam interface than when it occurred at the ALD/epoxy interface. This

also indicates that control of the interface (fiber/ALD or ALD/epoxy) at which crack-

propagation occurs can have a significant impact on debonding force. Future work ded-

icated to modification of the interfacial chemistry between ALD coatings and the Kevlar®

fibers would help identify surface treatments that could promote stronger or weaker adhe-

sion, depending on the targeted application.

4.2.2 Carbon Fiber and Epoxy

The Pmax/Aint was also evaluated for the material combination of carbon fiber and epoxy

(Figure 4.6). The average interfacial Pmax/Aint of bare and 20 nm ZnO coated carbon

fibers with epoxy was 52.6 and 41.2 N/mm2. Similar to the microbond results of the

Kevlar®/PMMA material system, the average Pmax/Aint of the 20 nm ZnO coated carbon

fibers/epoxy weakened by 21.7% as compared to the bare fibers/epoxy. These results

demonstrate that ALD coatings can impact a range of fiber-matrix combinations, and pro-

vide motivation for a deeper understanding of the coupled chemical-mechanical properties

of ALD-modified FRC interfaces.

4.2.3 Statistical Significance Analysis

Statistical analysis was conducted to confirm that ALD coatings have a measurable ef-

fect on the average weakening of the Pmax/Aint. The statistical significance of the Pmax/Aint

measurements for coated fibers was evaluated against the fibers without coatings, using a
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Figure 4.6: Box plot of the force to debond per unit area of carbon fiber/epoxy samples with and
without 20 nm ZnO coatings.

one-tailed t-test. The null hypothesis for this test is that ALD coatings on the fiber-polymer

interface have no direct effect on the Pmax/Aint values obtained. The null hypothesis will

be rejected if the p-value is less than 0.05 (confidence interval of 95%). The calculated p-

values for each ALD coating and material system are listed in Table 4.1. The significance

level criteria previously established are met for all coatings and material systems, and thus,

the null hypothesis is fully rejected, supporting the conclusions that the ALD coatings can

systematically modify interfacial mechanical properties.

4.2.4 Ultraviolet and Thermal Protection

In addition to modification of mechanical properties of fiber-matrix interfaces, coatings

are often used on fiber surfaces to protect them during composite materials processing.

Coatings may also be used to protect a composite from environmental conditions. Polymers

often experience effects of degradation when exposed to extreme radiation or temperatures,
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Table 4.1: t-test results of the statistical significance of the Pmax/Aint from Figs. 4 and 6

COATING t-SCORE DEGREES OF FREEDOM p-VALUE (p < 0.05)
Kevlar®/PMMA
10 nm Al2O3 2.2840 15 0.0187
10 nm TiO2 4.0115 18 0.0004
10 nm TiO2 4.0115 18 0.0004
50 nm Al2O3 4.6399 22 0.0006
50 nm Al2O3 4.6399 22 0.0006
50 nm TiO2 3.6861 12 0.0004
Carbon fiber/epoxy
20 nm ZnO 4.0030 8 0.0020

which can often limit their use. Coatings that can protect a polymer-matrix or polymer fiber

from these detrimental effects would enable the use of polymer composites in wider range

of applications.

The ability of ALD ZnO coatings to protect Kevlar® fibers from ultraviolet (UV) radi-

ation thermal degradation was evaluated by measuring the ultimate tensile strength (σult)

and the WF of the fibers (Figure 4.7). UV light exposure, of an intensity of 15 W/m2 for

24 h, reduced the average σult of uncoated fibers by 24% and the average WF by 46%.

Furthermore, uncoated fibers that were exposed to an ambient temperature of 300 °C for 8

h experienced a decrease in σult by 30% and a decrease in WF by 46% (Figure 4.7). In con-

trast, Kevlar® fibers with a 50 nm coating of ZnO by ALD had a negligible change in the

average σult (0% difference) and the average WF (2% lower) after the same UV treatment.

Similarly, Kevlar® fibers with the ZnO coatings reduced the impact of thermal degradation

in the average σult (12% weaker) and increased the average WF (11% higher). It is also

evident that the ZnO coatings did not influence the average σult significantly (3% stronger),

but did slightly increase the average WF (11% higher). The UV protection capabilities

shown here are consistent with previous work from Azpitarte et al.106
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Figure 4.7: (a) Ultimate tensile strength (b) and work to failure of the Kevlar® fibers exposed to
ultraviolet radiation and 300 °C temperatures, with and without 50 nm ZnO coatings by ALD, were
obtained.

4.3 Conclusion

Understanding the interfacial properties is crucial to predict the overall mechanical proper-

ties of FRCs. The ability to tune the interfacial properties, not only in PMCs but also CMCs,

presents an opportunity to develop engineered structural composite materials designed with

specific macroscopic mechanical properties. In this study, we explored the effects ALD

coatings have on the interface of two distinct fiber-polymer material systems. We demon-

strated ALD can conformally coat Kevlar® fibers and carbon fibers with sub-nanometer

thickness control, and that this level of thickness control can influence the interfacial prop-

erties of both material systems (Kevlar®/PMMA and carbon fiber/epoxy). Furthermore, we

showed that the mechanical response of ALD coated fibers depends on coating thickness

and composition. It was observed that the ALD coatings preferentially delaminated from

Kevlar® fiber surfaces, indicating that the adhesion of the coatings to the matrix was higher

than the adhesion of the coatings to the fiber surfaces. Functionalization of the fiber sur-

faces, such as electrochemical oxidation or plasma treatments, presents an opportunity to
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further enhance the adhesion between the coatings and fibers.

Finally, it was demonstrated that ALD coatings could be used to impart additional ben-

efits beyond tuning interfacial bonding. As a proof-of-concept, we showed that deposition

of 50 nm of ZnO by ALD can protect Kevlar® fibers from ultraviolet light degradation and

thermal degradation. This model material system demonstrates that ALD coatings could

enable opportunities to produce multifunctional composites, bringing forth an exciting new

field of research and development.
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Chapter 5

Multifunctional Polymer-Matrix Composites:

Electrically Conductive Kevlar Fibers by Atomic

Layer Deposition

Fiber-reinforced composites (FRCs) are low-density materials that have been widely used

as structural components in high-performance automotive and aerospace vehicles. FRCs

can be designed to have a high specific strength, stiffness, and/or toughness, and their

lightweight characteristics can offer significant improvements in performance and fuel ef-

ficiency. Over the past two decades, a variety of multifunctional composites have been

developed119 including structural batteries and supercapacitors120,121 structural health mon-

itoring,122,123 structural electronic devices,124 electromagnetic interference shielding,125,126

and self-healing materials.127–129 Imparting additional functionality to FRCs while main-

taining their lightweight and structural qualities is highly desirable to save space and aug-

ment the performance of automotive and aerospace vehicles.130

To enable multifunctionality in FRCs, there is a need to modify non-structural proper-

ties such as thermal and electrical conductivity. This is often achieved through the inclusion

of additives or coatings. For example, to design FRCs that also function as an electronic

device, constituents with electrically conducting and semiconducting qualities are neces-

sary. However, polymer-matrix composites (PMCs) are generally electrically insulating,

which often necessitates the inclusion of electrically conductive additives. For FRCs, rein-

51



forcements that are intrinsically conductive, such as carbon fibers, may be used. However,

restricting the materials selection to intrinsically conductive fabrics may significantly limit

the material design flexibility. For example, while the conductance of a carbon-fiber re-

inforced PMC can be increased by increasing the volume fraction of the fibers, this also

impacts its density, stiffness, and strength. In composites where all constituents are electri-

cally insulating, a common strategy to impart conductivity is to mix electrically conductive

additives such as carbon black,131–133 graphene,134,135 or carbon nanotubes136,137 into the

matrix. However, such additives tend to affect the bulk mechanical properties and density

of the final product,138–140 which may not be desired. Furthermore, the distribution of these

additives may not be uniform in composites that use braided/woven fabrics, resulting in

inhomogeneous mechanical and electrical properties.137 Therefore, there is a desire to de-

couple the electrical response of the composite from its mechanical properties, enabling

improved control of materials by design.

A potential method to tune electrical conductivity without significantly affecting stiff-

ness, strength, and density is to modify the surface of the reinforcement with a thin, uni-

form, and conformal conductive coating before incorporation into the matrix. Chemical va-

por deposition (CVD)141–143 and electrophoretic deposition144 have been explored as meth-

ods for coating fabrics. However, many thin-film deposition methods suffer from tradeoffs

between conformality, uniformity, and precise thickness control at the nanoscale, especially

when coating 3-D topologies with high aspect-ratios. This highlights the need for coating

processes that maintain precise control and tunability of thickness and composition when

coating fibers, tows, and fabrics that are used in PMCs.

Among the potential thin-film deposition techniques, atomic layer deposition (ALD)

provides unparalleled conformality with sub-nanometer resolution in material thickness

and composition, which are ideal characteristics when coating complex 3-D topologies

such as woven fabrics.43,85–89 ALD is a vapor-phase deposition technique that utilizes two

or more precursors that react with the substrate in a self-limiting manner that is not line-
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of-sight dependent. The precursors react in sequential steps, allowing for precise tuning of

film thickness and composition. Additionally, a wide range of materials can be deposited

using ALD,96 including ceramics, metals, and polymers. This broad materials selection

allows for the design of materials with specified properties, representing a powerful method

for incorporating multifunctionality into composites.98 Previous works have demonstrated

that ALD can conformally coat fibers,145–148 and that they can be made conductive.149–151

Furthermore, the effects interconnected fibers in woven152 and non-woven fabrics on their

conductive properties have been studied.153 However, the use of ALD to impart electrical

conductivity into PMCs has not been previously studied, which represents an important step

towards multifunctional composites by design. Moreover, there is a need to quantify the

coupled mechanical and electrical behavior of these multifunctional PMCs under applied

loads, in order to identify the design constraints and criteria for co-optimization of their

functional and structural properties.

In this work, we use ALD to impart electrically conductivity onto Kevlar® 49 (K49)

woven fabrics by coating them with aluminum-doped zinc oxide (AZO). AZO was se-

lected as the coating material because it has a low electrical resistivity (∼10-3 Ω-cm)154,155

and can be deposited at relatively low temperatures (< 150 °C), which minimizes physical

damage to the K49 fabric. The conductive properties of the coated fabrics were measured

as a function of ALD film thickness at the single fiber, single tow, and woven fabric lev-

els. The trends in thickness-dependent conductivity were explored with scanning electron

microscopy/focused-ion beam (SEM-FIB) analysis. The coated fabrics were integrated into

PMCs with an epoxy matrix using a vacuum-assisted resin transfer molding (VARTM) pro-

cess.156 The mechanical properties of the PMCs were evaluated, and their multifunctional

properties were characterized through in situ measurements of electrical conductivity dur-

ing tensile testing. The change in electrical response with increasing strain was analyzed,

which was described with a fracture mechanics model. The results of this study highlight

the importance of precise thickness control and conformality in the coating of multifunc-
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tional composites, and explore the role of thin-film mechanics in controlling the limits of

functional interlayers under applied loads.

5.1 Experimental Methods

K49 fabrics in a 351-style plain weave (JPS Composite Materials, Corp.) were used for

this study. The single fibers, single tows, and woven fabric samples were extracted and

cleaned as described in Appendix A. A custom-built, hot-wall, crossflow atomic layer

deposition (ALD) reactor155 was used. The precursors were diethylzinc (DEZ, 52 wt.%

Zn, Sigma-Aldrich), dimethylaluminum isopropoxide (DMAI, 98% (99.99+/-Al), Strem

Chemicals, Inc.), and deionized water. The ALD reactor was heated to 130 °C, the DMAI

source was heated to 65 °C, and the DEZ and water were kept at room temperature. Ar-

gon (99.999% purity) was used as the carrier gas at 70 sccm. The recipe for AZO coating

consisted of repeating a sequence of precursor-A/argon/precursor-B/argon. For the ternary

AZO growth, this sequence represents a “subcycle”, which is integrated into a “supercy-

cle” recipe. The ratio of ZnO:Al2O3 subcycles within a supercycle controls the final Zn:Al

ratio in the ALD film.155 DEZ and DMAI are precursor-A for their respective subcycles

and precursor-B uses DI water for both cases. The time sequence for both subcycles was

0.05 s/45 s/0.10 s/ 45 s. One supercycle consisted of a ratio of 15:1 DEZ:DMAI subcycles.

The average growth rate of AZO on Si wafers was measured to be 29.6 Å/supercycle or 1.9

Å/cycle using spectroscopic ellipsometry. The total number of supercycles was adjusted

in each run to achieve a targeted AZO thickness between 40-200 nm. Scanning electron

microscopy (SEM), x-ray photoelectron spectroscopy (XPS), x-ray diffraction (XRD) were

used to confirm the composition and phase of the AZO coating on the K49 fabrics (Figures

A.1-A.1). After coating the K49 single fibers, tows, and fabrics to specified thicknesses,

their electrical resistance was measured with an SP-200 Biologic potentiostat using a four-

point probe157 (details in Appendix A).
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Single-ply PMCs were manufactured using the vacuum-assisted resin transfer mold-

ing (VARTM) method (details in Appendix A). The matrix polymer was a bisphenol A,

low-viscosity epoxy resin (R-3501, Composite Envisions, LLC) and hardener (H-5000-01,

Composite Envisions, LLC). VARTM was performed at room temperature and the epoxy

was set for 36 hours to ensure proper curing. Composite strips with in-plane dimensions

of 11 mm × 140 mm were prepared for tensile testing, and tabs were added per ASTM

standard D3039/D3039M. Tabs were added to the sample per ASTM D3039/D3039M. In

order to contact the conductive fibers at the ends of the composite, silver paste was applied

to exposed ends of the fabric, as described in Appendix A.

The composites were loaded in tension while measuring the electrical current in situ

with a constant applied voltage of 5V. The tensile stage used was an Instron 4301 with a ±10

kN load cell (2525-804, Instron) and custom-made grips. The major principle strain (ε11)

in the sample was measured by 3-D digital-image correlation (DIC),158–161 using Vic-3D 7

software (Correlated Solutions, Inc.) and two machine-vision cameras (GRAS 50S5M-C,

Point Grey) with 75 mm lenses (HF75SA-1, Fujinon) and 10 mm extension tubes (Figure

A.6). A speckle pattern was painted on the sample for DIC (Figure A.7) by air-brushing

black paint speckles (carbon black color, Golden, Inc.) over a white paint background

(titanium white color, Golden, Inc.). A schematic of the prepared sample can be found in

Figure A.8.

5.2 Results and Discussion

The targeted thicknesses of the AZO coatings on K49 was 80 nm, 120 nm, 160 nm, 200

nm. This was in close agreement with the measured thicknesses of 83 nm, 119 nm, 158

nm, 192 nm using spectroscopic ellipsometry on adjacent Si pieces. These measurements

were also consistent with SEM-PFIB cross-sectional analysis of the coated fibers. The

AZO coatings uniformly coated the entire surface of the exposed K49 fibers (Figure 5.1a
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Figure 5.1: SEM of a) top-down view of K49 woven fabric coated with 200 nm of AZO, b) SEM-FIB
cross-section of K49 fabric coated with 200 nm of AZO, and c) of 120 nm AZO-coated K49 fabrics
embedded in epoxy after VARTM.

and Figure 5.1b). This illustrates the utility of ALD to enable conformal coatings with

precise control of thickness on three-dimensional, high-surface-area fiber substrates with

overlapping geometries. Furthermore, the coating is preserved after embedding the fibers in

an epoxy matrix via VARTM (Figure 5.1c), demonstrating the applicability of this approach

for interfacial engineering of PMCs.

The average resistivity of planar AZO films deposited on glass was measured to be 2.3

mΩ-cm with a standard deviation of +/- 0.4 mΩ-cm using a four-point probe,157 which is

considered to be a material property of the coating. However, for the application of ALD

coatings in multifunctional fabrics and composites, it is also meaningful to measure an

effective resistivity,162–165 based on the total cross-sectional area of the coated sample. The

effective resistivity for single fibers, tows, and fabrics was calculated using Equation 5.1:

ρe = R
Aeff
s

(5.1)

where R is the experimentally measured resistance, Aeff is the effective cross-sectional area

(area of AZO coating plus substrate), and s is the probe spacing (s = 12 mm). The values of

Aeff for single fibers (Afib), tows (Atow), and woven fabrics (Afab) are provided in Appendix

A.

The measured values of effective resistivity can be compared to a theoretical limit,
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Figure 5.2: The experimental resistivity (ρe) and theoretical limit of resistivity (ρt) for a) single
fibers, b) tows, and c) fabrics coated with varying thicknesses of AZO.

which would be the expected value if all of the coated surfaces in the 3-D geometry fully

contribute to electrical conduction. The theoretical limit of effective resistivity is thus de-

fined by Equation 5.2:

ρt = ρAZO
Aeff
AAZO

fL (5.2)

where ρAZO is the measured resistivity of planar AZO films, AAZO is the cross-sectional area

of only the AZO coating, and τ f is a tortuosity factor that considers the fact that in a woven

fabric, the total length of the individual fibers is longer than the fabric length, because of

the waviness of the weave. The τ f for the fibers and the tows was 1, and the τ f of the woven

fabric was estimated to be 1.006 based on the weave geometry.

The measured ρe values for the fibers, tows, and fabrics as a function of AZO thickness

are shown in Figure 5.2. For all three sample geometries, the average ρe monotonically de-

creases as the thickness of the coating increases. This is expected, because AAZO increases

as the ALD coating thickness increases.

As observed in Figure 5.2a, deviations between ρe and ρt for the single fibers are ob-

served. We hypothesize that this deviation is a result of microscopic cracks or flaws present

in the coating along the fiber length, which likely form during the sensitive handling of sin-

gle fibers. The theoretical limit assumes the ALD coating to be a perfectly continuous

shell. Therefore, any microscopic flaw, such as a crack, will result in a “bottleneck” for
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local current flow (Figure A.9), increasing the measured resistance. When the thickness

of the coating was further reduced to 40 nm, an order-of-magnitude increase in ρe was ob-

served. Therefore, 80 nm was chosen as the minimal thickness to achieve sufficiently low

electrical resistivity in this study.

The tows exhibit a similar trend of decreasing ρe with increasing ALD film thickness.

As the thickness increases, ρe converges to ρt (Figure 5.2b). However, for thinner coatings,

the deviation between ρe and ρt increases substantially. For example, the tows coated with

158 nm and 192 nm of AZO exhibit a percent difference of 24.3% and 15.7%, respectively

(further details in Appendix A). Comparatively, the percent difference for the tows coated

with 83 nm of AZO was almost 900%.

The dependence of ρe on thickness for the tows can be rationalized by considering

the interconnectivity of adjacent fibers in the tow. This interconnected network between

adjacent fibers in a tow allows for additional charge pathways and improved percolation,

which reduces the resistivity of the sample. In the limit that all fibers within the tow fully

contribute to the conductance, ρe converges to ρt. The interconnectivity between fibers

can be visualized using SEM-FIB imaging (Figure 5.3a-b). Figure 5.3a shows a FIB cross

section of multiple adjacent fibers within a tow, where the ALD shell merges and forms

contact points. Figure 5.3b shows a region of a shell in a fiber that had detached from an

adjacent fiber during handling. Grooves along the longitudinal direction are associated with

prior line contacts between two cylindrical fibers, and a local delamination is visible along

one of the groves, indicating that the continuous ALD shell detached when the adjacent

fiber was removed.

Thicker AZO coatings will facilitate a higher number of bridged connections, enhanc-

ing percolation, and improving the conductive properties of the coated tows. Furthermore,

thicker coatings are more likely to have a larger bridged contact area for each connection

point (Figure 5.3c-d), which would reduce the contact resistance between adjacent fibers.

These bridged connections between fibers will also make the conductive pathway more
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“defect tolerant”, because if a bottleneck to current flow (such as a flaw in the ALD coat-

ing) exists along a single fiber, the current can follow a parallel pathway. This can help

to rationalize the observation of improved agreement between ρe and ρt for thicker coat-

ings (160-200 nm) in the tows (Figure 5.2b) compared to the single fibers (Figure 5.2a). A

quantitative comparison of the percent difference for single fibers, tows, and fabrics with

varying thicknesses is provided in Table A.1.

In addition to the fiber-fiber contact resistance, another factor that will influence the

experimentally-measured ρe is the contact to the metal electrodes used for the electrical

resistance measurements. To form a metal contact in this study, silver paint was applied to

the fibers, tows, and fabrics. While the liquid paint can diffuse into larger voids between

fibers, interior fibers in the tows and fabrics will rely on fiber-to-fiber bridged connections

in order to contribute to the overall conductive network (Figure A.10). The metal contact

does not directly contact each individual fiber, which amplifies the deviation between ρe

and ρt with decreasing thickness. because only those fibers within the network that have a

pathway to the electrode will contribute to conduction. Thicker coatings increase the prob-

ability and number of sites with bridged connections, which increases the interconnectivity

within the tows and fabrics. This further highlights the importance of the electrical contact

in manufacturing multifunctional composites where the functional layer is confined to the

interphase region.

Similar trends to those observed for the individual tows were observed in the resistivity

data for the woven fabrics (Figure 5.2c). As the coating thickness increases, the measured

ρe values converge to the theoretical limit. For example, the difference between ρe and ρt

for the fabrics coated with 158 nm and 192 nm films was 64.8% and 44.7%, respectively.

Once again, owing to the percolation effects described above, these values are closer to the

theoretical limit than the corresponding values for single fibers. However, in addition to the

improved percolation within a tow, for the woven fabric, there are also tow-to-tow contact

regions that overlap between the longitudinal and transverse weave directions.
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Figure 5.3: a) SEM-FIB imaging of three parallel K49 fiber coated with 200 nm of AZO with
bridged connections, and b) a top-down view of a K49 fiber coated with 120 nm of ZnO after merged
parallel fibers detached (orange false color added to highlight exposed surface of K49 fibers). c)
Schematic of K49 fibers with bridged AZO coatings 80 nm and d) 200 nm thick that are equally
spaced.

Overlapping, perpendicular fibers that contact one another also contain bridged AZO

connections, as confirmed by SEM imaging (Figure A.11). Because of this overlapping ge-

ometry, the electrical current may follow multiple paths. For simplicity, one of the assump-

tions made for the theoretical limit (ρt) of the fabrics was that only longitudinally-aligned

tows (0° direction) contribute to the resistance, whereas the transversely-aligned tows (90°

direction) did not. This is a reasonable assumption because the contacts were formed such

that the applied voltage was along the longitudinal direction, which explains the good con-

vergence between the experimental and theoretical values in this study. However, as the

complexity of the fabric network increases (such as non-orthotropic weaves), electrical

transport within the fabrics will be determined by a weighted statistical distribution over

all possible charge paths.

In addition to the fabrics, the conductive properties of PMCs were analyzed after em-

bedding the coated fabrics in an epoxy matrix via the VARTM process. The ρe of the

composites follows the same trend that was observed with the woven fabrics up to 160 nm,

indicating that the electrical properties were preserved after fabrication (Figure 5.4). The

200 nm thick sample exhibited a slight increase in the average and standard deviation of

effective resistivity, which we attribute to minor damage of the coating, as a result of slight

bending during the handling process after fabrication. The single-ply composite (which
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Figure 5.4: ρe and ρt values for fabricated composites using fabrics coated with different thick-
nesses of AZO (calculated using Equation 5.1 & 5.2, where s = 114 mm).

is approximately 0.2 mm thick) is prone to bending during manufacturing. As a conse-

quence of this bending strain, thicker coatings are more likely to fracture, which leads to

the slightly higher variation in ρe observed. The relationships between thickness of the

coating and its fracture behavior will be discussed in further detail below. Overall, the

electrical conductivity imparted by the coatings was preserved after the VARTM process,

which is consistent with cross-sectional SEM analysis (Figure 5.1c).

To study the mechanical response of the ALD-modified composites, the samples were

mechanically loaded in tension until failure. This allowed for a determination of the im-

pact that the coatings had on the bulk stress-strain response (Figure 5.5). The samples all

fractured within the gauge region. In the uncoated sample, a slight non-linearity was ob-

served in the stress-strain response, where the modulus increases with increasing strain up

to ∼2.0%, after which linear-elastic behavior is observed. This “tension-stiffening” effect

may be attributed to straightening of the woven fibers in the longitudinal direction under

applied tension. In contrast, the coated composites exhibit a linear-elastic response above
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Figure 5.5: a) Stress-strain curves and b) ∆R/R0-strain curves for K49-epoxy composites with
varying thicknesses of AZO coatings on the K49 fabrics.

∼0.4% strain. We hypothesize that the AZO coatings may contribute to this improved

linearity at lower strains as a result of the bridged connections, which could increase the

shear resistance and restrict the sliding of the fibers. In general, the modulus was consis-

tent among all of the samples, with minimal variation as a function of coating thickness.

Furthermore, the experimental stress-strain response from these experiments was within a

consistent range of expected modulus values, which was based on the fiber volume fraction

(∼0.25-0.30) and moduli of K49 (112 GPa) and epoxy (1.26 GPa). Moreover, no clear

correlation between the AZO thickness and the ultimate tensile strength or ultimate tensile

strain were observed. These results demonstrate that ALD is an effective means of impart-

ing multifunctionality into PMCs, which can be achieved without deleterious effects on

their bulk mechanical properties.

The in situ electrical response of the PMCs as a function of applied strain was also

studied. A significant change in the measured electrical resistance was observed under

increased tensile loading (Figure 5.5b). This change was quantified according to Equation

5.3:

∆R

R0

=
R (ε11)−R0

R0

(5.3)
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Figure 5.6: Post-mortem SEM cross-section of a composite loaded to failure, with K49 fabric
coated with 120 nm of AZO. The load was applied horizontally with respect to the plane of the
image. (Selective adjustments of contrast and brightness were done to highlight the cracks).

where R(ε11) is the measured resistance as a function of strain, and R0 is the initial resis-

tance at a strain value of zero.

∆R/R0 was observed to increase as the principal strain (R(ε11)) increased (Figure 5.5b).

To investigate the origins of this increase in resistance, post-mortem SEM-FIB imaging was

performed. Figure 5.6 shows a FIB cross-section of an exposed ALD coating on a fiber sur-

face, where the tensile load was applied in the horizontal direction (along the fiber axis).

Channel cracks in the coating are observed, which primarily occur along the circumference

of the fiber (perpendicular to the applied load). We attribute the increased resistance un-

der tension to the formation of these cracks, which impede current flow and decrease the

number of continuous charge pathways. However, the composite can maintain some of its

conductivity even after cracks have formed, because the bridged connections between the

fibers enables alternative pathways for current flow throughout the interconnected network.

The impact of crack formation in the coating on electrical transport within the compos-

ite is illustrated in Figure 5.7. According to the principles of thin-film fracture mechanics,

when the critical stress for the onset of fracture is reached within the coating, crack forma-

tion will initiate.166,167 As strain continues to increase, additional cracks will form, which

further disrupts the electrical conduction pathways.168

To provide a qualitative visual-aid of these trends, a 3-D model was developed using

COMSOL Multiphysics (Figure 5.7). The model is simplified, using only five fibers aligned

along a plane. The applied voltage at the boundaries was consistent among the three panels.
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Figure 5.7: Schematic illustration and associated COMSOL model for qualitative visualization of
charge pathways within a simplified tow of five fibers (not to scale). Left, a representative behavior
of a coated fabric with no applied load; middle, as the load increases and cracks begin to form in
the coating, the path of least resistance will be facilitated by alternative pathways through bridged
connections between fibers, resulting in an increase in resistance; right, upon further loading, an
increased density of cracks will result in fewer viable conductive paths, increasing the tortuosity of
viable charge pathways and the associated resistance.

On the left panel of Figure 5.7, before the onset of cracking, the current flows uninterrupted

along the continuous coating. As cracks begin to form, the electrical resistance of the

individual fibers increases. In the extreme case where a circumferential crack completely

isolates two sections of the coating, the current flow through an individual fiber will halt.

As a consequence of these increases in the resistance of individual fibers, the path of least

resistance through the fiber network will evolve. Specifically, bridged connections between

adjacent fibers are required to provide alternative pathways.

As the number of cracks grows under increasing stress, the number of possible path-

ways will continue to decrease resulting in a monotonic increase in the electrical resistance.

The tows in the K49 fabric used in this study contain over 200 fibers that are closely packed,

which allows for the composite to maintain a percolated network of charge pathways even

when the crack density along the AZO coating is significant. This is analogous to the

increased tolerance to defects for tows and fabrics described previously, where bridged

connections between fibers can compensate for bottlenecks to current flow within single

fibers.

As described above, the electrical response as a function of strain in the composites

64



Figure 5.8: Representative ∆R/R0 vs. strain curves for PMCs with thin (80 nm) and thick (200
nm) AZO coatings. The onset fracture of the coating occurs sooner for the thicker coating. As
strain continues to increase, both the accumulation of cracks and the rate increase of the electrical
resistance will be larger for the thin coating.

varied with the thickness of the coating (Figure 5.5b). Initially, there is minimal change

in resistance with strain. As the strain increases to approximately 0.7%-1.2%, a gradual

increase in ∆R/R0 is observed, with an earlier onset for samples with thicker coatings.

As the strain continues to rise, we observe a further increase in the slope of ∆R/R0. The

slope of the curve in this higher-strain range (greater than 1.5%) becomes larger as the

film thickness decreases. At the point where bulk fracture of the composite occurs, the

final value of ∆R/R0 monotonically decreases with increasing coating thickness. These

observations, which are summarized in Figure 5.8, suggest that multiple competing factors

are at play when determining the thickness dependence of ∆R/R0.

To rationalize the competing effects in the cracking behavior for different coating thick-

nesses, we consider the theory of fracture mechanics of thin films on infinitely large sub-

strates. A channeling crack will propagate in the coating at a critical onset stress. The

coated fabric is modeled as a homogenous linear-elastic system, because the Young’s mod-

ulus of K49 fibers (112 GPa) is sufficiently close to the Young’s modulus of ZnO (143
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GPa).169 The embedded epoxy has a lower modulus of 1.26 GPa, and thus for simplicity

it was not considered in this analysis. The critical stress in the coating (σc) can then be

described as follows:166,167

σc =

√
KIc

2

1.98t
(5.4)

where KIc is the mode-I fracture toughness under plane-strain conditions and t is the thick-

ness of the coating. Because KIc is proportional to 1/t0.5, thicker coatings will have a lower

critical stress. This correlates well with our experimental observations, wherein the initial

increase in ∆R/R0 occurs at lower strain values as the coating thickness increases (Figure

5.5b, Figure 5.8). We note that this initial increase will be statistical in nature, since the

local stress along the individual fibers (as well as the initial defect distribution within the

coatings) will vary slightly throughout the woven composite. However, the cumulative ef-

fect of multiple fibers experiencing the onset of fracture at low strain values will result in

the net increase in measured resistance.

As the strain in the samples continuously increases, a sharper rise of the slope of ∆R/R0

vs. strain is observed as the coating thickness decreases (Figure 5.5b, Figure 5.8). The for-

mation of additional cracks in the film depends on the stress and the inter-crack spacing.

Both of these factors depend on the coating thickness. Previous modeling work has de-

scribed the theoretical equilibrium crack spacing (sequil) for a linear-elastic, homogeneous

system with a perfectly bonded interface.168 This can be expressed as:

sequil
t

= 5.6

√
KIc

σf 2t
(5.5)

where σf is the stress in the coating. Contrary to Equation 5.4, sequil is proportional to t0.5.

Therefore, sequil will be larger for thicker films. This is consistent with the observation that

the measured resistance of the composites rises faster with applied strain in the composite

samples with thinner films. As shown in Figure 5.7, as inter-crack spacing decreases, the
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pathway for electronic transport becomes more limited. An additional contributing factor to

this trend is the fact that composites with thicker coatings have a higher number of bridged

connections, forming a more robust percolation network. This also helps to explain the

fact that the final measured ∆R/R0 after bulk fracture of the composite is lower for thicker

coatings.

The relationships described herein between strain and electrical conduction can be used

in the future to guide and inform the design of PMCs with interfacial coatings using ALD.

In particular, we identify the acceptable strain limits under an applied load that are allow-

able to maintain sufficient conductivity (and continuity), which can be adjusted by varying

the coating thickness. Depending on the targeted application, this may also lead to design

tradeoffs, where control of thickness may also be important to the functionality itself. For

example, as we show in Figures 5.2 and 5.4, effective resistivity decreases with increas-

ing thickness. In applications where a large electrical current is passed, a lower resistance

may be needed to avoid a large voltage drop and excessive Joule heating, which may ne-

cessitate a thicker coating. As shown in Figure 5.5b, while thicker coatings maintain a

higher fraction of their initial conductivity at failure, they start to deviate in resistivity at

lower strains. Therefore, depending on the predicted load profile that the composite will

experience during service, this sets up a multi-dimensional optimization problem.

In addition to the coating serving as a component in a multifunctional composite, the

change in resistance with strain could also be used for structural health monitoring. Be-

cause cracking leads to permanent changes in ∆R/R0, the resistance can serve as a record

of maximum load experienced during operation. The sensitivity of this increase can be

tuned by varying the coating thickness. This could be particularly useful as a signal to

warn of the potential for catastrophic failure, since the range of ∆R/R0 spans several orders

of magnitude before bulk fracture of the composite occurs. Because the coating has min-

imal impact on the elastic response of the coating (Figure 5.5a), this change in resistance

can provide a warning signal as we approach catastrophic failure (Figure 5.5b).
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5.3 Conclusion

This work demonstrated the ability to impart electrical conductivity into electrically-

insulating fibers, fabrics, and PMCs through interfacial modification. The use of ALD

facilitates sub-nm precision in coating thickness on complex fabrics, which can be used to

tune the effective resistivity. Specifically, we show that the influence of thickness on resis-

tivity depends both on the conduction through individual fibers, as well as the percolation

through a fiber network, which is dependent on the number of bridged connections. This

percolation effect allows for increased tolerance to defects in individual fibers, by providing

alternative current pathways.

The conductive properties of the coated fabrics were maintained after they were embed-

ded in an epoxy matrix using the VARTM method, illustrating the utility of this approach

for the design and manufacturing of multifunctional composites. The composites were

loaded in tension to failure, and the resulting changes in the electrical resistance were ob-

served. These changes were attributed to crack formation in the conductive coating. The

relative change in resistance was studied as a function of thickness, and two competing

effects were observed. Specifically, the onset of cracking at low strain values occurs ear-

lier as the coating thickness increases. However, the rate of increase in crack formation at

larger strains was faster as thickness decreases. Additionally, the samples with the thicker

coatings have a larger number of bridged connections, which helps to maintain electrical

conductance even as cracks form.

Overall, the insights from this study can be useful when designing multifunctional com-

posites. Specifically, the influence of coating thickness on the coupled electrical and me-

chanical response of the system can define the limits of useful operation, which may also

be useful for structural health monitoring. In this study, AZO was selected as a model sys-

tem owing to its high electrical conductivity. However, given the diverse set of materials

that can be deposited by ALD, this platform can be extended in the future to manufacture

more complex devices within a composite framework, including electronics, energy stor-
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age, and optoelectronics. Beyond tuning the functional properties of the coating materials,

this work also illustrates the importance of thin-film mechanics in designing such devices,

which must be simultaneously optimized to ensure optimal performance under the targeted

loading conditions.
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Chapter 6

Biotemplated Morpho Butterfly Wings for

Tunable Structurally Colored Photocatalysts

Adapted with permission from Rodrı́guez, R. E.; Agarwal, S. P.; An, S.; Kazyak, E.; Das,

D.; Shang, W.; Skye, R.; Deng, T.; Dasgupta, N. P. Biotemplated Morpho Butterfly Wings

for Tunable Structurally Colored Photocatalysts. ACS Appl. Mater. Interfaces 2018, 10

(5), 4614-4621. Copyright (2018) American Chemical Society.

In photonic applications, there has been widespread interest in studying the structural

coloration observed in Morpho butterfly wings. Structural coloration relies on photonic

resonances rather than pigmentation, resulting in constructive interference of visible light

bands. Small scales on the Morpho’s wings contain ribbed lamellae layers that form tree-

like hierarchical structures that are ordered in a periodic manner.170 The nanostructures

selectively interact with specific wavelengths, which produces the characteristic blue iri-

descence of the Morpho butterfly.

The hierarchical nanostructures found in butterfly wings also make them interesting

materials to study for functional applications. For example, butterfly wings have been

used in optical gas sensors,30 solar cells,171 infrared detectors,172 photocatalysts,173 surface-

enhanced Raman spectroscopy (SERS) substrates,174 and more. In photocatalysis and pho-

toelectrochemistry applications, hierarchical nanostructures have demonstrated enhanced

performance due to a favorable combination of enhanced light absorption, reduced trans-

port lengths, and high surface areas for favorable charge transfer kinetics.36,175 This has
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motivated efforts to harness the natural nanostructures in butterfly wings as a template to

impart and optimize photocatalytic performance.26,176

Herein, we demonstrate a biotemplating approach to rationally design Morpho butter-

fly nanostructures with optimized photocatalytic activity in the UV regime while simul-

taneously tuning visible light reflection to impart aesthetic appeal. These multifunctional

materials are inspired by recent work on photovoltaics (PVs), where structural color was

used to tune aesthetic properties for applications such as decorative colored solar cells for

building-integrated PVs.177–179 Here, we apply this concept to the field of photocatalysis,

which would enable integration of water purification systems into decorative buildings,

signs, and structures. However, the ability to integrate photocatalytically active semicon-

ductors into the complex hierarchical structure of Morpho wings is limited using traditional

approaches.

To address this challenge, ALD is a powerful coating technique based on self-limiting

surface reactions,43,46 which enables deposition of conformal thin-films onto 3-D surfaces

while precisely maintaining the structural form of the underlying template. ALD provides

an unparalleled degree of precision and tunable control of film thickness and composition.

Furthermore, ALD processes often occur at temperatures below 300 °C, which allows for

coating of temperature-sensitive biological and organic templates.180 ALD has been ex-

plored for a range of biotemplating examples, including tobacco mosaic virus templating

of nanotubes,181 DNA functionalization for carbon nanotube (CNT) transistors,182 and im-

proving the toughness of spider silk.148

Despite these benefits, there have been relatively few examples that use ALD for

biotemplating in solar energy harvesting applications.148,183–185 The pioneering study of

ALD biotemplating of Morpho butterflies utilized electrically insulating Al2O3 as a proof-

of-concept coating to tune the optical reflectivity.186 To date, this approach has been lim-

ited to “passive” coatings, rather than integration of functional materials for targeted ap-

plications.187–189 Another butterfly species, Papilio blumei, was coated with ALD TiO2
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and demonstrated tunable structural coloration, which was supported by simulations of the

modulated optical properties, but no functional device was proposed or demonstrated.190

Here, we demonstrate the ability of ALD biotemplating to manufacture structurally

colored water purification photocatalysts from Morpho sulkowskyi butterfly wings (Figure

6.1). The precise tunablility of ALD enables rational design of both structural color in the

visible regime and photocatalytic activity in the ultraviolet. Using a combined experimental

and computational approach, the relationships between film thickness and photocatalytic

activity are elucidated. We observed an optimal thickness, which is attributed to the trade-

offs between light absorption and catalytic quantum yield.

Figure 6.1: (a) ALD coatings on Morpho butterfly wings enable multifunctional photocatalysts for
water purification that also allow for tunable structural color for aesthetic appeal and (b) a Morpho
sulkowskyi butterfly.
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6.1 Results and Discussion

As a model material system, Morpho sulkowskyi wings were coated with ZnO by ALD.

ALD ZnO films are nanocrystalline wurtzite as deposited at low temperatures (<150 °C),191

avoiding high-temperature postannealing processes that would damage the mechanical in-

tegrity of the butterfly wing. In contrast, alternate common photocatalysts such as TiO2

grow as amorphous films by ALD, requiring high-temperature postannealing for crystal-

lization.192,193 While this preserves the microscopic form of Morpho scales, postannealing

was observed to damage the macroscopic wing structure, causing effects such as geometric

curling of the wing and pulverization. In contrast, the low-temperature ALD of crystalline

ZnO enabled coating of entire wings, which remain intact and planar after deposition.

Therefore, unlike alternate studies on biotemplated butterfly wing photocatalysts, which

generated particle catalyst samples composed of wing fragments,194,195 macroscopic planar

wing sections with areas >1 cm2 were studied in this work. This preserves the structural

coloration over large areas, enabling their consideration for applications such as multifunc-

tional decorative surfaces on macroscopic structures.

ZnO films of 10, 15, 20, 25, 35, and 50 nm were deposited onto Morpho wings and

glass substrates. Figure 6.2 shows the highly conformal thin films by ALD that perfectly

preserve the Morpho nanostructures, demonstrating the exceptional ability of ALD as a

biotemplating method. No effects of nucleation delay of the ALD process were observed on

the butterfly surface (Appendix B), which is attributed to the presence of surface hydroxyl

groups on the underlying chitin. The nanocrystalline grains from the as-deposited ZnO

process at 150 °C are clearly observable in Figures 6.2c and d. Furthermore, XPS confirmed

the presence of ZnO on the butterfly surface, and XRD confirmed the polycrystallinity of

the as-deposited ZnO film (Appendix B). As shown in the SEM images, for the 50 nm

coatings, the branching lamellae ridges experienced a geometric “pinch-off” effect due to

closure of the outer gaps (Figure 6.2d). Therefore, coatings less than 50 nm were studied

to preserve the structure and maintain a high surface area that is accessible when immersed

73



in a liquid. The conformal nature of ALD is critical to monotonically increase thickness

with subnanometer precision, which allows us to study thickness-dependent phenomena

with unparalleled resolution.

Figure 6.2: Cross-sectional SEM images of 35 nm ALD ZnO films on Morpho nanostructures at (a)
10,000×, (b) 50,000×, and (c) 250,000× magnification. (d) SEM image of 50 nm ZnO at 250,000×
magnification.

The coating of the Morpho wings with ZnO generates a different index of refraction

from the underlying biological chitin and also modulates the periodicity of the hierarchi-

cal nanostructures.190 Therefore, by tuning the thickness of the ZnO coating, the structural

coloration can be precisely manipulated. As demonstrated in Figure 6.3, the “digital” thick-

ness control of ALD enables tunable structural coloration within the visible spectrum. An

increase in thickness of the ZnO film resulted in a red-shift, which was quantified using

optical reflection measurements in a UV–vis spectrophotometer under normal incidence.

The peak wavelength shifted from 463 nm (uncoated Morpho) to 556 nm (35 nm ZnO

coated Morpho). This was further supported by FDTD modeling, which was performed
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to simulate the optical reflectance of the Morpho wings with the ZnO thicknesses used in

this study (detailed methods in Appendix B). Considering the natural geometric variations

in the biological wing surface versus the simplicity of the modeled geometry (a perfectly

periodic array of a single geometric unit cell), the observed red-shift and specular trends in

reflectivity agree remarkably well with the measured reflectance spectra.

Figure 6.3: (left) Optical microscopy images showing true coloration of the Morpho wing with
varying ALD thickness. (right) Optical reflectance measurements and FDTD simulations showing
the spectral reflection of the butterfly samples with varying ALD film thicknesses. Reflectance data
correspond to the same ALD thicknesses shown on the left panel for each row.
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As shown in Figure 6.3, a decrease in reflectivity in the UV regime was also observed,

which is a result of UV light absorption in the ZnO coating. This demonstrates the abil-

ity of ALD biotemplating as a method to selectively absorb specific wavelengths of light

(which benefits from light scattering and trapping within the nanostructures), while simul-

taneously tuning the reflection of visible wavelengths due to programmable control of the

geometric and optical parameters that result in structural coloration. This ability to decou-

ple optical absorption and reflection across different wavelengths could enable the creation

of multifunctional devices that benefit from aesthetic control of color.

To demonstrate that functionalized biological nanostructures can serve as efficient pho-

tocatalysts for water purification, methylene blue dye-degradation tests were performed on

fully intact ALD coated Morpho wings under UV illumination.196 The precise thickness

control of ALD allowed for a study of thickness-dependent photocatalytic activity, which

was compared to ALD films on planar substrates. In contrast, previously reported biotem-

plated butterfly photocatalysts utilized wing fragments that were dispersed as particles in

solution.194,195,197

In particle photocatalyst measurements, the incident light intensity on the particle sur-

faces changes as the light travels through the dye/particle solution due to attenuation. As a

result, the localized photoactivity varies depending on the position of the dispersed pho-

tocatalyst particles in the dye solution, making a quantitative comparison of intensity-

dependent reaction rate kinetics difficult. Therefore, particle-based measurements typically

only report the power of the light source and distance from the solution. To the best of our

knowledge, none have reported quantifiable reaction kinetics on intact biotemplated wings.

In contrast, the water purification test setup for the current study enabled a well-defined

light intensity incident on the planar and intact wing sample, which allows us to quantify

the reaction rate kinetics of the photocatalyst samples at a uniform intensity. By placing the

fully intact ALD coated Morpho wings at a fixed distance from the light source, we directly

measured the incident light intensity in the plane of the wing sample before measurements,
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which was maintained in all experiments at 15 W/m2.

Figure 6.4a shows the remaining dye concentration measured at two-hour intervals. As

expected, ZnO-coated Morpho butterfly samples exhibited an increase in photocatalytic

activity compared to that of uncoated butterfly templates. Figure 6.4b demonstrates the

thickness dependence of the ALD coating on photocatalytic activity. Interestingly, when

increasing ZnO thickness on the butterfly samples, a maximum in activity was observed

followed by a decrease. The 15 nm coated Morpho butterfly exhibited the fastest overall

dye-degradation behavior, whereas the thicker samples showed diminishing photocatalytic

activity. The 15 nm ZnO on Morpho reduced the dye concentration by 66.4% from its

original concentration after being exposed to UV light for 12 h.

Planar ALD ZnO films were also studied to quantify the origins of the photocatalytic

enhancement, and demonstrate that it can be attributed to the photonic properties and ge-

ometry of the Morpho wings. ZnO coated glass samples were prepared, and their pho-

tocatalytic activity was compared with that of the butterfly samples with equivalent ALD

ZnO thicknesses (Figure 6.4b). Unlike the butterfly templates, no maximum in activity

was observed over the thickness range tested, and activity increased monotonically with

thickness. This demonstrated that the optimal activity of the 15 nm butterfly sample was

uniquely attributed to the butterfly morphology, which motivated a deeper investigation of

the underlying phenomena that guide activity on the butterfly template.

To quantify the benefits of the biotemplated geometry, the optimal 15 nm coated Mor-

pho butterfly sample can be first compared to a 15 nm planar sample. The planar sample

reduced the dye concentration by only 6.5% of its original measured concentration after 12

h of UV light exposure, demonstrating the benefits of the nanostructured Morpho template

to enhance activity. An additional planar sample was prepared with an equivalent mass of

ZnO over the same projected area as the 15 nm Morpho butterfly sample to account for the

increase in mass loading from the butterfly surface. The roughness factor (actual surface

area divided by projected surface area) of the Morpho butterfly was measured to be approx-
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Figure 6.4: (a) Remaining dye concentration vs time for an uncoated wing and a 15 nm coated
sample. A first order kinetics model is fit to the 15 nm ZnO on Morpho data, which was derived
from Figure B.4 of the Appendix. (b) Percent of dye degraded vs ALD ZnO thickness after 12 h of
UV illumination.

imately 11 using cross-sectional SEM analysis. Therefore, a planar sample with a thickness

of 165 nm was deposited on a glass slide. The percentage of dye concentration degraded

after 12 h UV run was 28.3% from the original measured concentration. In summary, the 15

nm ALD ZnO on the Morpho butterfly enhanced the dye-degradation process compared to

both 15 nm ZnO (equivalent thickness) 165 nm ZnO (equivalent mass loading) on a planar

substrate. This illustrates the benefits of the nanostructured butterfly template to enhance

light absorption while minimizing carrier diffusion lengths and maximizing surface area

for enhanced charge extraction.
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Using the concentration measurements at various points in time in our dye-degradation

setup, the reaction rate kinetics of the catalyst could be calculated under a uniform light in-

tensity. Due to the planar geometry of the butterfly wing photocatalysts, the photocatalytic

activity (measured as percentage of dye degraded from the initial concentration) was nor-

malized by projected geometric area, rather than normalization by mass, which is typically

used for powder catalyst loading (Appendix B). This allows us to make direct quantifiable

comparisons of the reaction rate kinetics, deconvoluting effects of dye concentration and

sample surface area. The reaction rate (r) fit well with a first order kinetics model:

r = −d[C]

dt
= k[C]n (6.1)

where n = 1, and after mathematical integration and normalizing by area (A) we obtain,

kt =
ln
(
C(0)
C(t)

)
A

(6.2)

where C0 is the initial concentration and C(t) is the time-dependent concentration under

illumination. The reaction rate coefficient (k) was calculated from a fitted regression fol-

lowing the Equation 6.2 (see Figure B.4 for an example). These coefficients are tabulated

in Table 6.1. The 15 nm ZnO coating on the Morpho substrate had the highest reaction rate

constant of 0.086 h–1cm–2. The fitted regression was then applied to Figure 6.4a, and the

curve closely follows the remaining concentration percentages with an R2 value of 0.995.

This 15 nm ZnO Morpho sample exhibited superior photocatalytic dye-degradation activity

with a reaction rate coefficient of 3.6 times that of the 165 nm ZnO planar sample (0.023

h–1cm–2).

To understand the origins of the optimal photocatalytic performance observed at a coat-

ing thickness of 15 nm on the Morpho wings, additional FDTD simulations were per-

formed. The FDTD model simulated the electric field intensity for the varying ZnO film

thicknesses on the Morpho’s hierarchical nanostructures under 360 nm plane wave illumi-
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Table 6.1: Reaction rate kinetics for Morpho wings with varying ZnO thickness and planar glass
with a ZnO thickness of 165 nm (equivalent mass per area to 15 nm on the butterfly)

Morpho Butterfly
THICKNESS (nm) k (h-1cm-2) R2

10 0.033 0.8838
15 0.086 0.9953
20 0.067 0.9990
25 0.052 0.9998
35 0.048 0.9996
Planar Glass
THICKNESS (nm) k (h-1cm-2) R2

165 0.023 0.994

nation at normal incidence. The results are shown in Figure 6.5, and capture the trade-off

between increased catalyst mass loading and decreased optical penetration depth with in-

creasing ALD coating thickness on the wings. As the ZnO layer thickness increases, atten-

uation of the incident UV light increases near the top surface of the wing, preventing light

from being transmitted through the branching lamellae ridges to the lower portion of the

wing scales, thereby limiting optical penetration depth.

To understand the relationship between light absorption and reaction rate kinetics, the

rate equation for a photochemical reaction can be expressed as a function of the catalytic

quantum yield (Φ) of the photocatalyst and absorbed light intensity (Ia).198,199

− d[C]

dt
= ΦIa (6.3)

Assuming a first order reaction, this can be combined with Equation 6.1 to provide an

expression for the rate constant of the photoreaction.198

k′ =
(ΦIa)

[C]
(6.4)

The rate constant is proportional to the product of the quantum yield and the absorbed

light intensity. In the case of suspended powder photocatalysts, the rate is known to initially

increase with increasing catalyst mass loading due to an increase in absorbed light intensity
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Figure 6.5: FDTD simulations of electric field intensity for varying ALD ZnO thicknesses on
Morpho butterfly wings.

(Ia). As photocatalyst loading continues to increase, the reaction rate saturates, leading to

an optimal mass loading.198 Additionally, in some cases the reaction rate begins to decrease

with further mass loading, which can be attributed to reduced optical penetration depth and

increased light scattering. This represents a decrease in catalytic quantum yield, which is

caused by an increased photon flux being concentrated in a smaller region of the solution.

In other words, the catalytic quantum yield is a function of localized light intensity. This

can be explained by increased recombination in the semiconductor material, as the turnover

frequency (TOF) of the catalyst surface cannot keep up with the increased flux of excited

charge carriers to the semiconductor/solution interface.175 Indeed, the intensity dependence

of catalytic quantum yield for ZnO has been previously observed in photocatalytic CO

oxidation.200
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This mechanism is also responsible for the maximum in reaction rate kinetics observed

as a function of ALD coating thickness on the butterfly samples. As the coating thickness

increases initially, there is an increase in total absorbed light intensity (Ia) of the film. How-

ever, as shown in the FDTD simulations, as film thickness continues to increase, the optical

penetration depth decreases, leading to an increased local absorbed photon flux at the top

surface of the wing. This leads to a decrease in catalytic quantum yield, as the TOF require-

ments of the top surface become the limiting factor in the overall photocatalysis kinetics.

Because very little light penetrates to the bottom of the lamellae structure, these portions of

the wing surface are under-utilized, leading to minimal contribution to the overall chemical

reaction. This concept is shown schematically in Figure 6.6, where the trade-offs between

increasing Ia and decreasing Φ lead to a maximum in reaction rate. As can be observed

in Figure 6.5, the maximum activity observed at 15 nm therefore reflects this balance of

absorption and localized quantum yield.

Figure 6.6: (a) Depiction of the trade-offs between light absorption and localized quantum yield
on reaction rate and (b) variation in localized absorbed photon flux with increasing ALD thickness.
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6.2 Conclusion

This study demonstrates that biotemplating of Morpho butterflies can be used to enable a

new class of multifunctional materials with precisely tunable structural color across visible

wavelengths while simultaneously enhancing photocatalytic activity. The precise thickness

control enabled by ALD allowed us to optimize performance and study the trade-offs that

arise due to competing effects of film thickness, catalytic quantum yield, and optical re-

flection/absorption. Additionally, by maintaining the macroscopic butterfly wing structure

intact over large areas, these materials can provide the building blocks to integrate structural

color into aesthetically designed surfaces, which can be further stitched together to form

pixels, and integrate functions such as water purification into the sides of buildings, signs,

or other facades. This degree of tunability and control demonstrates that atomically precise

biotemplating is a powerful nanomanufacturing platform to extend bioinspired engineering

to new applications.
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Chapter 7

Conclusions and Future Work

7.1 Conclusions

The work in this dissertation has shown that ALD can be utilized as a powerful tool for

modifying surfaces and interfaces to impart multifunctional properties into composite and

hybrid material systems. The conclusions and scientific contributions derived from the

work presented in this dissertation are discussed below.

In the work presented in Chapter 3, we studied the growth rate effects of TiO2 and its

dependence on temperature control. Thermocouples and IR imaging were used to assess

the temperature uniformity. Nonuniform ALD growth was observed to occur, which was

attributed to variations in the temperature distribution across the reactor. A redesign of the

reactor with careful placement of heater and temperature sensors was implemented, which

was informed by computer-aided design (CAD) and finite element analysis (FEA) studies.

After installation of the new reactor, the updated thermal design significantly improved

the thickness uniformity. This work provides a direct contribution in understanding the

relationship between processing conditions and ALD growth behavior. In particular, the

work presented highlights the importance of accurate sensing and reporting of thermal

gradients in ALD systems, which become more critical to uniformly coat large substrates,

especially when using precursor chemistries that have tighter ALD windows.

Chapters 4 and 5 explored the use of ALD coatings to modify the properties of polymer-

84



matrix composites (PMCs). Evaluating and controlling the interfacial properties in com-

posites is critical to predict and achieve the desired macroscopical properties. Therefore,

understanding the mechanism of delamination when using ALD coating interlayers is im-

portant. The main contribution from Chapter 4 was the study and evaluation of the inter-

facial mechanical properties of PMCs with varying materials of ALD coating interlayers

(i.e. Al2O3, ZnO, and TiO2). The interfacial strength was generally weaker when coating

the fibers with any of the coatings. The polymer microdroplets were observed to adhere

better to the ALD coatings than to the fiber. Therefore, if stiffer composites are desired,

functionalization of the fiber surfaces such as electrochemical oxidation or plasma treat-

ments may be necessary to promote stronger adhesion between the ALD coatings and the

fibers. Furthermore, here we demonstrated ALD coatings can impart new functionalities

onto materials, which were further explored in Chapters 5 and 6.

Chapter 5 expanded upon the work from Chapter 4. The results from this work demon-

strated the tunable control of properties, which was enabled by the thickness control of

coatings by ALD. Furthermore, a change in electrical resistance was determined to occur

as a result of cracking of the conductive coatings, which was evaluated as a function of

strain and coating thickness. A model from thin-film fracture mechanics was leveraged

to interpret the cracking behavior of the coatings and the associated changes in electrical

resistance. This represents the first study to date that has developed or studied electri-

cally conductive composites that utilize only ALD coatings for interphase modification.

Incorporating electrical conduction in PMCs utilizing conformal coatings presents a step

towards the development of composites integrated with more complex functionality. Lastly,

this is the first study to our knowledge that has performed in situ tests looking at coupled

effects between mechanical loading and electrical conductivity for PMCs modified with

ALD in the context of fracture mechanics. The evaluation of these coupled phenomena in

multifunctional is important in order consider their use and application as multifunctional

structures.

85



In Chapter 6, a biotemplating approach is presented that replicates Morpho nanos-

tructures by depositing nanocrystalline ZnO coatings onto wings via ALD. This study

demonstrated the ability to precisely tune the natural structural coloration, while also in-

tegrating multifunctionality by imparting photocatalytic activity onto fully-intact Morpho

wings. Optical spectroscopy and finite-difference time-domain (FDTD) numerical model-

ing demonstrate that ALD ZnO coatings can rationally tune the structural coloration across

the visible spectrum. These structurally colored inorganic-organic hybrid materials can

also be optimized to maximize UV light absorption and charge extraction for water pu-

rification. Unlike powder photocatlaysts, the fully-intact wing photocatalyst allows for

quantification of reaction kinetics at a uniform light intensity, enabling quantitative evalua-

tion of the benefits of the hierarchical nanostructured geometry for photocatalytic activity.

The novelty of this study lies not only in the unparalleled ability of ALD to replicate the

complex hierarchical nanostructures found in natural wings, but to impart new functionality

onto the natural template through integration of functional materials with tailored proper-

ties. This is the first demonstration of ALD biotemplating of structurally colored materials

to impart active functionality. It represents a pioneering effort incorporating both tunable

structural coloration in biological nanostructures and bio-inpsired photocatalysis. These

multifunctional photocatalysts present a potentially new approach to integrating solar en-

ergy harvesting into visually attractive and decorative surfaces that can be integrated into

building facades or other macroscopic structures to impart aesthetic appeal. Lastly, this

study also inspired other published work in our lab, which highlighted the impact of ge-

ometric parameters (such as ALD coating thickness) on the spatial heterogeneity of light

absorption and internal quantum efficiency, which directly affect system performance of

nanostructured photocatalysts.201

In summary, the work presented throughout this dissertation contributed to various

fields, primarily in the processing science of nanomaterials, specifically ALD, for mul-

tifunctional materials and nanostructured surfaces. It also contributed in understanding
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coupled relationships and mechanisms between coating thickness, functional activation,

and performance of multifunctional materials.

7.2 Future Work

As discussed in Section 2.2, Chapter 4, and Chapter 5, synthetically-derived structural

fibers and polymers are an important component in fiber-reinforced composite (FRC)

design and manufacturing of low-density materials. However, these materials are often

made from petroleum-based polymers with limited recyclability or reusability. In contrast,

biologically-derived composites have the potential to serve as an environment-friendly and

biodegradable alternative to traditional composite materials. For example, replacement

of glass fibers with plant-based cellulose fibers could enable low-weight composites with

comparable mechanical performance, while significantly reducing the carbon footprint.202

However, natural fibers have inherent electrically insulating properties, which would nor-

mally make them incompatible for many multifunctional applications. The work we have

presented throughout this thesis has demonstrated that multifunctionality can be enabled on

biological templates through reliable surface and interface modification methods (Chapter

6. Thus, low-temperature atomic layer deposition (ALD) presents an opportunity to extend

multifunctional capabilities with tunable control of properties onto biologically-derived

composites.

In Chapter 5 we demonstrated the limitations associated with film fracture when utiliz-

ing brittle coatings to impart multifunctionality. In some cases, this brittle behavior may

not be desired. For example, there might be an application that requires the conductive

properties to remain unchanged under large strains. Integration of molecular-layer deposi-

tion (MLD) processes present an opportunity to develop functional coatings that are duc-

tile. MLD is analogous to ALD, which is able to deposit organic films with sub-nanometer

precision.203,204 Organic-inorganic hybrid films have demonstrated conductive properties
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while maintaining more ductile properties.205 The integration of MLD into multifunctional

composites has the potential to add additional “knobs” to tune for materials optimization.

Therefore, the ability to precisely tune the chemistry and structure of the coatings using

hybrid ALD-MLD processes offers a powerful platform to engineer and design multifunc-

tional materials with a broader range of material properties.

Lastly, the interest to integrate functional devices into composites is continuing to ex-

pand. As the device complexity increases, this results in more stringent processing limita-

tions. An example of this is the field of structural batteries, which require the deposition

of a variety of materials (e.g. electrodes, solid electrolyte, current collector, etc) within a

composite backbone. A structural battery requires precise deposition processes in order

to obtain the desired layered structure of materials. This highlights the need of coating

techniques that are able to deposit thin-films with precise control of thickness and compo-

sition, which could potentially be enabled by the ALD process knowledge set forth in this

dissertation.
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APPENDIX A

Supplementary Information for Chapter 5

A.1 Additional Experimental Details for Chapter 5

Sample preparation

Kevlar® (K49) fabrics that came in a 351-style plain weave were used for this study. Strips

of fabric were cut to a length and width of 70 mm and 11 mm, respectively. The cuts were

made along the tows to ensure a 0° and 90° oriented bidirectional fabric. Additionally,

single tows and single fibers were extracted from separate K49 stock and cut to a length of

130 mm. The fibers, tows, and fabrics were cleaned in boiling acetone for 10 min, followed

by boiling ethanol for 10 min, and finally in deionized water for 5 min. The samples

were then placed in a vacuum oven and heated to 135 °C for 3 hours to remove adsorbed

moisture. Afterwards, the K49 samples were transferred to the atomic layer deposition

(ALD) reactor. Clean Si wafer pieces and glass slides were included in each run to measure

the aluminum-doped zinc oxide (AZO) film thickness and resistivity, respectively.

Four-point probe

The AZO-coated single fibers, single tows, and woven fabric were placed on an electrically

insulating substrate (i.e. 2.5 cm. × 7.6 cm. glass slides). Afterwards, PELCO® conductive

silver paint was applied to the samples to make four contact pads. The contact pads were

approximately 3 mm wide and the edge-to-edge spacing between them was 12 ± 1 mm (the
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center-to-center distance between the pads was 15 mm). Afterwards, spring-loaded copper

pins, which are connected to the potentiostat, were pressed against the silver paint (Figure

A.3). Afterwards, a single cycle voltammogram was done by measuring the electrical cur-

rent while sweeping the voltage at a rate of 10 mV/s between -0.5 V and 0.5 V. This single

cycle produced a linear current-voltage curve (Figure A.4), which was fitted to calculate

the inverse of the electrical resistance (1/R).

Process for putting silver contacts on composite samples

Adding the conductive silver contacts on the composite samples is a slightly different pro-

cess. The epoxy can encapsulate the conductive AZO coatings after the vacuum-assisted

resin transfer molding (VARTM) process (which is described in Appendix A.1). Thus, it is

necessary to first apply a protective mask that can be removed after the VARTM process in

order to access the AZO. A polymethyl methacrylate (PMMA) mask was applied on two

opposite edges of the 140 mm × 140 mm fabrics. The PMMA layer that was applied along

the edges was approximately 13 mm wide and was applied several times on both faces of

the fabric. The fabric with the PMMA masking layer was then used to make the composite

via the VARTM process. Lastly, the composite samples were cut to the desired size and

the PMMA mask was removed to access the AZO coating. This was done by submerg-

ing the edge of the composite with the PMMA in acetone for 5-10 minutes. The PMMA

softens and can be gently removed with tweezers. After the PMMA was removed, the

samples were prepared following ASTM standard D3039/D3039M. Composite strips with

in-plane dimensions of 11 mm × 140 mm were prepared for tensile testing, and tabs were

added per ASTM standard D3039/D3039M. Tabs were added to the sample per ASTM

D3039/D3039M. Finally, PELCO® conductive silver paint was applied to the exposed area

and allowed to dry. Another layer of silver paint was applied, and copper foil of 0.5 cm

width and 7.5 cm length was pressed onto the silver paint. The paint was allowed to dry,

then a third layer of silver paint was applied on top of the copper foil. The same process
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was done on the other side of the composite strip. The copper foil was added in order to

attach the alligator clips of the potentiostat for electrical conductivity measurements.

Vacuum-assisted resin transfer molding

The K49 fabrics coated with 0 nm, 40 nm, 80 nm, 120 nm, 160 nm, and 200 nm of AZO

were used in the VARTM process to make single-ply PMCs. The size of the K49 fabrics

used for the VARTM process were 140 mm × 140 mm, and the cuts were done along the

tows to ensure a 0° and 90° oriented bidirectional fabric. The coated K49 fabric was placed

on an aluminum surface covered with a Teflon sheet, with peel ply and breather fabric

arranged on the left and right sides of the fabric to aid the flow of epoxy over the fabric.

Plastic piping was placed at the left and right sides of the Teflon sheet, with breather fabric

wrapped around the ends to similarly aid the flow of epoxy. On one side, plastic piping

was inserted into a catch pot, which was subsequently connected to a pump, which applied

vacuum to the setup. On the other side, the plastic piping was sealed, but would later be

used to feed the resin into the VARTM. The K49 fabric, peel ply, breather fabric, and piping

arrangement was then covered with a vacuum bag, which was adhered to the surrounding

aluminum surface using Airtech AT200Y tacky tape (Composite Envisions, LLC). The

vacuum pump was powered on and the vacuum bag was checked for air leaks. Afterwards,

the sealed pipe was submerged in a container with the low-viscosity resin and opened. This

causes the resin to flow into the vacuum bag setup. The resin cured after 36 hours, to create

a thin, even layer of epoxy around the K49 fabric, resulting in a K49-reinforced composite.

A picture of the setup can be found in Figure A.5.

Calculating the effective cross-sectional area (Aeff)

Single fiber:

The nominal radius (ri) of a single K49 fiber is 6.3 µm as measured by SEM and image

post processing software. The fiber can have some variation in shape, but the geometry
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was mostly circular. Thus, the effective cross-sectional area of the fiber Afib was calculated

as that of a circle with outer radius (ro):

ro = ri + tAZO (A.1)

where tAZO is the thickness of the AZO coating. Lastly, Afib is calculated as:

Afib = π(ri + tAZO)2 = πro
2 (A.2)

Single tow:

A single tow of K49 has 267 fibers for the style 351 plain weave fabric used (as specified

by the supplier, JPS Composite Materials CO.). Then the effective cross-sectional area of

the tow Atow simply becomes:

Atow = nfπro
2 = nfAfib (A.3)

where nf is the fiber count for a single tow. There are 267 fibers in each tow per the supplier

(JPS Composite Materials, Corp).

Fabric:

The effective resistivity of the fabric is calculated using the nominal cross-sectional area,

rather than the actual cross-sectional area. The effective cross-sectional area of the woven

fabric Afab then becomes:

Afab = wfabtfab (A.4)

where wfab is the measured width of the fabric and tfab is the nominal thickness of the fabric

per the supplier (JPS Composite Materials, Corp).
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Calculating the AZO cross-sectional area (AAZO)

The AAZO for single fibers (textitAAZOfib), tows (textitAAZOtow), and woven fabrics

(textitAAZOfab) are:

AAZOfib
= π(ro

2 − ri2) (A.5)

AAZOfib
= nfπ(ro

2 − ri2) = nfAAZOfib
(A.6)

AAZOfab
= ntnfπ(ro

2 − ri2) = ntnfAAZOfib
= ntAAZOtow (A.7)

where nt is the number of longitudinally-aligned tows (0° direction). As explained in the

main article, the transversely-aligned tows (90° direction) were assumed to not contribute

to the conductance of the fabric.

Calculating the percent difference of ρe to ρt

We define “percent difference” as the difference between the average experimental resis-

tivity (ρe) and the theoretical limit (ρt) relative to the ρt. The equation for the percent

difference is:

Percent difference =

(
ρe − ρt
ρt

)
· 100% (A.8)

A.2 Supplementary Figures and Tables for Chapter 5

Table A.1: Percent difference of the average experimental effective resistivity to the theoretical
limit of the electrical resistivity.

THICKNESS (nm) FIBER TOW FABRIC COMPOSITE
40 2792% - - -
80 169% 888% 576% 325%
120 200% 226% 189% 275%
160 177% 24% 75% 159%
200 99% 16% 54% 239%
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Figure A.1: X-ray photoelectron spectroscopy of K49 fabrics coated with 120 nm of AZO. Ar
sputtering removes the adventitious carbon on the coating surface.

Figure A.2: X-ray diffraction of K49 fabrics coated with 120 nm of AZO. The indexed diffraction
peaks show (100), (002), and (101) planes, which are characteristic of the hexagonal (wurtzite)
ZnO crystalline structure.
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Figure A.3: Left, four-point probe setup using a 3-D printed support with four spring-loaded
copper pins. A 200 g weight is applied to ensure the pins contact the silver paint pads. Right,
schematic of the four-point probe.

Figure A.4: Example of current-voltage curves obtained from the four-point probe method done
on AZO-coated woven K49 fabrics.
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Figure A.5: Components of the lab-scale vacuum-assisted resin transfer molding (VARTM) setup.

Figure A.6: Shows the experimental setup for the tensile tests. Left, the clamp grip fixture with
the sample is mounted on the tensile tester. Right, two-camera setup to capture images for digital
image correlation (DIC).
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Figure A.7: Left, speckle pattern applied to K49-reinforced composite sample. Right, map of the
principle strain of the sample obtained via digital image correlation (DIC). The average principle
strain (R(ε11)) was recorded.

Figure A.8: Schematic of composite sample prepared for in situ mechanical testing while monitor-
ing the electrical resistance of the sample.
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Figure A.9: Schematic of single fiber with local flaw/crack that constricts local current flow.

Figure A.10: a) Low-magnification SEM cross-section of an 80 nm AZO-coated K49 fabric with
colloidal silver paint. The section below the red dashed line has no viable charge pathways to the
silver paint. The white box is the b) high-magnification SEM cross-section. If the coating were 200
nm, the AZO between the fibers would have merged. c) Low-magnification SEM cross-section of a
200 nm AZO-coated K49 fabric with colloidal silver paint. The section inside the red dashed line
has no viable charge pathways to the silver paint. The white box is the d) high-magnification SEM
cross-section. If the coating was 80 nm, the AZO between the fibers would not have merged.
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Figure A.11: SEM-FIB imaging of a) a cross-section of two perpendicular fibers with a 200 nm
ZnO coating, and b) SEM of a K49 fiber coated with 120 nm ZnO that had bridged connections with
two perpendicular fibers that detached, exposing the surface of the K49.
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APPENDIX B

Supplementary Information for Chapter 6

B.1 Experimental Details for Chapter 6

A custom built, flow-type thermal ALD system was used for ALD processing. The ALD

reaction chamber was set to 150 °C, with an argon carrier gas flow rate of 10 sccm, and

the base pressure of the system was ∼600 mTorr. An ALD cycle for depositing ZnO films

consists of a 0.05 s pulse of diethylzinc (DEZ) and a 30 s argon purge time, and then

followed by a 0.1 s pulse of water and 30 s Argon purge. ZnO films of 10 nm, 15 nm, 20

nm, 25 nm, 35 nm, and 50 nm thickness were deposited onto the Morpho butterfly wings

and glass substrates, based on a growth rate of 2.0 Å/cycle. Five samples of each set of

thickness and each substrate were made for this study.

The glass substrates were prepared by dicing them to the desired dimensions and

cleaned by rinsing them with acetone, isopropyl alcohol, and deionized water. The glass

substrates were then coated with ZnO by ALD. The butterfly samples were pre-baked at

100 °C for 2 hours and then coated with ZnO.

After ALD, a working area of 1 cm2 area was defined for each sample. The edges of the

samples outside of the predefined 1 cm2 area were covered with a polymethyl methacry-

late (PMMA) blocking film to define the wetted area, therefore controlling the area of

photocatalytic reaction. The same PMMA was used to help adhere the butterfly wing sam-

ples to a clean glass slide to make handling of the butterfly samples easier. The sides and
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bottom of the samples were also coated with PMMA so that only the active 1 cm2 area was

exposed to water.

A 15 W fluorescent UV (365nm) lamp (UVP Blak-Ray XX-15BLB UV Bench Lamp)

was used as the illumination source. The height and position of the sample with respect to

the UV light is critical to ensure consistent UV light intensity for all dye degradation exper-

iments. For this, we first assembled the test setup without the dye solution and measured

the light intensity at the position where the sample would be placed. A power meter was

used to measure the light intensity at the exact position relative to the light source where the

samples would be placed. The light intensity was measured to be 15 W/m2 . The samples

were placed at the same position so that the light intensity on the intact butterfly surface

was identical for all experiments. This planar geometry provides a much more consistent

light illumination at the photocatlyst surface than using powder photocatalysts, allowing

for quantitative measurement of reaction-rate kinetics at a uniform intensity.

Prior to illumination of the photocatalyst samples, a 20 µM methylene blue solution was

prepared, and all wetted components were pre-rinsed with this methylene blue solution (i.e.

inside walls of the beaker, stir bar, and sample). After rinsing, 10 ml of 20 µM methylene

blue dye solution were added to the beaker. The beaker was then left stirring in the dark

for 30 minutes until adsorption of dye on the sample came to equilibrium with the solution.

Next, an aliquot of the dye solution was taken to measure the light absorbance utilizing a

UV-vis spectrophotometer (Shimazdu UV-2600). Absorption intensity was recorded at the

peak absorption wavelength for Methylene Blue of 664 nm to quantify dye-concentration.

Aliquot samples of the dye-solution were measured for every 2-hour intervals until the 12th

hour, and the entire methods described above were repeated for each sample.

The equation to calculate percentage of dye degraded (D%) was:

D% =
(C0 − C(t))

C0

× 100 =

(
1− C(t)

C0

)
× 100 (B.1)

where C0 is the initial concentration as measured by absorption and C(t) is the concentra-
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tion after an amount of time illuminated by UV light (t) as measured by absorption. The

percentage of the remaining dye concentration (R%) was also calculated:

R% = 100−D% =

(
C(t)

C0

)
× 100 (B.2)

To measure the reflectance spectra of butterfly wings with varying ZnO film thick-

nesses, all the samples were cut into about 1 cm × 1 cm in size and attached to the silica

glass with their iridescent sides facing up. The wavelength range was set from 300 nm

to 800 nm during the measurement. Reflection spectra were recorded using a Lambda

750S UV/VIS/NIR spectrophotometer (Perkin Elmer, Inc., USA). Five sample replicas

were tested for each to observe if the results were reproducible. The error bars on Figure

6.4a are the standard deviation from the averages of the five replica samples. The reaction

rate coefficient was calculated by utilizing the average concentration after time C(t) at each

time interval. For example, the concentration for all 5 samples of the 10 nm coated but-

terfly were averaged at each time interval (the 2nd, 4th, 6th, 8th, 10th, and 12th hour) of light

illumination. Then this was plotted in a graph similar to Figure B.4 and a regression was

fit to that averaged data points. The slope of the graph is our reaction rate coefficient (k).

The y-intercept of the graph is 1.098 nanometers and the coefficient of determination (R2)

is 99.97%. All data points including the two thinnest coatings being studied (10nm and

15 nm) traced the fitted line with negligible error. From this, we deduce that nucleation

delay effects are trivial within the range of the ALD coatings being studied. The reflection

properties and electric field intensity distribution of the Morpho wings with different ZnO

thicknesses were simulated by FDTD methods. ZnO films were assumed to be deposited

on the butterfly wings uniformly, consistent with the SEM analysis. In the modeling, the

refractive index of chitin was set to be 1.56 and the wavelength-dependent refractive index

of ZnO was input.206 A plane wave was used as the light source and the incident direction

was perpendicular to the surface of butterfly wings. The boundary condition was set based

on the assumptions that the light was absorbed (perfectly matched layer, PML) in the ver-
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tical direction and the nanostructures were periodic (periodic boundary condition, PBC) in

the horizontal direction. The mesh size was 2 nm × 2 nm. The structural parameters were

set based on SEM image of Morpho butterfly wings, including the lamella thickness (∼60

nm), the lamella length (∼200 nm), the inter-lamella spacing (∼150 nm), the height of the

ridge (∼1900 nm), the width of the ridge (∼70 nm), and the separation between ridges

(∼770 nm), as shown in Figure B.5.

B.2 Supplementary Figures and Tables for Chapter 6

Figure B.1: Film thickness of the ZnO coated Morpho butterflies (measured using image processing
software) as a function of ALD cycles. A linear regression that fit the set of film thickness data is
included.
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Figure B.2: X-ray photoelectron spectroscopy of a bare Morpho wing sample and a Morpho wing
coated with 35 nm of ZnO.

Figure B.3: X-ray diffraction showing Wurtzite crystal structure of Morpho butterfly coated with
20 nm of as-deposited ALD ZnO.
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Figure B.4: First order kinetics model of the initial concentration per averaged concentration
after illumination, per unit area as a function of time. The slope of the regression is the reaction
rate constant (k) for a 15 nm ZnO coated Morpho butterfly.

Figure B.5: Geometric representation of the branched lamellae structures of the Morpho wing
utilized for FDTD modeling. Used to simulate the optical properties (Figure 6.2) and the electric
field intensity (Figure 6.4) for different thickness of ZnO coatings (unit: nm).
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(119) González, C.; Vilatela, J.; Molina-Aldareguı́a, J.; Lopes, C.; LLorca, J. Structural

composites for multifunctional applications: Current challenges and future trends.

Progress in Materials Science 2017, 89, 194–251.

119

https://doi.org/10.1177/0021998317740943
https://doi.org/10.1177/0021998317740943


(120) Xiao, Y.; Qiao, W.; Fukuda, H.; Hatta, H. The effect of embedded devices on struc-

tural integrity of composite laminates. Composite Structures 2016, 153, 21–29.

(121) Deka, B. K.; Hazarika, A.; Kim, J.; Park, Y.-B.; Park, H. W. Multifunctional CuO

nanowire embodied structural supercapacitor based on woven carbon fiber/ionic

liquid–polyester resin. Composites Part A: Applied Science and Manufacturing

2016, 87, 256–262.

(122) Wen, J.; Xia, Z.; Choy, F. Damage detection of carbon fiber reinforced polymer

composites via electrical resistance measurement. Composites Part B: Engineering

2011, 42, 77–86.

(123) Alexopoulos, N.; Bartholome, C.; Poulin, P.; Marioli-Riga, Z. Structural health

monitoring of glass fiber reinforced composites using embedded carbon nanotube

(CNT) fibers. Composites Science and Technology 2010, 70, 260–271.

(124) Chung, D. D. L.; Wang, S. Carbon fiber polymer-matrix structural composite as a

semiconductor and concept of optoelectronic and electronic devices made from it.

Smart Materials and Structures 1999, 8, 161–166.

(125) Wu, J.; Chen, J.; Zhao, Y.; Liu, W.; Zhang, W. Effect of electrophoretic condition on

the electromagnetic interference shielding performance of reduced graphene oxide-

carbon fiber/epoxy resin composites. Composites Part B: Engineering 2016, 105,

167–175.

(126) Chen, J.; Wu, J.; Ge, H.; Zhao, D.; Liu, C.; Hong, X. Reduced graphene oxide

deposited carbon fiber reinforced polymer composites for electromagnetic interfer-

ence shielding. Composites Part A: Applied Science and Manufacturing 2016, 82,

141–150.

(127) BROWN, E.; WHITE, S.; SOTTOS, N. Retardation and repair of fatigue cracks in

a microcapsule toughened epoxy composite—Part II: In situ self-healing. Compos-

ites Science and Technology 2005, 65, 2474–2480.

120



(128) Yin, T.; Rong, M. Z.; Zhang, M. Q.; Yang, G. C. Self-healing epoxy composites

- Preparation and effect of the healant consisting of microencapsulated epoxy and

latent curing agent. Composites Science and Technology 2007, 67, 201–212.

(129) Kessler, M.; Sottos, N.; White, S. Self-healing structural composite materials. Com-

posites Part A: Applied Science and Manufacturing 2003, 34, 743–753.

(130) Vilatela, J. J.; Eder, D. Nanocarbon composites and hybrids in sustainability: A

review, 2012.

(131) Zhang, D.; Ye, L.; Deng, S.; Zhang, J.; Tang, Y.; Chen, Y. CF/EP composite lam-

inates with carbon black and copper chloride for improved electrical conductivity

and interlaminar fracture toughness. Composites Science and Technology 2012, 72,

412–420.

(132) Gungor, S.; Bakis, C. E. Indentation damage detection in glass/epoxy composite

laminates with electrically tailored conductive nanofiller. Journal of Intelligent Ma-

terial Systems and Structures 2016, 27, 679–688.
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