
ABSTRACT

INGRAM, WADE FARLEY. Surface Modifications of Polymeric Substrates Using Vapor Phase
Processing. (Under the direction of Dr. Jesse S. Jur and Dr. Richard J. Spontak).

Nanoscale topographies are incredibly useful for a variety of applications including

filtration, electronics, photonics, catalysis, and energy storage and conversion. Being able to

control the size and shape of features on the nanoscale is important for the final properties

that are desired, going along with the fundamental pillar of materials science that says

the structure, processing, and resultant properties are all inter-related. In some instances,

nature can serve as inspiration for these nanostructures, giving researchers examples of

how animals have adapted to solve problems. One of the newer methods used to fabricate

nanoscale features is block copolymer lithography. This technique allows for the creation

of complex surface features using the two principles of block copolymer self-assembly and

vapor phase infiltration in tandem to template a pattern on the surface of a substrate.

Block copolymers have the ability to self-assembly based on the polymer’s inherent

preference to minimize the free energy associated with the interfaces formed in the cast

film between chains of different polymers in the block. Depending on the molecular weight

of each block, the system can self-assemble to form spheres, cylinders, interpenetrating

gyroid networks, or lamellae. In order to allow for the system to self-assemble, the chains

need the ability to move so an annealing step is required. After annealing, vapor phase

infiltration of a reactive metalorganic gas will template the substrate by reacting with one

of one of the blocks to form a hybrid material with the metal oxide and polymer. An etching

step will reveal the templated surface and the remaining metal oxide nanostructures in the

infiltrated domains.

This work shows the development of a straightforward process to fabricate bio-inspired

nanoscale surface features using block copolymer lithography on common flexible poly-



meric substrates. In chapter 4, I demonstrate the ability to fabricate, infiltrate, and etch ver-

tical aluminum oxide nanocylinders on Kapton film using a polystyrene-block-poly(methyl

methacrylate) copolymer and trimethyl aluminum. Then in chapter 5, I transfer the learn-

ing acquired from those experiments to fabricate nanostructures on PET films and fibers. In

addition, I go on to demonstrate an application of this work as a high surface area coating

for heavy metal filtration by forming a photoactive zinc oxide nanostructure that can reduce

aqueous heavy metal ions from solution.
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CHAPTER

1

INTRODUCTION

Nanopatterning is an increasingly important area of study for a variety of applications that

rely on emerging technology at the nanoscale. Nanotopographies are utilized in electronics

(14; 15; 16; 17), optics( 18; 19), �ltration( 20; 21), catalysis(22; 23; 24), and sustainable energy

generation( 25; 26; 27; 28). These structures are utilized for these applications because they

provide an extremely high surface area which is particularly bene�cial for catalysis, �ltration,

and energy generation. Aside from the ultra-high surface area, the sizes and shapes of these

nanostructures allow for control of light for optical devices. As electronics shrink and

fabricating smaller, and smaller devices becomes more challenging, nanolithography is

emerging as a necessary process. By better controlling nanolithography and opening up

the ability to recreate these features on more substrates allows for more possibilities of this
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technology.

Biomimicry is a design concept where you observe how nature has solved a problem,

and mimic the solution through a synthetic route( 29). A common example is the fabri-

cation of superhydrophobic surfaces, created after researchers noticed that water does

not wet the surface of lotus leaves, but instead beads up and rolls right off( 30; 31). This

superhydrophobic behavior is incredibly useful for many applications like antifouling,

waterproo�ng, and hydrodynamics to improve fuel ef�ciency in water( 32; 33; 34; 35). The

discovery of how the lotus leaf creates a superhydrophobic surface topography has led

scientists and researchers to develop many different methods to replicate the structure get

similar performance. The common phrase "form follows function" is especially relevant

for studying biomimetic principles. Nature uses what it has at its disposal to create the

desired function, whether that's chemically producing a nonpolar, waxy coating to repel

water, growing nano-bumps or ridges to limit the contact of water droplets with the surface,

or in the case of the lotus leaf, a combination of the two. This way of thinking is what led

me to the idea to try and recreate a nanostructure seen in nature and apply it to polymer

substrates, with the ultimate goal of creating nanopatterned �bers for textiles.

Speci�cally, I took inspiration from the hierarchical micro- and nanostructure seen on

the scales of the West African Gaboon viper. These features are an evolutionary adaptation

to allow for better camou�age on the forest �oor where the snake hunts its prey. As an

ambush predator, the low light amongst the leaf litter is a perfect spot to hide, and the

better camou�age the snake possesses the more successful it will be hunting. The color

of the snake helps it blend into the environment it lives in. Originally the black color was

thought to be just pigmentation in the scale, however researchers noticed that when the

snake sheds, the shed skin still maintains some black coloration. This indicates that it is

not entirely pigment that is coloring the scales. Under SEM, they found that a hierarchical

nanostructure was responsible for improving the absorption of incident light, helping it to
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better camou�age itself( 36). This discovery lead me to explore biomimetic nanostructures

and methods of fabricating them on synthetic �ber surfaces for applications in active

camou�age.

I chose to employ block copolymer lithography as the method to create a biomimetic

nanostructure on polymer substrates. Block copolymer lithography is a �eld of growing

importance to the scienti�c body. As devices shrink, the importance of alternative nanoscale

fabrication methods besides optical lithography is known( 37). Generally for electronic

device patterning, the substrate is repeatedly exposed to strong acid for etching of the

photoresist and high temperatures for the deposition of the metals or metal-oxides. Block

copolymer lithography has achieved single-nanometer resolution without intense etchants

or high temperatures, placing it amongst a handful of other nanofabrication methods that

can create devices at this scale on sensitive substrates like polymers( 38). Block copolymer

lithography allows for selective deposition within the precursor-reactive domains of the

block copolymer that is used( 7). This provides the ability to template the substrate with

whatever morphology the block copolymer self-assembles into, that when etched leaves

behind a patterned metal-oxide nanotextured layer.

In chapter 2, I give background on the fundamentals of block copolymers, vapor phase

in�ltration, and the other steps necessary to fabricate nanostructures on the surface of poly-

mers using block copolymer lithography. Chapter 3 is a discussion on the characterization

methods employed in my work as they relate to how I am able to understand the results.

Chapter 4 of this work investigates the steps that were taken to successfully demonstrate

block copolymer self-assembly and vapor phase in�ltration on planar Kapton �lm. Using a

readily available and common block copolymer of poly(styrene-block-methyl methacry-

late) (PS-b-PMMA), the morphology of the self-assembled �lm was studied using scanning

electron microscopy before and after annealing, as well as the resultant nanostructure after

in�ltration of trimethyl aluminum (TMA) and etching. In chapter 5, I extend this research to

3



polyethylene terephthalate (PET) substrates, a common polymer for synthetic textiles. This

material was chosen as it represents the ultimate goal of this research to eventually have a

scalable nanofabrication process on textile �bers for wearable electronics or optical devices

for active camou�age. Chapter 6 of this work is a published paper on the photoremediation

of heavy metals in water using ALD-coated PET nonwovens. The future work as it relates to

these exact experiments, as well as the opportunity that exists in this area is discussed in

chapter 7 to conclude my thesis. The goal of this work is to expand current understanding

with regard to nanofabrication using block copolymer lithography on �exible polymeric

substrates, and potential applications. I aim to answer two fundamental research questions:

1) What conditions are required for successful block copolymer lithography on a neutral

polymeric substrate? And 2) If nanostructures can be formed on a neutral polymer substrate

using block copolymer lithography, can other non-neutral polymer �lms and �bers be used

with block copolymer lithography?
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CHAPTER

2

LITERATURE REVIEW

2.1 Block Copolymers

2.1.1 Overview

Polymers are long molecules made up of a single repeat unit, called a ”mer”, with many of

these mers covalently bound together into a single chain forming a polymer. Homopolymers

are polymer chains that only have one single repeat unit along the backbone. Depending on

the arrangement of the mers alongs the backbone, there can be copolymers, terpolymers,

or other higher-order polymers. The monomers on the backbone can be arranged giving

different types like random, block, and alternating copolymers. Presented in Figure 1 are
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different copolymer types that can exist, with the blue and red circles representing different

monomers. These copolymers can have different properties as a result of the monomer

placement along the backbone, with diblock copolymers being the speci�c type that will be

focused on for the purposes of my research presented here. With block copolymers (BCPs),

the polymer chains are most commonly synthesized using living anionic polymerization

which provides very precise control over the molecular weight of the polymer and the

size of each block(39). This is important because speci�c to BCPs is the mechanism of

self-assembly, which is largely in�uenced by the mass ratio of the blocks in the chain(40).

2.1.2 Block copolymer self-assembly

Block copolymers have the ability to microphase separate, which arises from the incom-

patibility of different blocks interacting with each other( 41). Due to dissimilarities in the

chemical structure, most polymers are immiscible and readily form two distinct phases.

This has been shown by Flory, Huggins, and Stavermann, who derived the equation for the

free energy of mixing per unit volume given in equation 1.

� Gmix

V
= kT [

� A ln � A

vANA
+

� B ln � B

vBNB
+

�� A� B

v *
] (2.1)

Where � i is the volume fraction species A or B, v i is the volume of each species, N i is

the number of mers of each species, and v * is the reference volume given by (V AVB)(1/ 2).

For diblock copolymers the entropy of mixing per unit volume is small and as a re-

sult, due to their incompatibility there is excess free energy that prevents the blocks from

mixing( 40). The � parameter in equation 2.1 is called the Flory-HUggins interaction param-

eter and it relates the mixing free energy between two polymers in a binary solution - in

other words, it's a measure of the incompatibility between two polymers. It can be written

as
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� AB =
Z

kT
[� AB �

1

2
(� AA + � BB)] (2.2)

where Z is the number of nearest neighbors per repeat unit, kT is the thermal energy

in the system, and � AA, � BB, and � AB are the interaction energies of the monomers with

each other and themselves. In polymer blends, when � AB is positive the polymer chains are

repelled from each other and will phase separate in order to minimize the energy associated

with the system( 42). For block copolymers speci�cally, the chains are limited in their ability

to fully phase separate from each other since the monomers are covalently bound together.

When annealed the chains will form a unique morphology that minimizes the interface

between the two domains, as limited by the length of the chains. Morphology is determined

by the volume fraction of each chain in the diblock copolymer( 42). The morphologies for

diblock copolymers can be seen in Figure 2.1, where they make spheres, cylinders, gyroids,

and lamellae with increasing volume fraction of one block, before inverting.
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Figure 2.1: The 4 predicted phases of diblock copolymers are spherical [S], cylindrical
[C], gyroid [G], and lamellar. As the volume fraction ratio changes, the morphology will
invert.(1)
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Annealing is important for block copolymer self-assembly, because otherwise the chains

wouldn't be able to move past each other once they were cast. Different annealing strategies

exist in order to provide the system with favorable conditions for self-assembly. One method

is solvent vapor annealing (SVA), in which a sample is placed in a sealed chamber with

a small amount of solvent in the bottom. Figure 2.2 shows a simple setup of a solvent

vapor annealing chamber( 2). While the sample sits above the solvent, the solvent volatilizes

into the atmosphere of the sealed chamber where it will swell the polymer chains. If the

solvent is non-selective, the whole cast diblock �lm will swell, allowing for chains to more

freely move past each other and rearrange into a more energetically favorable morphology.

Selective solvents can also be used to encourage self-assembly, depending the speci�c

copolymer-solvent system that is used(43).
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Figure 2.2: Simple schematic of a solvent vapor annealing chamber.(2)
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Another common method of annealing is thermal annealing. Thermal annealing is

simply heating the sample above the glass transition temperatures for each of the polymers

in the diblock. By heating the copolymer above its T g, the chains have enough thermal

energy to move past each other, allowing for self-assembly( 44). The increase in temperature

is also associated with a larger speci�c volume due to the coef�cient of thermal expansion

for the polymers( 45). This, plus having more mobility from the temperature being high

enough, gives the polymer ample opportunity to self-assemble( 46). If the temperature

exceeds the melt temperature of the two polymers, the self-assembled morphology will

disappear and the polymer will either become miscible or be disordered. The primary

bene�t of thermal annealing is that it's a simple process wherein you just need a hot plate or

oven and the sample can be successfully annealed. It's safer than solvent vapor annealing

because there are no potentially �ammable solvent vapors to contend with. A downside to

this method however, is that thermal annealing is most often not a very quick process and

some block copolymers - particularly higher molecular polymers - can take days( 47). In

addition, in situations where the environment of the oven can in�uence the self-assembly

of the BCP, expensive vacuum pumps may be required to evacuate the chamber of air.

Due to the limitations faced by oven and solvent vapor annealing, a new annealing

method has recently come to the forefront as a promising alternative. Laser annealing is

rapidly gaining traction as a quick way to achieve long-range order of BCP �lms( 48; 49).

Under a high intensity laser, the BCP layer experiences a sudden spike in temperature

that causes the �lm to rapidly self-assemble. Temperature of the laser ranges from 300

- 700� C , well above the T g and in some cases above the Tm of both blocks( 50).The laser

is only on that area for a few milliseconds, which raises the temperature to above the

order-disorder transition temperature (T ODT). As the polymer is heated above the T ODT

rather than just above the T g, defects in the �lm which can serve as barriers to long range

order are removed( 51; 52). When moving below the T ODT, a solidi�cation front forms, and
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while the �lm cools it resides at an annealing temperature for long enough that the diblock

self-assembles(53; 54; 55). The lasers are focused precisely and have a penetration depth of

around 170-300 nm into the material, preventing damage to the substrate( 56; 46). Laser

annealing is a suitable method for annealing because it not only achieves long range order,

but it also reduces the amount of time needed to anneal the samples, making the process

more scalable.

2.1.3 Surface energy constraints for orientation control

The substrate that a diblock copolymer is cast on in�uences the eventual self-assembled

nanostructure that occurs after annealing( 57; 58). Highly polar substrates will cause blocks

to adsorb to the surface, thus preventing long-range order during annealing( 58). As a

result, surface neutralization is important in order to achieve the desired morphology. One

method to neutralize a substrate to a block copolymer, is to graft a buffer layer of one of the

blocks to the surface( 58; 59). Essentially, the buffer layer serves as a non-selective surface to

prevent pinning of one of the blocks to the substrate. This allows for self-assembly to occur

without surface effects in�uencing the morphology. Other studies have investigated grafting

random copolymers to the surface, as a way to have non-preferential self-assembly in case

the � -parameter is very large between the blocks and in�uences the self-assembly( 60; 61;

62). These surface modi�cations prevent pinning, as well as can help control the speci�c

orientation of self-assembled polymer morphology. This can be seen in the self-assembly

of block copolymers predicted to have a cylindrical morphology. If there is a preferred

interaction between the blocks that comprise the cylinders and the substrate, then they will

orient parallel to the surface whereas if the cylinders have no preference, they will orient

perpendicularly( 63). The grafted brush layer is critical for surface neutralization on polar

substrates.
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2.2 Properties and Applications of Vapor In�ltration into

Polymeric Substrates*

This section of the chapter has been published in its entirety: W.F. Ingram and J.S. Jur.

"Properties and Applications of Vapor In�ltration into Polymeric Substrates," JOM, vol. 71,

no. 1, pp. 238-245, 2019.

Atomic layer deposition (ALD) belongs to a family of vapor deposition and processing

techniques for thin �lms of metals, metal oxides, and organic-inorganic materials. ALD is

an important method for the deposition and controlled growth of thin �lms, and is applied

most commonly in the �eld of semiconductor manufacturing due to its precise nature of

growing thin �lms and excellent conformality without pinhole formation ( 64; 65). ALD is

useful in other �elds such as dielectrics( 66; 67), diffusion barriers( 68; 69; 70), and in aiding

catalyst material design( 71; 72; 73). With such diverse applications, ALD of a wide variety of

materials is important for exploring unique properties of thin �lms and hybrid structures

for even more advanced functionality(74; 75).

In general, atomic layer deposition requires alternating pulses of precursor gases or

vapors with reactant gases to deposit thin �lms on the surface of a material( 76). These

precursors and reactants are self-limiting, where they preferentially and exclusively react

with each other, controlling the thin �lm growth explicitly on the surface of the substrate( 77).

Unlike in other deposition techniques such as chemical vapor deposition (CVD) or physical

vapor deposition (PVD), where the �lm thickness changes over time as the substrate is

exposed to the reacting vapors, ALD is self-limiting and requires a secondary reactant gas

to develop a single coating layer( 78; 79). Using these sequential reactions, thin �lms grow

with precise control at the nanoscale level, leading to unprecedented conformality.

Under the umbrella of ALD processing techniques, there are methods for fabricating
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nano- to microstructures within a material rather than growing thin �lms on the surface.

These methods rely on in�ltration of a precursor gas into a substrate through a general

process termed vapor phase in�ltration (VPI). Under this encompassing theme of material

modi�cation, there are different processing styles that perform roughly the same function

but have different procedures: sequential vapor in�ltration (SVI), sequential in�ltration

synthesis (SIS), and multiple pulsed in�ltration (MPI). The concept of these vapor phase

in�ltration methods can be generalized as having a precursor selectively react with spe-

ci�c chemistries within an organic material to form a hybrid structure( 80). In�ltration is

markedly different from ALD because the metalorganic vapors used as the precursor are not

depositing just on the surface of the substrate. Rather, they are penetrating within the bulk

of the material to react and form hybrid metalorganic domains internally. The precursor

and reactant gases penetrate through the material and selectively bind to domains that

have reactive chemical groups, bonding to them covalently and forming metalized regions.

As reviewed in this work, the reaction and in�ltration can result in changes in the

material's mechanical, optical, thermal, and conductive properties, which can provide

unique functionalization and realization of new applications of the material. The aim

in this work is to outline the current state of the art for VPI of polymer substrates. The

mechanism and processability of VPI will be detailed as well as emerging properties and

their applications.

2.2.1 In�ltration Mechanisms and Processing

As with ALD, vapor in�ltration relies on the preferred reaction of precursor gases that are

carried by an inert gas under vacuum to react with accessible groups within the material( 7).

For the fabrication of metal oxides using ALD, the precursor gases react readily with func-

tional groups that have available oxygen molecules - such as hydroxyl, carbonyl, or ester
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groups - seen in various polymer backbones and side chains. In the example of oxide growth,

reactive organometallic gases are reduced and bound to the polymer followed by a pulse

delivery of the reactant gas (in most cases, H 2O), which provides the highly electronegative

O2 that will remove the other organic groups the metal molecule holds, releasing them into

the reaction chamber to be carried out by the inert gas. For true ALD, these preferential

reactions keep the metal or metal oxide growth constrained to the surface of the material.

In�ltration of these gases can occur in a polymer when there is a lack of available surface

functional groups and the polymer bulk free volume allows the precursor gas to diffuse

into the material( 81). A clear example of the in�ltration and reaction mechanism is in

poly(methyl methacrylate) (PMMA) in which a carbonyl or ester groups exists on the repeat

unit( 82; 83). Because each repeat unit has these groups, the metal precursor will bind to it.

The process of ALD precursors diffusing through polymer masking layers was observed and

reported by Sinha et al. in 2007(84). The researchers speci�cally determined the diffusion

coef�cients and solubilities of titanium tetrachloride and titanium isopropoxide through

PMMA as a way to understand how polymer layers can aid in area-selective ALD.

Vapor phase in�ltration, as with the traditional process of ALD, has precursor and

reactant gases controlled by a valve that quickly opens and pulses the gases through the

reaction chamber. Carried by an inert gas, most commonly N 2, the reactive gas travels

through the ALD chamber and deposit on the surface of the substrate. Because ALD is

self-limiting and focused primarily on thin �lm growth on the surface of materials, long

exposure times of the gases are unnecessary. By modifying the exposure time, the precursor

gas is permitted the time necessary to diffuse and react within the bulk of the substrate.

This important process modi�cation has resulted in a number of new process modalities

that take advantage of the reaction. Figure 2.3 outlines the differences in methods of vapor

phase in�ltration that have been discussed in literature.
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Figure 2.3: Schematic representation of ALD (a) and each in�ltration process (b-c) with
trimethylaluminum (TMA) as the precursor and H2O as the reactant. (a) ALD has short,
repeated pulses of the precursor and reactant under a constant �ow of nitrogen unlike the
longer pulse and hold durations experienced for the in�ltration methods. (b) Sequential
in�ltration synthesis (SIS) and multiple pulsed in�ltration (MPI) differ from other methods
by having distinct purge times after the precursor and reactant pulse and hold step. A full
cycle is complete once the reactant purges from the chamber, and a new cycle can begin. (c)
Sequential vapor in�ltration (SVI) relies on repeated pulses and holds of �rst the precursor
and then the reactant under a constant �ow of a carrier gas (N2). After the �nal pulse of the
reactant, the full process of SVI is complete.
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Sequential in�ltration synthesis (SIS) and multiple pulsed in�ltration (MPI) dose pre-

cursors and reactants via a carrier gas in static hold steps, with distinct purge zones for

evacuating the chamber fully to baseline vacuum pressure (Figure 2.3 (b))( 7; 85). These

mechanisms (which only differ in name) use repeated pulses of a metalorganic vapor and

H2O to in�ltrate into soft polymeric materials and react with the surface of the substrate

under �owing N 2. A downside to these processing techniques is that there is a signi�cant

time requirement due to the full purge step that brings the chamber to a baseline vacuum

pressure as well the hold of the reactant gas to allow the precursor to bind to the polymer

reactive sites. These methods have been used for block copolymer lithography, mechanical

enhancement of �bers, and substrate templating(7; 86).

In the SVI processing scheme (Figure 2.3 (c)) the chamber is kept under vacuum with

a constant N 2 �ow throughout. The precursor is dosed and held within the chamber for

short periods to allow for saturation of reactive sites. Dosing of the same precursor is done

repeatedly before moving on to an evacuation and purge step, repetitively dosing the co-

reactant, followed by a �nal purge and evacuation of the chamber. After the second and

�nal purge, the material has completed the full SVI process. Repeated dosing of �rst the

precursor and then the reactant is done to fully saturate the interior of the polymer with

the reactive precursor, giving the reactant sites to bind to. This technique is different from

the other processes because it is only reacting the precursor and reactant once to form the

hybrid interior structure.

Perhaps the most well-researched reaction for vapor in�ltration is between poly(methyl

methacrylate) (PMMA) domains and the metalorganic vapor of trimethylaluminum (TMA)

— although many other common polymers have been investigated such as polydimethyl

siloxane (PDMS), polyethylene terephthatlate (PET), and polyamide-6 (nylon)( 87; 88; 89).

This reaction is outlined in Fig. 2.4 and shows the structure of PMMA and TMA as the TMA

molecule covalently binds to the methacrylate in the polymer unit( 3). In the analysis of the
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sequential reactions with in situ Fourier transform infrared (FTIR) spectroscopy, Biswas et

al. show that although TMA rapidly reacts with the hydroxyl and ester sites in PMMA, the

reaction is not direct and irreversible. Instead, it is observed that the initial reaction between

carbonyl groups and TMA molecules is reversible and highly unstable. This emphasizes

the importance of purge times during processing to form stable Al-O linkages between the

metalorganic molecule and polymer. The researchers relied heavily on the in situ FTIR to

help understand the time-dependence of the interaction and the necessity of the purge

periods between reactant exposures.
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Figure 2.4: Density functional theory calculated candidate structures for PMMA-TMA
species. Lowest-energy con�guration for two physisorbed structures (O *** Al(CH 3)3) where
AlCH3 group is interacting with (a) C =O and (b) C-O-R groups of PMMA, respectively. (c)
Geometrically optimized covalent structure (O—Al—(CH 3)2) in which one of the TMA CH 3

groups has been shifted to the C that was formerly part of the C =O group. Key: O, red; H,
white; C, light gray; Al, pink; covalent bonds, dark gray. Reprinted (with permission from
(3))
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In�ltration into Fiber and Fabrics for Textile Applications

Within the scope of the capabilities of vapor phase in�ltration, the process is practi-

cal for modifying textile substrates as well. Textiles are a high surface area 3D structure

with a complicated morphology that requires ALD to coat uniformly. Common polymers

for textiles such as nylon, PMMA, or PET can be extruded into �bers that are then spun

into yarns, which are then woven or knit to form fabrics. These textile structures, with

the addition of nonwoven materials, are being explored with ALD as platforms with ap-

plications in electronics( 90; 91; 92), environmental remediation( 20), catalysis(93; 94), and

biomaterials( 89; 95). While much of the research into vapor phase modi�cation of textiles

has focused on ALD, SVI has also been explored. In�ltration in textiles however has been

limited by the dif�culty of processing �bers for SVI and the challenging shape of �bers for

characterization.

Within a �ber, subsurface reactions to create metalized domains require that a thin �lm

of the metal oxide does not develop on the surface �rst, becoming a barrier to diffusion( 81).

To allow for diffusion into the polymer substrate to occur rather than strictly surface growth,

long exposure hold times are necessary for the precursor and reactant gases( 91; 96). Despite

the high aspect ratio of �bers and yarns and their orientation within the macrostructure

of a fabric, the process of SVI is capable of in�ltrating the textile fully. This is aided by the

exposure time holding the reactant gases in the chamber with the substrate-something

that is again only possible because of ALD's self-limiting behavior. This will change the

functional group within the polymer repeat unit itself, which can lead to modifying polymer

crystals, and crosslinking chains within the �ber( 91). The resulting effects of SVI on �ber

properties and their applications are discussed in later sections of this work.

For ALD or SVI growth of thin �lms on the �ber or internal metalized structure, no

specialized equipment is necessary. Standard ALD processing tools can be used, albeit the
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reaction must be performed at a lower temperature to accommodate for the polymer's

glass transition and melting temperatures. Whether a standard reaction chamber is used

or a custom tube chamber,36 the gases introduced for the modi�cation will be dosed and

interact with the polymer and its domains.

Scalability of In�ltration Processes on Polymers

The scalability of ALD and other vapor deposition processes was investigated as far back

at 1977(97). The ability to have sequential, controlled vapor delivery in ALD processing

is under current investigations for nanoscale device manufacturing and coatings, as well

as materials for layers in �exible electronics. Interestingly, process challenges as well as

the tool design principles are well suited for scalability of the in�ltration processes. A

primary challenge to the scale-up of ALD is the time requirement for in�ltration, reaction,

and purging, which is accentuated as the pressure of the reaction system is increased to

near atmospheric pressures. A shortcoming in this timing can result in nonuniformities

in the in�ltration reaction as well as CVD growth that would occur when the co-reactant

is exposed to the system. To combat this, approaches to scale-up of ALD processing has

investigated means of separating the gases physically rather than chronologically, moving

the sample into different regions of the tool in a variety of different ways( 98). This means

that the reactants can �ow continuously or be held static because the substrate movement

controls the sequence and growth. This drive for scalable ALD has manifested itself into a

handful of design strategies to achieve this. Practically, these same methods can be applied

to in�ltration techniques if the substrate is held in each deposition region long enough for

the gases to enter the material.

One such strategy for a scalable in�ltration is presented in Fig. 2.5. In this case, the

polymer substrate used for in�ltration moves spatially between regions that provide each

half reaction. This method developed by TNO Science and Industry has a rotating sub-
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strate under a reactant head that creates zones for the in�ltration or deposition where it

sequentially exposes with precursor and reactant gases while holding the system under

a �owing N 2 atmosphere( 99). The team demonstrated linear growth of an Al 2O3 thin �lm

on a rotating silicon substrate with the gas head bearings with a growth rate of 0.12 nm, as

expected(99).
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Figure 2.5: Schematic of gas source head with gas bearings. Spacing in the �gure is not to
scale.
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Some designs for a rotating, scalable ALD are shown in Fig. 2.6 and have high applica-

bility to the in�ltration processes. For example, 2.6(a) shows a roll-to-roll ALD processing

tool that uses a serpentine pattern to transfer the �exible substrate through processing

chambers(4). Other roll-to-roll setups can be more complicated and have other inputs for

different gases and more complicated chemistries( 100). As with the other scalable ALD

systems seen for planar, in�exible substrates, this ALD method requires the substrate to go

through a serpentine pattern, but has the substrate being exposed to vapors of precursor

and reactant gases in regions as it moves through the chamber. An additional setup for

scalable ALD on �exible polymer substrates uses a rotating drum in a chambersurrounded

by regions of reactant exposure, venting, and purging of gases (2.6(b)). Developed by the

Beneq Company, this roll-to-roll method completes a single cycle of the ALD process upon

each full rotation( 101). For Beneq's TFS 200R drum tool, a rotation rate of 300 m / min is

reported, with a deposition rate of 100 nm / min. Reported results show successful growth

of thin �lms of Al 2O3, with some boundary layer effects that give higher deposition rates of

alumina at faster rotation velocities( 102). Although the strategies discussed for scalable

vapor deposition have not been demonstrated yet for in�ltration, the designs and concepts

used for ALD on polymers could have practical use for in�ltration, particularly the rotating

drum developed by Beneq(5).

24



Figure 2.6: Schematic representation of roll-to-roll ALD by substrate translation of �exible
substrates with (a) a serpentine con�guration (Reprinted with permission from ( 4)) and (b)
a rotating drum into regions of different exposures (Reprinted with permission from (5)).
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Advantages of Vapor Phase In�ltration

Vapor phase in�ltration and its family of processing techniques are advantageous for

in�ltration and modi�cation of polymer substrates. The VPI process is ultra-precise because

of the selective chemistry that occurs between the polymer functional groups and the

precursor gas. The speci�city provided by VPI ensures that growth of the hybrid polymer-

metal oxide occurs exactly within the polymer domain that has the necessary hydroxyl,

carbonyl, or ester functional groups. In comparison, sol-gel chemistry can also be used to

in�ltrate polymer templates including �bers( 103; 104). This process is much less selective

than VPI, but is faster and simpler. Challenges facing the adoption of vapor phase in�ltration

methods include the time required to have the substrate fully in�ltrated and the interior

hybrid structure formed. As discussed, the scalability of in�ltration has yet to be fully

explored, and with the process being time intensive, it is not currently appealing to industry

as an ef�cient method of modifying polymer substrates. Additionally, the cost of VPI tools

and processing chambers can be inhibitive, especially as the technology's full applications

are still being brought forward.

2.2.2 Functionality of Vapor In�ltration in Polymers

Vapor in�ltration into polymers serves as a means for near surface, bulk functional changes

as well as template designs for new material architectures. For example, it can be used

to functionalize materials, making them stronger, more hydrophobic or hydrophilic, or

more conductive. This is important especially for the development of polymeric materials

and composites that may rely on characteristics of many different types of materials. With

various methods of in�ltration for functionalizing a substrate, the material's mechanical,

optical, and electronic properties can be modi�ed.
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Mechanical Properties

The mechanical properties and their subsequent improvement or degradation of the

virgin polymer form have been studied for a large contingency of polymers, manmade

and natural. The inclusion of metal bonds to create organometallic hybrid materials has

the ability to crosslink polymer chains and develop mechanical properties that exceed

those of the polymer alone, either as a �lm( 105) or as a �ber( 81; 6; 106). By having covalent

bonds form with metal atoms between polymer chains, materials have exhibited increased

toughness and, in some cases, simultaneous increased maximum elongation. One of the

�rst studies to demonstrate this effect was performed by Lee et al., in which organometallic

in�ltration into collagen membranes exhibited a higher elongation to break and Young's

modulus than untreated samples( 6). Alternatively, too much exposure to the metal precur-

sor can negatively affect the substrate and cause it to degrade. It has been shown that for

high cycle number or long exposure time, the aluminum precursor trimethylaluminum

(TMA) can break open the glucose rings along the backbone of cellulose and ultimately

weaken the structure( 106). Additionally, it is known that UV can degrade polymer materials,

weakening their mechanical properties. Even in �bers, UV degradation can cause early

breakage(107; 108). For this reason, vapor in�ltration is a helpful process for toughening

the materials. The hybrid layer formed within the material during in�ltration can serve

as a protective layer from UV( 109). In this case, the hybrid layer can serve as a protective

barrier for the polymer, preventing harmful UV radiation from reaching deep into the �lm

or interior of the �ber and causing chain scission, weakening the mechanical properties.

As a �ber, spider silk already exhibits extremely unique mechanical properties, outper-

forming most man-made materials( 110). However, these properties can be improved by

vapor in�ltration( 86). Hybrid silk structures with inclusions of aluminum and titanium

were shown to increase the Young's modulus of the silk from 9.7 GPa to 53-68 GPa and 53-66
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GPa, respectively(86). With in�ltration of organometallic precursors, the proteins that make

up the spider silk are modi�ed at the structural level with metal atoms( 111). A study by

Lee et al. used in situ Raman spectroscopy to analyze how metalized silk was modi�ed by

comparing the shift in spectra during deformation for both Al-in�ltrated and untreated silk.

They showed that the increased strength and extensibility of dragline silk were most likely a

result of changes to the molecular structure with the in�ltration of aluminum. The spectra

showed that the in�ltration occurred at hydrogen bonding sites, leading to the formation of

covalent bonds between Al and amino acids. As a result, the size of the beta-sheet crystals -

a governing factor of the silk's mechanical properties - was reduced.
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Figure 2.7: A stress-strain curve of metal-in�ltrated (Al, Zn, and Ti) collagen membranes
under the uniaxial tensile test. The inset image shows an SEM micrograph of a titanium
in�ltrated collagen membrane. (Reprinted with permission from (6)).
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Optical and Electrical Properties

In�ltration of polymers can have unique effects on the optical behavior of polymer

substrates that are metalized and the structures formed. Because of the hybrid layer that

forms, light interacts differently with the modi�ed substrate and is re�ected or absorbed in

novel ways. For example, unique photoluminescence was observed in polyethylene tereph-

thalate (PET) samples that were in�ltrated with TMA at various temperatures (60 � C, 90� C,

and 120� C). For higher processing temperatures up to 150 � C, the luminescence increased

because of incorporation of alumina into the substrate( 112). This is seen in Fig. 2.8 below,

with treated samples under UV light showing high luminescence, while untreated samples

show little to no luminescence. Additionally, SVI of the PET fabric at 150 � C resulted in

the sample having a yellow color under normal light, unlike the other samples and the

untreated sample, which were all white. The researchers attribute this to high temperature

creation of species in the material. This is con�rmed by FTIR peaks being related to the

quinone structure, which can produce a yellow color. In further research, it has been shown

that SVI can be directed to speci�ed areas using physical masks and performing the in�l-

tration at atmospheric pressure( 113). This occurs because the diffusion of TMA in the inert

atmosphere of the reaction chamber at high pressures is very slow and thus has a lower

partial pressure at the polymer surface and cannot diffuse into the polymer bulk.
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Figure 2.8: Comparison of untreated PET samples and those treated with SVI at 60 � C, 90� C,
and 150� C (a) under natural lighting and (b) under UV illumination.
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In�ltration has also been used to modify surfaces for anti-re�ective coatings. In a pa-

per by Rahman et al., the researchers show that nanotextures fabricated using SIS have

enhanced broadband antire�ection for applications in solar cells and light harvesting( 114).

SIS was also employed to create low refractive index surface coatings with controllable

thickness and domain sizes that affect the refractive index based on the swelling of the

polymer and number of SIS cycles(115).

Polymers are well known to be poor conductors of electricity, while metals and semi-

conductors are widely used. By having a vapor phase deposition process that can grow

conductive �lms on the surface a polymer, the conductive materials can be made to coalesce,

forming a single conductive pathway. In textiles, ALD has been used to form conductive

coatings on the surface of the polymer �bers for sensors and �exible electronics( 116; 117).

In one study, vapor phase in�ltration was used to tune the conductivity of polyaniline, a

conductive polymer( 118). Using MoCl 5 and SnCl4 as precursors, polyaniline was in�ltrated

with each metal and shown to signi�cantly enhance the polymer conductivity after 100

cycles for MoCl 5 and 60 cycles for SnCl4, with the conductivity of the in�ltrated polymer

reaching 2.94 � 10-4 S cm-1.

Structure Patterning

The use of SIS as a means for lithography is a primary focus of this vapor in�ltration

process. A representative �gure of SIS lithography using block copolymer self-assembly

can be seen in Fig. 2.9. As mentioned in the mechanism section, SIS is a practical method

for using copolymer substrates to template surfaces based on the copolymer's ability to

self-assemble. Polymer lithography most often uses UV light to pattern the surface and

cure it, followed by etching, CVD, or other deposition techniques, and then another etching

step before moving on to other processing steps. With SIS, the copolymer �lm can be cast

on to the substrate, annealed to self-assemble the domains, perform SIS, and have only
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one etching step. This saves time and resources for manufacturing semiconductor devices,

which require advanced lithography on the micro- and nanoscale.
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Figure 2.9: Schematic diagram for self-assembled PS-b-PMMA thin-�lm templated syn-
thesis of nanoscopic inorganic materials by ALD. (a) Self-assembled PS-b-PMMA �lms.
(b) Self-organized copolymer �lms are dried and then treated using ALD. Two key steps
are involved in the process: (1) selective and self-limited coordination reaction between
metal precursors and carbonyl groups in PMMA; (2) selective and self-limited growth of
materials by ALD with coordinated metal precursor as the nucleation site. (c) Patterned
inorganic material after the copolymer template is removed by thermal annealing or plasma
treatment. Reprinted with permission from (7).
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The complicated architectures of devices need a method of fabrication that can go below

the fundamental limit of the current methods for patterning substrates. For light-based

lithography the resolution limit of features has been decreased to 15 nm using complicated,

novel techniques, though most commonly photolithography with masks is not used for

features that small( 119). With SIS of block copolymers, domains as small as 3 nm have

been fabricated, well below what has been achieved using light(120). This opens the door

for many new fabrication techniques using this method and devices that can be devel-

oped. Copolymers have the ability to assemble into different types of domains—including

cylindrical, lamellar, and gyroid morphologies. This repertoire and many other unique

structures that phase separated polymers form can be taken advantage of for a broad range

of applications.

In another example of structure patterning, a team of researchers showed the evolution

of continuous exposure of polystyrene-b-poly(2vinylpyridine) (PS-b-PVP) to TiCl 4 precursor

for titania nanoparticle growth( 8). The results show how the in�ltration of the polymer

micelles occurs to grow titania nanoparticles within the block copolymer. The nanoparticle

synthesis is strictly limited to the PVP domains based on available reactive groups when

only the TiCl 4 precursor is used. However, when pulses of both TiCl 4 and H 2O are used,

growth within the micelle core occurs initially, but as cycling continues deposition on the

surface begins and leads to overgrowth on the top of the substrate. Once reactive groups in

the micelle have been exhausted, normal ALD growth occurs on top of the micelle leading

to a hexagonal pattern. A schematic and SEM images of the pattern can be seen in Fig. 2.10.
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Figure 2.10: SEM and schematic diagram showing the growth and subsequent overgrowth
of in�ltrated PSb-PVP block copolymer templates for titania nanoparticles after exposure
to TiCl 4 and H 2O. Reprinted with permission from (8).
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2.2.3 Conclusion and Summary

Vapor in�ltration is an important processing technique within the family of vapor deposi-

tion methods. It is a scalable, accurate way to fabricate nanostructures within materials

for advanced lithography in the semiconductor industry as well as for generating unique

architectures that are optically or catalytically active. Challenges that prevent in�ltration

from being more popular as a method of modifying substrates include issues with scalability

and control of the polymer �lm and �ber. It can be a costly technique with control that

may exceed what is necessary for some processes. As more materials are brought over to

vapor phase processing with ALD, experimentation and adaptation with in�ltration are

inevitable and will allow for even greater functionalization for a broad range of tailored

material properties.
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CHAPTER

3

CHARACTERIZATION METHODS

EMPLOYED

3.1 Scanning electron microscopy

3.1.1 General principles

Electron microscopy is a characterization method that uses electrons of a speci�c energy

or wavelength to bombard a surface in order to determine the surface topography, crystal

structure, elemental analysis, or other information about a sample( 121). It is a very popular

method of characterizing samples because of its versatility and the range in scale that it
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can provide visuals of: from hundreds of microns down to a single nanometer( 122). This

method of characterization is not an imaging technique. Rather, the SEM probes the surface

of a sample with a beam of electrons which then radiates electrons generated on the surface

into a detector which interprets the data based on the energy of the electrons collected

and creates a 2D grayscale image(123). The electron beam is formed in the column of the

SEM using an electron gun that produces electrons and accelerates them to the set energy

level - typically up to 30kV and as low as 500V. Then inside the column, the beam is focused

using electromagnetic lenses and apertures to get the diameter down to a size that is useful

for imaging the substrate. The resolution that can be achieved for the beam diameter is

related to the energy of the electron beam itself. The governing equation for this property

is given by Equation 3.1, where d is the electron beam probe, Ib is the current contained in

the probe, � is the wavelength of the electrons, and � is the brightness of the image(124).

d = C 1=4
s � 3=4[1+

Ib

� � 2
]3=8 (3.1)

The spherical aberration is given by Cs and is an coef�cient for the objective lens.

Essentially, the minimum beam that an SEM can produce is given in the �rst term, C 1=4
s � 3=4,

while the following term 1+ Ib
� � 2 ]3=8 is a limiting factor dependent on the current required

in the beam. For most microscopes, the only conditions that can be varied in order to get

better resolution are the wavelength (or energy) of the electrons or the beam current.

There are two main sources of electron guns that are used for generating beams in

SEMs: �laments and �eld emission guns. Both are able to emit steady, controlled beams of

electrons but from two different mechanisms. While the older method of using a �lament

(typically made of Tungsten) is cheaper and still a reliable option, the more common

electron source used in modern SEMs is the �eld emission gun. This gun uses an extremely

sharp tip, usually a single crystal of tungsten, as the electron source( 9). Then a very strong
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electric �eld is applied which causes the electrons in the tip to be drawn towards the anodes

in the column which can help to focus the beam and serve as a lens.

The electron beam is responsible for generating the types of signals that are emitted

from the surface that can be characterized. As seen in the depth pro�le in Figure 3.1, not

only are various types of electrons ejected from the surface when the beam strikes it, but

x-rays are as well. There are two major categories of emitted electrons from the surface.

Those that are a results of elastic collisions of the beam with the sample, and those with

inelastic interactions. Elastic scattering occurs due to beam striking the nucleus or outer

electron orbital of an atom and experiencing little energy lost, but a signi�cant change in

direction of the original beam. These electrons are called backscattered electrons. Electrons

from the beam that interact substantially with the sample experience inelastic scattering.

These electrons lose energy during collisions, and bounce around in the interaction volume

on the sample. The excitation of the electrons in the material as a result of these inelastic

collisions with electrons from the source beam can lead to the generation of secondary

electrons. These electrons are easy to collect and provide good data concerning the surface

topography of the sample, as well as the some information about the surface chemistry

which can be elucidated by the contrast in the image(9).

Since there are many types of analyses that can performed using SEM, I will focus on

the two types of analysis I did with my research: Low voltage SEM and energy dispersive

x-ray spectroscopy.

3.1.2 Low voltage SEM

As the energy of the electron beam is increased, the beam diameter will decrease by over-

coming effects related to the chromatic aberration( 125; 126). As the voltage for the electrons

drops below 1 kV there is an exponential increase in the beam diameter, which is problem-
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Figure 3.1: Illustration of the electron beam-specimen interaction for scanning electron
microscopes(9).
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atic for getting good resolution at high magni�cation( 127). As the voltage is decreased to

under 1 kV, the interaction volume of the electrons in the sample also shrinks, and backscat-

tered electrons (BSE) approach the same emission depth as secondary electrons (SE). With

the combination of a smaller beam diameter and smaller emission depths, the electrons

emitted can have a higher surface sensitivity(127; 128).

For low beam voltages, an Everhart-Thornley detector (ETD) was used to collect the

electrons. When the microscope is in the non-immersion mode, the ETD detector works by

creating a photon when it is struck by the secondary electrons from the sample. The photons

emitted by the scintillator are then ampli�ed with a photomultiplier tube that processes

the signal and creates an image on the screen. Most commonly the non-immersion mode

is used in order to be able to collect surface features. When the immersion mode is on, the

through-the-lens detector (TLD) is used, which behaves identically to the ETD detector. The

main difference between the immersion and non-immersion mode is that the immersion

mode uses secondary electrons that are emitted back into the column and are re�ected on

to the TLD. Both detectors are optical detectors, just placed in different locations to collect

the secondary electrons.

Other techniques during SEM in either the immersion or non-immersion mode can

help with resolution of the image. Primarily, adding a stage bias to the sample is one way to

boost the signal and get higher quality images without using a more powerful beam. With a

stage bias applied, low energy secondary electrons are accelerated away from the sample

where they can be collected and provide more detail, especially of the surface topography.

Low voltage SEM with an applied stage bias was especially useful in this research because

the polymer �lms that are characterized are easily damaged by high voltage beams( 129; 130).

Not only are polymers organic and thus made of lightweight atomic elements, but the spun

cast �lms themselves are also very thin. This makes it so that low voltage SEM is necessary

in order to successfully characterize the sample without damaging it or coating it with gold
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or another conductive element layer, which can obscure important surface features.

3.1.3 Energy dispersive x-ray spectroscopy

Energy dispersive x-ray spectroscopy (EDS) is a popular method of elemental analysis

of samples under SEM. This technique allows for con�rmation of which elements are

present, and can show exactly where those elements are in the image generated from

a SEM(131; 132; 132). As compared to other elemental analysis techniques like time-of-

�ight secondary ion mass spectroscopy (ToF-SIMS) that bombards a surface with high

energy ions, EDS uses an electron beam and relies on the characteristic x-rays generated to

characterize the atoms that are present.

Principally, EDS works by striking a sample with a high energy electron beam that excites

electrons near the nucleus which causes electrons in the outer valence shells to fall down to

the lower energy levels, emitting x-rays( 10). For every element, there is a unique orbital with

a corresponding energy level that the electrons occupy( 133). As electrons from an electron

gun in the SEM hit a sample at about 30kV, the collisions excite electrons from the K orbital

into outer, un�lled orbitals( 134). This results in an empty orbital at a lower energy level,

which is thermodynamically where an electron wants to reside. As an electron transitions

from an outer orbital (like L1, L2, or L3) to the inner K shell, it emits a characteristic x-ray

that can be detected. A detector senses the number of x-rays emitted over time as the beam

continues to excite electrons in the K shell, and will display a plot of the "counts" vs. the

energy of the x-ray (in keV). For this work, EDS was performed on samples in chapter 5 to

investigate the photoremediation of heavy metals on a ZnO-in�ltrated mixed morphology.
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Figure 3.2: A simpli�ed schematic of orbitals around an atom. These orbitals are associated
with a speci�c energy transition that an electron must undergo if it is to move in from an
outer orbital and �ll the vacancy( 10). These transitions emit x-rays characteristic to that
element.
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3.2 Atomic force microscopy

Atomic force microscopy (AFM) is a characterization technique that is used to probe sur-

faces at the the nanoscale. This technique is very versatile and can generate �gures with sub-

nanometer resolution( 135; 136; 137). This characterization is popular for understanding

surface roughness, as well as getting higher resolution images of nanostructures than what

SEM can provide. Additionally, AFM has many applications across a broad range of topics,

like studying mechanical forces on a substrate( 138; 139), chemical identi�cation( 140; 141),

protein adsorption( 142; 143), viscoelastic properties( 144), lithography( 145; 146), and mag-

netic properties(147).

The most simplistic description of an AFM is that it works by using a microcantilever

with a nanoscale tip to run over a surface and collect data on the deformation that the

cantilever experiences. A schematic of an AFM can be seen in Figure 3.3. In tapping mode,

a piezoelectric motor controlled by an AC signal causes the cantilever to oscillate very

quickly, anywhere from tens of Hertz to 800 kHz. The oscillation is in a very small amount

(about 20nm) in only the z-direction. The tip is usually placed just above or immediately

in contact with the surface, so that it makes direct contact but isn't too forcefully being

tapped on the surface. A laser is aligned with the very end of the cantilever experiencing the

most deformation in the z-direction. As the surface is scanned, the laser's re�ection on a

photodetector collects the change in the z-direction of the cantilever tip. This data is logged

with the position of the tip in the x- and y-directions to create a surface topography. Tapping

mode is very useful for polymer samples because the tip touches the surface for only a very

short amount of time as the AFM motors move the cantilever across the specimen.

Even though AFM is a process that operates on the nanoscale, it still fundamentally

follows laws that we experience at our own size. For example, Hooke's law for given by

F = � k � � z , is used to calculate the nanoforces of the probe on the surface of a sample,
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Figure 3.3: Schematic of an AFM apparatus.

where k is the spring constant of the cantilever itself and � z is the change in the de�ection

in the z-direction. From this equation, the force of the probe can be used to determine

hardness or other mechanical properties of the sample.

Another type of data that can be acquired while scanning a probe in tapping mode over

a sample is the phase angle of the probe. For the purposes of my experimentation, the

phase map produced by the AFM was extremely useful in revealing the nanoscale features

that the block copolymer self-assembled into. Images created using just the de�ection

in the z-direction weren't able to give as good resolution as the phase image because the

�lm is uniform and the height doesn't vary signi�cantly between domains. Although the

�gure produced is of the phases that the block copolymer �lm self-assembles into, the

image indicates where the oscillating phase collected was lagging or ahead while probing

the substrate. For a cantilever undergoing periodic motion described by the equation

F = F0s in ! t , where F0 is the initial force, ! is the phase angle, and t is time, the material is

able to act on the probe and cause it to fall out of phase due to viscoelastic properties( 148).

The phase shift is recorded by the AFM and can produce a plot of the exact regions where

this occurred, revealing (in this case) where domains of one block copolymer have self-
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assembled.

3.3 Inductively coupled plasma-optical emission

spectroscopy

Inductively coupled plasma-optical emission spectroscopy (ICP-OES) is a characterization

method that is useful for determining chemical elements and their concentration in a

solution. This technique uses high energy argon plasma between 6,000 to 10,000K to excite

atoms and ions, causing them to emit electromagnetic radiation. As seen in Figure 3.4,

liquid from a sample is �rst drawn into a nebulizer to atomize the solution. Droplets are

then carried to a plasma torch that rapidly heats the sample, and excites the elements in

the solution causing them to emit light. The wavelength of light emitted by the species

is characteristic to each atom and is a result of the electron shells around the nucleus.

Akin to the technique of EDS, when electrons are excited from their orbital, other outer

orbital electrons will move to the now vacant lower energy orbital. The energy difference

between an outer orbital and an inner one is unique to each element, and detectors are

used to determine the exact wavelengths of emitted light from the atoms. The detector

can distinguish between multiple elements in solution, as well as the intensity of each

wavelength to give a quantitative value for the concentration in solution. For this research,

ICP-OES is used to investigate the concentration of chromium atoms in solution after

photoreduction on to planar ZnO, and ZnO textured pattern created by block copolymer

lithography.
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Figure 3.4: Schematic of an ICP-OES system.(11)
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3.4 Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) is a characterization method that gives

information about the infrared absorption and emission of a solid, liquid, or gas. First

invented as a characterization method in 1950, FTIR is especially useful in analyzing or-

ganic materials to determine the presence of certain bonds( 12). Important to FTIR is an

interferometer, as seen in the simple schematic in Figure 3.5. An interferometer is a system

with an IR beam source, a beam splitter, a �xed mirror, and a mirror that can move. As

the IR beam is incident on the collimating mirror, all of its rays are parallel. Light then

travels to the beam splitter where it splits and goes to either the �xed mirror or the moving

mirror before recombining and traveling to the sample where it is absorbed, transmitted, or

re�ected. The use of the interferometer is to take advantage of the properties of constructive

and destructive interference of light. The moving mirror in the interferometer changes the

path length of light, so that upon recombination the amplitude can be double the original

amplitude if the wavelengths are fully in phase (constructive interference), or the amplitude

will go to zero if they are perfectly out of phase (destructive interference). A interferogram

is acquired from the interferometer as a cosine plot of intensity vs. path difference. By

moving the mirror and changing the path length, it cyclically creates maxima and minima

of intensity from the constructive and destructive interference.

As the sample is struck with the recombined broad spectrum IR, the bonds in the

material will vibrate at a frequency characteristic to the speci�c elements that are bonded,

absorbing that speci�c wavelength while others pass through the material to the detector.

Multiple scans can be done with modi�ed frequencies in order to give more data points

and interferograms. The collected interferograms undergo a Fourier transform which takes

the inverse of one domain - in this case the displacement (in cm) of the moving mirror -

and inverts it to the wavenumber (cm -1). Meanwhile the Fourier transform of a cosine wave
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Figure 3.5: Simple scheme of an interferometer.(12)

is a line. These characteristic peaks in the �nal spectrum identify what is present in the

sample.

For this work, FTIR was employed as a method of characterization in chapter 5 to

con�rm successful aminolysis of polyethylene terephthalate (PET) with 3-aminopropyl

triethoxysilane (APTES).
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CHAPTER

4

SELF-ASSEMBLY AND INFILTRATION OF

PS-B-PMMA ON KAPTON FILM

This chapter is being prepared as a manuscript to be submitted.

4.1 Introduction

This work seeks to develop a process for fabricating highly ordered patterned nanostructures

on polyimide (Kapton) �lms using block copolymer lithography. This process is important in

the electronics industry as devices shrink, however this work serves to expand the use of con-

ventional block copolymer lithography from silicon, to �exible substrates( 149; 150; 151; 48).
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Kapton was chosen for this work because the surface energy of Kapton is 41.0 mJ / m2, which

sits between the individual energies of polystyrene (PS, 40.7 mJ / m2) and poly (methyl

methacrylate) (PMMA, 41.1 mJ / m2)(152). As a result, this makes Kapton a reasonable can-

didate for achieving non-preferential self-assembly of PMMA cylinders( 153; 154). When

self-assembly of PS-b-PMMA has been attempted on polar substrates or substrates with

higher surface energy, such as silicon, PMMA can adhere strongly to the surface and an-

chor the chains in place, preventing self-assembly( 155; 156; 157; 158). This is undesirable

because when one block of the copolymer anchors to the substrate, it can serve as a de-

fect, in�uencing the morphology and impacting the long-range order of the copolymer

layer(155; 159).

Importantly, PS-b-PMMA was selected because the copolymer has a well known mech-

anism of vapor phase in�ltration and lots of research has investigated this system with

various metal-organic precursors( 160; 161). For this work, only trimethyl aluminum (TMA)

was used, and it was used to react within the PMMA domains of the copolymer �lm. Brie�y,

the mechanism (explained in chapter 2.2) relies on the fact that metal-organic gases like

TMA can diffuse into polymer �lms to react with available functional groups( 160). Within

the PS-b-PMMA �lm, only PMMA has an available functional groups (the carbonyl and the

ester) that will react with the volatile TMA molecules( 82; 83). As the TMA physisorbs to the

carbonyl in PMMA, subsequent doses fully saturate all nucleation sites in PMMA domains.

As the molecule remains bonded, it eventually forms a permanent covalent linkage between

the oxygen and the aluminum. Eventually H 2O is used to remove the remaining methyl

groups from the physisorbed TMA. The following etching step removes the polymer and

leaves behind aluminum oxide where it had originally in�ltrated the PMMA.

For this system using both PS-b-PMMA and Kapton, I was looking to develop a method

that created a morphology of vertical cylinders on the surface of Kapton. This morphology

is desirable because it's similar to biomimetic 2D photonic structures( 162). These are
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structures with a repeated pattern that diffract light of speci�c wavelength, resulting in

structural color. Although the size of the blocks in the copolymer are not able to self-

assemble on the size scale necessary for this to occur, this work is meant to establish a

process by which one could feasibly create photonically active structures on Kapton with

higher molecular weight PS-b-PMMA copolymer.

In this work, I step-wise go through the fabrication of aluminum oxide nanocylinders via

block copolymer lithography to elucidate which variables will achieve the desired results.

From these experiments, I hope to develop a repeatable process that can be translated to

other polymeric substrates and their forms - such as PET �lms and �bers.

4.2 Materials and Methods

4.2.1 Spin Casting

For spin casting, Kapton �lm used as a substrate with a thickness of 125 � m was acquired

from Dupont. Before casting, the substrate was cut into roughly 5cm x 5cm squares and

cleaned by sonication in acetone for 15 minutes, followed by rinsing with ethanol and DIW.

The purpose of this was to remove any organic contaminants from the surface that could

in�uence the self-assembly. Once the samples were rinsed with DIW, they were dried with

pressurized N 2 and stored in a clean petri dish before being casting. Polystyrene-block-

poly(methyl methacrylate) was acquired from P&G and had a molecular weight of 126k-64k

g/ mol per block, respectively. The block copolymer solution was allowed to mix for 24 hours

until the chains were fully dissolved and created a homogeneous solution. Spin casting was

done on a Laurell WS-400-6NPP-LITE spin coater that was set up in a fume hood with a

compressed dry air supply and vacuum pump. Samples were af�xed on a glass slide with

double sided tape so that when held in place by the vacuum pressure, they would not
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deform and result in an uneven coating. Samples were spun for 65 seconds at a set RPM,

with 0.5 mL of the block copolymer solution being deposited directly above the center of

the sample after 5 seconds, once it reached the designated RPM. Once the samples were

done spinning, they carefully removed from the tape and stored in a petri dish.

4.2.2 Annealing

For solvent vapor annealing, samples that had already been coated with the block copolymer

were placed on a glass slide set atop an overturned beaker inside a jar with a threaded lid.

Once the samples were placed inside, 2 mL of toluene was poured in the bottom of the jar

and the lid was screwed on tightly followed by para�lm tape around the top of the jar to

further seal it off from the environment. The chamber was then kept at room temperature

in the fume hood where they would not be disturbed for the designated amount of time.

After annealing, the tape was removed from the top of the lid, and the lid was carefully

unscrewed to not cause the samples to fall into the toluene solution. The samples were

stored in a labeled petri dish after removal and before the next processing step. For samples

that were annealed in a vacuum oven, the oven was tuned to the desired temperature and

veri�ed with a thermometer inside. Samples were placed on a piece of foil inside the oven

to remain clean, and a vacuum was pulled to remove air from the chamber. Samples were

kept in the oven for up to 72 hours before being removed and placed in labeled petri dishes.

4.2.3 In�ltration

In�ltration of the PMMA domains in the block copolymer was performed using a custom-

made viscous �ow tube ALD reactor using coreactants of trimethyl aluminum (TMA, 98%,

Strem Chemicals, Inc.) and H 2O (Sigma-Aldrich, BCP grade). The in�ltration process called

sequential vapor in�ltration (SVI) consists of repeated TMA doses followed by a holding
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step and then an N 2 purge of the chamber. This cycle can be done as many times as desired

to fully saturate all of the available carboxylic acid groups in the PMMA before moving to

the coreactant step with H 2O. Following the same processing �ow, after the cycles of TMA

are used to in�ltrate the PMMA domains, H 2O is then dosed into the chamber followed by a

hold and then a purge with N 2. The hold step is necessary to allow for the diffusion of TMA

and H 2O molecules through the PS domains to react with PMMA. The dosing, hold, and

purge times for in�ltration were 0.2, 120, and 60 seconds respectively for both precursor

and reactant, following times seen in literature. Throughout the experiment, the chamber

was kept at 120� C with 1 Torr of N 2 gas �owing during the purge steps after each SVI cycle.

Before the �rst SVI cycle, the chamber is purged for 300s under 1 Torr of �owing N 2, and

after the last SVI cycle there is 120s of purging the chamber to remove any remaining TMA

that maybe unreacted.

4.2.4 Etching

After in�ltration, samples were etched using either a solvent or in oxygen plasma. For

solvent etching, the in�ltrated samples were placed in solution with the etchant, either

glacial acetic acid or toluene. In the case of glacial acetic acid, a strong selective solvent

for PMMA but also able to dissolve PS, the sample was kept under UV for 15 minutes to

promote chain scission which allows for the solvent to act faster since the molecular weight

is decreased. The sample was kept in solution for 1 hour before being removed, rinsed with

DIW and dried with N 2. For toluene etching, because it is a strong solvent for both blocks

of the copolymer, samples were submerged for only 10 seconds before being rinsed with

DIW and dried with N 2. O2 plasma etching was carried out for various times at 100% power

for the chamber. The samples were placed inside the chamber, directly beneath the most

intense region of plasma generation.
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4.3 Results and Discussion

Each step in the process for block copolymer lithography must be experimentally tested

and evaluated in order to develop a reproducible method for creating these surface features.

Summarily, the process is �rst a spin coating of the block copolymer on the substrate,

followed by annealing of the spun cast �lm to allow for self-assembly, then precursor

in�ltration of the PMMA domains via sequential vapor in�ltration, and lastly etching of

the polymer to leave behind the metal-oxide nanostructure. It is important in each step to

understand the variables that impact the formation of these features on Kapton, so that they

can be applied to other �exible surfaces for a wider range of applications, as demonstrated

in the chapter 5.

4.3.1 Block copolymer solution casting on Kapton

One of the simplest methods of creating a thin polymer �lm is to spin cast a solution

containing the polymer on a substrate. This method is used to create uniform thin �lms by

rotating the substrate quickly to evenly spread the polymer solution across the substrate as

it is cast. As the solution spreads out, the solvent evaporates leaving behind a solid polymer

layer. Spinning conditions depend on the solvent and concentration of the polymer in

solution, as well as the parameters related to the casting method itself, which include the

speed in rotations per minute (RPM), the duration of spinning, and the atmosphere that the

spin casting is done under. For the purpose of these experiments, spin casting was done in

the fume hood under normal temperature, humidity, and atmospheric conditions. Toluene

was used as the solvent for the BCP system because it is a good solvent for both blocks

in the copolymer. Following literature, a 4 wt% solution was spun cast on cleaned silicon

wafers at 2000, 3000, and 4000 RPM for 60 seconds in order to determine the best RPM for

spin-casting( 163). Visually inspecting the samples, there was no obvious difference in the
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�lms created between 3000 and 4000 RPM, while the sample spun at 2000 RPM showed a

nonuniform deposition, with the coffee ring effect creating a layer with varying thickness.

For this reason, all samples going forward were spun at 3000 RPM.

To see what morphology resulted from spinning the 4wt% PS-b-PMMA solution on

Kapton at 3000 RPM for 60s under normal atmosphere, the samples were imaged under

low-voltage SEM with a beam voltage of 2kV and current of 13 pA. Under these conditions,

the contrast between the two phases of copolymer can be observed due mostly due to

the topography that they create, since both have similar density and low atomic number

elements. In Figure 4.1, the as-cast PS-b-PMMA on Kapton can be seen to have a non-

uniform morphology, with randomly oriented cylindrical phases of the block copolymer.

There is no long-range order in the sample, which can be especially seen at the higher

magni�cation in 4.1(b). These surface features were expected, due to the fact that no

annealing had been done to the sample.

Seeing that some features did form under normal spin-coating conditions, the next

step in the process is annealing of the �lms to achieve long-range order and successful

self-assembly.

4.3.2 Annealing conditions for Kapton

For annealing the as-cast PS-b-PMMA �lms, there are two methods that were employed:

solvent vapor annealing (SVA) and vacuum oven annealing. First, solvent vapor annealing

of samples was investigated. In this method of annealing, samples of spun cast PS-b-PMMA

�lms on kapton were placed on an upturned beaker in a lidded jar with 2 mL of toluene

added to the bottom. The jar was sealed tightly and the lid was wrapped with para�lm

to prevent any toluene vapor from escaping the chamber. The jars were then left in the

fume hood at room temperature for 24, 48, and 72 hours, during which time the domains
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Figure 4.1: As-cast PS-b-PMMA on Kapton with no annealing at (a) 25000x and (b) 50000x
magni�cation. The samples are uncoated.
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of the polymer swell allowing for chains to more easily move past each other and self-

assemble into a more energetically favorable state. As seen in Figures 4.2 and 4.3, there is

a time-dependent morphology of the PS-b-PMMA block copolymer under solvent vapor

annealing. At 24 hours (a), the �lm has the predicted cylindrical morphology with the

cylinders arranged parallel to the surface. This orientation of the cylinders indicates that

there is some preferential interaction occurring between one of the blocks and either the

Kapton substrate, or the atmosphere in the chamber. Most likely this can be attributed to the

partial pressure of O 2 within the chamber, which can in�uence the self-assembly process by

interacting with the more polar PMMA. As time increases to 48 and 72 hours, the regularly

oriented cylinders from 4.2(a) disappear into a mixed morphology of perpendicular and

parallel cylinders after 72 hours (c).

Vacuum annealing was also investigated as an annealing method. In order for block

copolymers to self-assemble in a vacuum oven, they need to be held above their glass

transition temperature to allow for suf�cient chain mobility, but below the melt temperature

so that the �lm does not actively �ow off the substrate. Figure 4.4 and 4.5 shows the vacuum

annealing of PS-b-PMMA on kapton at 110 � C (a), 140� C (b), and 180� C(c) for 72 hours. For

PS and PMMA, the Tg is 100� and 105� C, respectively. From the results, it can be seen that

in the samples annealed at 110 � C and 180� C (Fig. 4.4 (a) and 4.5(c), respectively) did not

self-assemble into the desired morphologies and in fact, look similar to as-cast samples

on Kapton. For the sample annealed at 110 � C, this could be attributed to intermolecular

forces between the substrate and the �lm that anchored the chains in place, and prevented

self-assembly of the copolymer. The although 110 � C annealing temperature is above the T g

for both blocks, it may be too low for the polymer �lm to overcome Van der Waals forces

between the Kapton and the PS-b-PMMA, and thus inhibit chain mobility and successful

self-assembly. Meanwhile, the structure seen for the 180 � C annealing temperature is likely

because it went above the melt temperature of the PMMA and cooled too quickly after

59



Figure 4.2: Samples of spun-cast PS-b-PMMA on Kapton that were solvent vapor annealed
for (a) 24 and (b) 48 hours. The scale bar for all images is 1 � m.
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Figure 4.3: Sample of spun-cast PS-b-PMMA on Kapton that was solvent vapor annealed
for (c) 72 hours. The scale bar is 1 � m.
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being taken out of the oven. If there is no time for the �lm to anneal below the melt, it will

remain disorded. The sample annealed at 140 � C (Figure 4.4(b)) shows circles in the 2D SEM,

which indicate PMMA cylinders within the PS matrix, as the spherical morphology is not

possible given the volume fraction of PMMA to PS in the block copolymer.

4.3.3 In�ltration and Etching of BCP on Kapton

In�ltration of PMMA blocks is well-established and conventional methods were adopted

from literature( 7; 164; 165). The process used to in�ltrate the PMMA domains was detailed

in section 4.2 of this chapter. Samples that were annealed at 140 � C were then in�ltrated

sequentially with TMA and H 2O to form Al 2O3 within the PMMA domains. In order to

remove the polymer template, two wet etch steps were investigated. The �rst was to use UV

light and acetic acid to remove any PMMA. As seen in Figure 4.6(a), there was hardly any

effect after the substrate was placed under UV for 15 minutes and put in glacial acetic acid

for 1 hour. Most likely all of the PMMA had already reacted with TMA and the acetic acid

wasn't going to selectively remove any domains. Additionally, acetic acid is a poor solvent

for PS. This test was primarily to see what would occur during a well-documented selective

etching process on the samples that had been created. Perhaps with longer times there

may be a greater effect, however this method is not suitable for industrial needs and no

further testing was performed.

When toluene was used as an etchant after in�ltration (4.6(b)), the entire layer including

the newly formed Al 2O3 domains were removed. This was because there is no bonding be-

tween the Al 2O3 and the Kapton substrate to adhere the nanostructure. So when the sample

was rinsed in toluene, the copolymer was effectively removed, along with the important

surface features that were of interest. Under high magni�cation, some nanoparticles did

remain the surface, as well as some residual patterning of the block copolymer as seen in
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Figure 4.4: Vacuum oven annealed samples of spun-cast PS-b-PMMA on Kapton. The
samples were held in the vacuum for 72 hours at (a) 110 � C and (b) 140� C. The scale bar for
all images is 1 micrometer.
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Figure 4.5: Vacuum oven annealed samples of spun-cast PS-b-PMMA on Kapton. The
samples were held in the vacuum for 72 hours at (c) 180 � C. The scale bar for the image is 1
� meter.
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the inset of 4.6(b).

As the wet etching processes were not effective strategies for revealing the in�ltrated

PMMA domains, the next method to investigate was using O 2 plasma. In this technique,

oxygen plasma is created in a chamber under vacuum and bombards the substrate with

enough energy to remove polymeric material, and leave behind the Al 2O3. To �rst under-

stand what oxygen plasma etching does to the in�ltrated block copolymer, PS-b-PMMA

was spun cast on Kapton without annealing, and the samples were in�ltrated with TMA to

form a random aluminum oxide nanostructure. In Figures 4.7 and 4.8, SEM images show

how varying the time of exposure to O 2 plasma resulted in the removal of PS and unreacted

PMMA. The intervals tested were 30s, 60s, 120s, and 300s (a-d). From this testing, 300s

under O 2 plasma is used for the etching step of this fabrication process, which is similar to

methods used by other researchers(3).

As a culmination of all the various testing to develop a procedure to create vertically

aligned aluminum oxide cylinders via block copolymer lithography, each step of the process

was replicated to create samples as validation of the fabrication steps that were established.

The results can be seen in Figure 4.8, with 4.8(a) being an image from a sample after the

annealing step, and 4.8(b) being a sample that was in�ltrated with TMA and etched. These

images show vertical cylinders of aluminum oxide were formed on Kapton following this

process.

These images can be further analyzed by investigating the diameter of the cylinders

formed and creating a distribution of the sizes. Vacuum annealed PS-b-PMMA �lms on

Kapton were in�ltrated with TMA and etched using O 2 plasma to create vertically aligned

cylinders. Then, in image processing software, a threshold was established based off the

contrast between the aluminum oxide cylinders and the background to isolate the cylinders

and extract data of their sizes. It was found that the average feret diameter of the cylinders

was 87.45 nm� 0.03. A histogram shows a distribution centered around the mean, with a set
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