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Abstract 

Fundamental Studies of Polyelectrolyte Multilayer Films: Optical, Mechanical, 
and Lithographic Property Control 

by 

Adam John Nolte 
 

Submitted to the Department of Materials Science and Engineering 
on November 21st, 2006 in partial fulfillment of the 

requirements for the degree of Doctor of Philosophy in 
Materials Science and Engineering 

ABSTRACT 
Polyelectrolyte multilayers (PEMs) are a versatile type of thin film that is created via layer-by-

layer assembly of positively and negatively charged polymers from aqueous solutions.  Precise 
control of the PEM thickness, chemical functionality, and molecular architecture is made possible by 
changing the polyelectrolytes and assembly conditions during film growth, allowing films to be 
designed with properties suitable for a given application.  This thesis elucidates the intra-film 
structure and interactions of PEMs through the use of optical, mechanical, and chemical techniques. 

PEM rugate filters, wherein the refractive index varies through the depth of the film in a 
continuous, periodic fashion, were constructed by confining silver nanoparticle growth to layers of 
nanometer-scale thickness.  The ability to construct such structures is shown to be dependent on the 
ability to precisely control the concentration of metal-binding carboxylic acid groups throughout the 
depth of the film.  Software to enable the computation design and optical simulation of these and 
similar structures was developed. 

A buckling instability technique was used to probe the Young’s modulus of PEM assemblies as a 
function of polyelectrolyte type, assembly pH, and the relative humidity of the ambient environment.  
In particular, a two-plate methodology was developed to allow testing on a broad array of multilayer 
films, and an experimental apparatus was constructed to allow in situ modulus measurements of PEM 
films under controlled humidity conditions.  These techniques are used to elucidate the strong effects 
that polyelectrolyte type, assembly pH, and the ambient humidity can have on the stiffness of PEM 
films. 

The controlled removal of material from assembled PEMs was accomplished via etching of films 
in solutions of increasing ionic strength.  The properties of etched films and process dynamics point 
to evidence of a polydispersity-enabled phenomenon driven by dissolution of polyelectrolyte 
complexes containing chains of disproportionate molecular weight.  Kinetic and equilibrium data are 
presented that support this hypothesis. 

Beyond elucidation of the underlying mechanisms governing molecular interactions within PEMs, 
possible practical applications for the particular PEM assemblies described in this thesis are 
discussed, including conformable interference filters and buckling-enabled patterning. 

 

Thesis Supervisors: Michael F. Rubner, TDK Professor of Materials Science and Engineering 

   Robert E. Cohen, St. Laurent Professor of Chemical Engineering 

 
  3
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Chapter 1 
Introduction 

1.1 Thin Film Materials 

Many of the most important recent advances in field of Materials Science have been in the 

field of thin films.  In modern science, the study of thin films is ubiquitous, reflecting a 

diversity of important scientific and technological applications, for which the ability to 

produce, pattern, and measure materials at the nanoscale is often critical.  The manufacture 

and study of thin film materials have enabled advances in a number of important fields, 

including:[1-9] 

1. Semiconductor processing and the development of integrated circuits, where 

advances in thin film processing have enabled the development of modern 

microprocessors, computers, and storage media, 

2. Optical filters such as antireflection coatings and distributed Bragg reflectors, 

where careful design and manufacturing have led to the creation of devices such as 

vertical-cavity surface-emitting lasers (VCSELs), dielectric mirrors, and photonic 

crystals, 

3. Protective thin films designed to decrease wear, prevent contact damage, and 

protect the underlying substrate from chemical or thermal degradation, and 

4. Coatings aimed at promoting or inhibiting the attachment of biological molecules 

and cells, killing infectious organisms, or decreasing friction or wear in artificial 

implants. 

The use of thin films for a given application can be motivated by a number of factors.  In 

many cases, their use stems from a desire to modify only the surface of an object while 

preserving the bulk properties of the underlying material.  Such is the case, for example, 

when an anti-fog coating is applied to a mirror, or a non-stick coating to a frying pan.  In 

some instances, the nanoscale thickness of the film is necessitated by physical principles; 
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e.g., an optical interference filter must be structured on the order of the wavelength of light if 

it is to be effective.[10]  Even thinner films may be required for other possibly desirable 

properties to manifest, such as quantum confinement effects.[11]  In other cases, such as with 

the ever-shrinking characteristic dimensions of integrated circuits and memory devices, a 

major motivational factor has been the desire to enable increasing amounts of computational 

power or information storage potential. 

In many of the applications for thin films mentioned thus far, refractory materials have 

traditionally been used due to their superior electronic and optical properties, as well as their 

resistance to damage and wear.  Organic materials, however, have shown increasing promise 

for applications where only decades ago their use would be thought impossible.  This is true, 

for example, in the case of polymer electronics and organic light-emitting diodes 

(OLEDs).[12]  Far from being just a novel alternative to inorganic materials, “soft material” 

thin films possess some distinct property advantages that are important in a number of 

applications.  These advantages include: 

1. Ease of processability—soft materials are more compliant and are able to be 

processed at relatively lower temperatures, 

2. Cost effectiveness—the ease of manufacturing and the ready availability of many 

polymeric materials in particular make them cost-effective, 

3. Flexibility and conformability—greater compliancy and higher toughness allows 

for the construction of films on deformable and non-planar substrate topologies, 

and 

4. Stimuli responsiveness—soft materials are often able to change their dimension, as 

well as their optical, electrical, or other properties in response to environmental 

stimuli. 

Thus, thin films composed of organic “soft materials” possess some distinct materials 

property advantages.  Often, however, success in a given application demands precise spatial 
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control over the film composition and structure in order to create structures with enhanced 

functional properties as well as in creating optical, electrical and mechanical effects not 

possible in homogeneous films.  Layer-by-layer (LbL) assembly is a technique particularly 

well-suited for the task of building such structures.  As will be demonstrated in this thesis, 

nanoscale control over the composition of LbL-assembled polyelectrolyte multilayer (PEM) 

film materials is a critical requirement for successful optical, mechanical, and lithographic 

property control in these systems.  In the following section, LbL assembly PEMs will be 

discussed in more detail. 

1.2 Layer-by-Layer Assembly and Polyelectrolyte Multilayer Films 

1.2.1 Background Information on Layer-by-Layer Assembly and Polyelectrolytes 

The concept of constructing thin films via alternating deposition of two oppositely charged 

species is generally attributed to R. K. Iler, who introduced the concept of creating layers of 

oppositely charged colloidal particles, and suggested that this methodology could be applied 

to other oppositely charged species.[13]  Interestingly, Iler’s original ideas lay more or less 

dormant until the early 1990’s, when Gero Decher and co-workers introduced the concept of 

creating multilayers of oppositely charged polymers—thus introducing the concept of a 

“polyelectrolyte multilayer” (PEM).[14-17] 

The field of PEM research has expanded greatly since Decher’s original findings, which 

reported on the deposition of fully ionized PEMs onto planar substrates.  Subsequent major 

contributions to the field have included the assembly of PEMs on non-planar (including 

colloidal) substrates,[18, 19] the substitution of charged particles or other species in place of 

one or both polymers,[20-31] and the assembly of PEMs through hydrogen bonding, as 

opposed to electrostatic, interactions.[32-36]  Another important development in the field of 

PEM research has been the creation of films using so-called “weak” polyelectrolytes, which 

allow one to control the degree on ionization of each polyelectrolyte during film assembly.[37, 

38]  As will be discussed in more detail below, control over the degree of ionization of the 

polyelectrolytes during assembly permits the construction of films with different types of 
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architecture and chemical functionalities, which in turns leads to a variety of functional 

possibilities for the resulting PEMs. 

Polyelectrolytes are polymer molecules containing water-ionizable moieties along the 

molecular backbone.  Polyelectrolytes are generally classified as strong or weak; a 

polyelectrolyte is said to be “strong” when it is fully ionized over a wide range of solution 

pH.  “Weak” polyelectrolytes, on the other hand, exhibit pH-dependent ionization behavior 

in solution.[37]   The ionization behavior of a weak polyelectrolyte is often described in terms 

of the pKa; this parameter denotes the pH value at which exactly half of the ionizable groups 

on the polyelectrolyte are dissociated.  Figure 1.1 shows the structure of three 

polyelectrolytes used to assemble the PEMs explored as part of this research. 

 

Figure 1.1.  The chemical structure of three common polyelectrolytes.  (a) Poly(acrylic acid) 
(PAA), (b) poly(allylamine hydrochloride) (PAH), and (c) poly(sodium 4-styrene sulfonate) (PSS).  
PAA and PAH are weak polyelectrolytes with pKa values in solution of ≈  6.5 and 8.8, 
respectively.[39]  PSS is a strong polyelectrolyte as is fully charged over a wide range of solution pH. 

Poly(acrylic acid) (PAA) (Figure 1.1a) is a weak polyacid that was used in conjunction 

with the weak polycation poly(allylamine hydrochloride) (PAH) (Figure 1.1b) to form  

polyelectrolyte multilayers with structures and functionalities dependent upon the pH of the 

deposition solutions.  PAH can alternatively be deposited with poly(sodium 4-styrene 

sulfonate) (PSS) (Figure 1.1c, a strong polyanion).  In all cases discussed in this thesis, 

multilayers formed from PAH and PSS were assembled at a low solution pH where both 

polymers were fully charged.  The importance of this fact will be discussed below at greater 

length.  Solution values of the pKa for PAA and PAH have been given in a recent publication 
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as 6.5 and 8.8, respectively.[39]  It should be noted that the pKa of weak polyelectrolytes has 

been observed to shift dramatically when the polymers are assembled into a multilayer film.  

PAA, for example, becomes much more acidic when incorporated into a multilayer film with 

PAH, with its pKa shifting to a value close to 3.[39] 

For this research, PAA was used in its acid form, while salt forms of both PAH and PSS 

were employed in the construction of multilayer films (see Figure 1.1).  Because such low 

concentrations of polymer were prepared for the deposition solutions (0.01 M by repeat unit), 

the presence of the salt ions accompanying PAH and PSS was not accounted for when 

reporting the ionic strength of the polyelectrolyte solutions. 

1.2.2 Polyelectrolyte Multilayer Film Assembly 

The usual way of carrying out PEM deposition is by dipping a substrate back and forth 

between aqueous solutions of a polycation and a polyanion, with rinse steps following the 

adsorption of each polyelectrolyte.  Techniques such as spray-coating[40, 41] or roll-to-roll 

processing[42, 43] have also been explored and are of considerable technical interest, 

particularly for speeding up or streamlining the process of LbL deposition; however, most 

fundamental research on PEMs continues to focus on films assembled by the traditional 

solution dipping technique. 

A PEM begins with the first polymer adsorption step onto the substrate.  When glass, 

silicon, or other similar materials are employed, a negative charge is generally present on the 

substrate, so that deposition begins with the polycation.  Each adsorption step of 

polyelectrolyte results in reversal of the substrate surface charge due to adsorption of the 

oppositely charged polymer species from solution.  A “bilayer” is defined as one layer of 

polycation deposition followed by one layer of polyanion deposition.  PEMs are built up by 

repeatedly cycling the bilayer formation process. 

Adsorption is driven by electrostatic interactions of the solution polymer with the 

oppositely charged film surface; however, the energetic favorability of these bond 

interactions is not the primary driving force for PEM formation.  Although electrostatic bond 
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formation between the positively and negatively charged repeat units of the polyelectrolytes 

may be enthalpically favored, the adsorption process is mainly entropically driven.[44]  This 

can be understood by considering that for the small entropic penalty involved in the 

adsorption of one polyelectrolyte chain to the surface of the PEM, there is a large gain in 

entropy from the release of multiple counter ions into solution with the formation of ionic 

crosslinks between the PEM surface and the adsorbing chain. 

Once a polyelectrolyte film is assembled, it generally possesses a resistance to dissolution 

in aqueous solutions of moderate ionic strength.  As will be discussed in more detail in 

Chapter 6, solutions of sufficient ionic strength can compromise the electrostatic crosslinks 

in a PEM and cause dissolution of the film.  A similar erosive effect can also be obtained by 

treating a PEM at extreme pH conditions.[45] 

1.2.3 Polyelectrolyte Multilayer Nomenclature 

To describe the molecular design of a polyelectrolyte film, the following common 

convention of representing the film is used: 

Equation 1.1 

zyPolymerxPolymer )"2/""1("  

where Polymer 1 and  Polymer 2 are the abbreviations of the two polyelectrolytes forming 

the film.  Typically, Polymer 1 refers to the polycation, which is usually the first 

polyelectrolyte deposited on the substrate (see Section 1.2.2).  The variables x and y denote 

the pH values of the deposition solutions containing Polymer 1 and Polymer 2, respectively.  

Finally, z represents the number of bilayers deposited to form the PEM.  A whole number 

value for z means that the film has been capped with the deposition of Polymer 2.  A half-

integer z value means that after the deposition of z bilayers, an additional layer of Polymer 1 

has been adsorbed.  For example, say a certain dip consists of 10 bilayers of PAH (solution 

pH = 7.5) and PAA (solution pH = 3.5), with an additional PAH adsorption step to complete 

the film.  This PEM would be represented as (PAH7.5/PAA3.5)10.5.  Alternatively, consider a 
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film composed of 6 bilayers of PAH and PAA, followed by 15 bilayers of PAH and PSS, 

with all dipping solutions maintained at a pH of 3.0.  This film would then be represented as 

(PAH3.0/PAA3.0)6(PAH3.0/PSS3.0)15. 

1.2.4 The Effects of Deposition pH and Post-Assembly Polyelectrolyte Multilayer 
Modification 

As previously mentioned, the properties of a polyelectrolyte film and its behavior under 

different environmental conditions can depend dramatically on the pH of the polymer 

solutions during assembly of the film when weak polyelectrolytes are used.  Changing the 

ionization of a polyelectrolyte changes the chemical functionality of the molecule; it is thus 

reasonable to expect that these changes might manifest themselves in the assembled film.  

The effects of deposition pH on the properties of multilayers of PAH and PAA have been 

well-studied in previous publications.[37, 38, 46, 47]  The film architecture and functionality 

obtained by depositing multilayers of PAH and PAA under three common assembly 

conditions are depicted schematically in Figure 1.2. 

 

Figure 1.2.  Schematic diagram of the film architecture upon assembly of multilayers of PAH 
(red chains) and PAA (blue chains).  Films are depicted at various deposition pH values:  (a) 
(PAH6.5/PAA6.5), (b) (PAH7.5/PAA3.5), and (c) (PAH3.0/PAA3.0).[47] 

Figure 1.2 underscores the important effects caused by deposition pH in multilayers of 

PAH and PAA.  In Figure 1.2a, a (PAH6.5/PAA6.5) film is depicted.  Film assembly at this 

intermediate pH value results in more or less fully charged polymer chains and complete 

ionic crosslinking of the PEM, resulting in very flat chain conformations and a very low 

bilayer thickness increment.  In Figure 1.2b, the structure of a (PAH7.5/PAA3.5) film is 

depicted.  In this case, each polyelectrolyte is deposited at a solution pH where it is only 
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partially ionized, leading to the formation of chain loops due to the longer average distance 

between electrostatic crosslinks.  As a result, these multilayers have very large bilayer 

thickness increments.  Finally, Figure 1.2c depicts a (PAH3.0/PAA3.0) film.  When the 

assembly pH of both polyelectrolyte baths is kept low, films of intermediate film thickness 

are formed that are rich in free carboxylic acid groups. 

The control over the functionality and structure of a PEM allows the film to be utilized as a 

template for subsequent chemical reactions.  Such processes are particularly interesting when 

they lead to the growth of an additional inorganic phase, transforming the PEM into a 

nanocomposite film.  For example, the incorporation of various types of metal, oxide, and 

semiconductor nanoparticles,[48-51] molecules for sol-gel chemistry,[52-55] and the addition of 

catalysts for electroless plating[56, 57] have all been demonstrated.  In addition to these 

additive types of chemistries, the presence of specific functionalities at certain pH assembly 

conditions also can allow for porosity phase transitions within the film that are triggered at 

certain solution conditions, such as low pH.  Micro and nanoporous phase transitions have 

been demonstrated,[45] and these can have a variety of applications, including bio-resistant 

surfaces,[47] antireflection films,[58] sensing optical devices,[59] and superhydrophobic 

coatings.[60, 61] 

The above-mentioned post-assembly film modifications can be divided into two distinct 

classes.  The first is additive modification, where materials (e.g. nanoparticles, electrolessly 

plated metal) are being grown or deposited within the film.  In the second case, voids are 

being created in the PEM structure as the film increases in volume and becomes pocketed 

with air.  Even with no net material loss, the average density of the film decreases in such 

cases, so there is a sense in which porosity transitions can be viewed as subtractive 

techniques.  It is interesting to note that both types of film modification lead to changes in the 

refractive index of the film that can be controlled to create useful optical coatings.[58, 59, 62, 63]  

Furthermore, by changing the polyelectrolyte system being used during the dipping process, 

such changes in the film refractive index can be confined to very precise regions of the film; 

this topic will be the focus of Chapter 2, where the creation of complex refractive index 

gradients is accomplished through the templated growth of silver nanoparticles. 
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The idea of incorporating metal nanoparticles into polyelectrolyte systems was inspired 

from earlier work that had been done on incorporating nanoparticles into specific domains of 

block copolymer films.[64-66]  In both the block copolymers and PEMs, free carboxylic acid 

groups serve as exchange sites for metal cations which enter the film from either a solution or 

vapor phase.  Subsequent exposure to a reducing atmosphere results in the growth of 

nanoparticles distributed throughout the carboxylic acid-containing regions of the film.  In 

certain cases, such as when the film is exposed to pressurized hydrogen gas, the carboxylic 

acid protons are regenerated during reduction, and multiple loading-reduction cycles can be 

accomplished.  Figure 1.3 presents a schematic of the nanoparticle growth progress in a 

(PAH/PAA) film that has been assembled at low pH conditions (as in Figure 1.2c).  In Figure 

1.3b the creation of silver nanoparticles via aqueous exchange of silver ions and reduction in  

hydrogen gas is assumed, which is the method that was employed to create the films 

discussed in Chapter 2. 



 

  29

 

Figure 1.3.  In situ synthesis of silver nanoparticles by ion exchange and reduction.  (a) The 
generalized nanoreactor scheme is illustrated.  (b)  The synthesis of silver nanoparticles in multilayers 
rich in free carboxylic acid groups is depicted.  Silver ions are exchanged onto acid groups via a salt 
bath.  Reduction is carried out in a hydrogen gas atmosphere, which also results in the regeneration of 
the acid groups so that the exchange process can be cycled multiple times. 

When polyelectrolyte films are prepared with the intention of templating nanoparticle 

growth, care must be taken to build the film at a pH such that many free carboxylic acid 

groups will remain for the ion-exchange reaction.  Thus, it becomes necessary to adjust the 

PAA bath to a low pH—typically between 2.5 and 3.0.  The solution of polycation is usually 

kept at a low pH as well—previous work has shown these systems to generate reproducible 

thicknesses on the order of a few nanometers per bilayer.[38]  This is important, as bilayers 

that are too thin are impractical for constructing films with useful optical properties (micron-

scale total thicknesses), while those that are too thick generally have undesirable surface 

roughness, preventing the creation of smooth, planar refractive index domains and enhancing 

diffuse scattering, leading to poor optical interference filters.  As will be discussed in more 

detail in Chapter 2, optical interference effects depend upon the localization of regions of 
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different refractive index with thicknesses on the order of the wavelength of light.  In this 

research, the growth of silver nanoparticles in selected regions of PEM films leads to the 

requisite index contrast. 

1.2.5 Optical Properties of Silver Nanoparticles* 

The optical properties of metallic nanoparticles have been studied for almost a century, and 

there seems to be no foreseeable decrease of research interest in this field.[67]   Nanoparticle 

incorporation in a polymer film modifies the refractive index of the structure due to the 

unique size-dependent properties of metals at the nanoscale.  It is well known that bulk 

conductors are opaque to a large range of the electromagnetic spectrum (including the visible 

and near-IR regions) due to damping of the impinging wave by conduction electrons inside 

the material.[68]  Because of their small size, metallic nanoparticles do not possess the same 

extinction properties of bulk metals; instead, their absorption response is generally 

concentrated in a narrow peak at the surface plasmon (SP) frequency.  At this frequency there 

exists a resonance of the conduction electrons in the particle—where this resonance appears 

depends not only on the type of metal, but also its shape, size, and the optical properties of 

the surrounding medium.[67] 

Because the SP absorption is confined to a fairly narrow region of the electromagnetic 

spectrum, useful optical properties (i.e. a higher real part of the refractive index) can still be 

obtained from the nanocomposite by working in a region sufficiently removed from the SP 

frequency.  A study analyzing the change in refractive index for PEM-silver nanocomposites 

has confirmed a high refractive index for silver nanocomposites with small extinction 

coefficients in the red and near-IR parts of the electromagnetic spectrum.[62]  As a result of 

the high absorbance of PEM-silver nanocomposites in the shorter wavelength part of the 

visible spectrum, the work presented in Chapter 2 of this thesis focuses on the design of an 

optical filter with a reflectance band in the near-IR portion of the electromagnetic spectrum.  

It should be noted, however, that in certain cases the absorption of blue and UV light might 

 
* This section provides only a brief overview of this topic.  For a more detailed summary see Reference 63.
 Wang, T. C. Polyelectrolyte Multilayers as Nanostructured Templates for Inorganic Synthesis. 
Doctoral Thesis, Massachusetts Institute of Technology, Cambridge, MA, 2002. 
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be a desired part of the application.  This could be true, for example, if there was concern that 

higher-energy photons could pose a health risk or damage a sensitive piece of equipment.  In 

these cases, the absorption properties of silver nanoparticles could prove an advantage. 

1.3 Thesis Scope 

This thesis describes three distinct but closely interrelated areas of fundamental research on 

the properties of PEM films.  Chapter 2 demonstrates how a careful choice of 

polyelectrolytes and dipping conditions can lead to very precise control of the distribution of 

silver nanoparticles being grown inside of a heterostructured PEM film.  The focus on spatial 

control of gradients in material properties, in this case the refractive index, permits the 

construction of a PEM rugate filter, which is a special type of interference filter with 

optimized spectral properties. 

Chapter 3, Chapter 4, and Chapter 5 present the detailed results from studies of the 

Young’s modulus of PEM films grown at various assembly conditions, and the subsequent 

mechanical response of the films to changes in the ambient environment. 

Finally, Chapter 6 examines lithographic etching of PEM assemblies in solutions of salt.  

This phenomenon is shown to be controllable and reproducible, and to depend heavily upon 

the individual properties of the polyelectrolytes comprising the PEM, as well as the strength 

of the chemical interactions binding the assembly together. 

These topics are related by their focus on the study and practical application of the 

chemical functionality and internal interactions present in PEM films.  Through careful 

control of these interactions, PEMs can be designed with unique material properties for a 

variety of useful applications. 
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Chapter 2 
Polyelectrolyte Multilayer Rugate Filters* 

2.1 Introduction 

Optically tunable materials that are capable of efficiently reflecting light of specific 

wavelengths form the basis of a wide range of existing optical filters and have recently 

enabled the development of a host of emerging technologies such as vertical-cavity surface-

emitting lasers (VCSELs),[2] dense wavelength division multiplexers (DWDM),[3] and 

dielectric coaxial communication fibers.[70]  In all cases, these materials exclude light via 

optical interference effects that are promoted by their spatially periodic arrangement of 

regions of high and low refractive index.[71]  Simply changing the length-scale and index 

contrast of these periodic structures, in turn, varies their spectral features.  The fabrication of 

such structures from polymeric materials offers the additional possibility of making 

deformation-tunable dielectric mirrors, as well as environmentally responsive devices 

suitable for use as chemical or biological sensors.[72, 73] 

Unlike their inorganic counterparts, the fabrication of large area, conformal optical 

coatings from polymeric materials with precisely controlled periodic structures of relevant 

length-scales remains a significant technical challenge.  This chapter will discuss the basics 

of optical interference filters and the motivation for creating such filters from polyelectrolyte 

multilayers.  Previous research in this area will be discussed, as well as the results of this 

thesis research involving a computer-controlled method for designing and constructing 

advanced metallodielectric mirrors through the layer-by-layer (LbL) deposition of 

polyelectrolytes from aqueous solutions, followed by in situ nanoreactor chemistry.  The 

precise control afforded by this process not only enables the production of novel optical 

coatings, but could also be of general interest to those seeking methods for the spatially 

selective synthesis and arrangement of materials at the nanoscale. 

 
* This chapter is reproduced in part with permission from Reference 69: Nolte, A. J.; Rubner, M. F.; Cohen, R. 
E., Creating effective refractive index gradients within polyelectrolyte multilayer films: Molecularly assembled 
rugate filters. Langmuir 2004, 20, (8), 3304-3310.  Copyright 2004 American Chemical Society. 
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2.2 Background and Motivation 

2.2.1 Review of Optical Interference Filter Basics 

An optical interference filter is a structure that has domains of high refractive index and 

low refractive index material, the length-scales of which are on the order of the wavelength 

of light.  The simplest example is perhaps the quarter-wave antireflection (AR) coating, 

which is constructed by depositing a thin film with thickness d and refractive index n onto a 

substrate with refractive index ns.  The coating is generally designed so that: 

Equation 2.1 

n
d

⋅
=

4
0λ

 

where λ0 is the wavelength at which the reflectance is desired to be a minimum.[10]  The 

condition imposed by Equation 2.1 is known as the quarter-wave condition, and d is 

commonly referred to as the quarter-wave optical thickness.  Such coatings are capable of 

complete reflection suppression when n obeys the relationship: 

Equation 2.2 

snnn ⋅= 0  

where n0 is the index of refraction of the ambient medium (usually air, n0 = 1).  A 

schematic illustration of a quarter-wave AR coating and its simulated response are depicted 

in Figure 2.1. 
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Figure 2.1  A quarter-wave AR coating.  (a) A coating with a quarterwave optical thickness induces 
deconstructive interference in reflecting light, leading to decreased reflectance at the design 
wavelength, as illustrated by the reflectance simulation (b).  The coating was designed with n = 1.23 
and λ0 = 550 nm.  The substrate is glass (semi-infinite, n = 1.52). 

Figure 2.1a illustrates the principle behind AR behavior in a quarter-wave coating.  

Destructive interference of reflected light is maximized at λ0, leading to the suppressed 

reflection spectrum depicted in Figure 2.1b.  At other wavelengths in the spectrum the 

quarter-wave coating actually can lead to constructive interference of reflected light, causing 

a higher reflectance.  This principle illustrates the importance of designing the coating 

correctly using Equation 2.1. 

The same principles of constructive and deconstructive interference of light can be 

employed to create more complex coatings that incorporate multiple planar regions of 

different refractive indices.  Such coatings can often possess many advantages—gradients in 

the refractive index of a film, for example, can lead to broadband AR behavior.[58]  When a 

repeating pattern of high and low index domains appear within a film, a 1-D photonic crystal 

results.[74]  These materials are capable of efficiently reflecting light of specific wavelengths 

via optical interference effects that are promoted by their spatially periodic arrangement of 

regions of high and low refractive index.[71]  Simply changing the length-scale and index 

contrast of these periodic structures, in turn, varies their spectral features.  The simplest of 
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these structures is the quarter-wave Bragg reflector that has the ability to reflect nearly 100% 

of incident radiation within a certain wavelength range, thereby avoiding the losses of a few 

percent inherent in metallic reflectors. 

In a quarter-wave Bragg reflector, alternating layers, possessing the quarter-wave optical 

thickness of a certain wavelength λ0 (see Equation 2.1), cause constructive and destructive 

interference of incident light.  The interference effects yield a reflectance band at λ0 with 

reflectance side bands at higher and lower wavelengths.  A 4.5 period quarter-wave Bragg 

reflector with alternating regions of refractive index nH = 2.0 and nL = 1.55 and its simulated 

optical response is depicted in Figure 2.2.   

 

Figure 2.2.  A quarter-wave Bragg reflector.  (a) Illustration of a 4.5 period quarter-wave Bragg 
reflector.  Such designs give a broad reflectance peak centered at λ0, as shown in the by the 
reflectance simulation (b).  This coating was designed with nH = 2.0 and nL = 1.55.  The substrate is 
glass (semi-infinite, n = 1.52). 

 Figure 2.2 illustrates some of the common features in the optical response of Bragg 

reflectors, including the wide 1st-order reflection band centered at λ0 (in Figure 2.2, λ0 = 1000 

nm).  In addition, higher-order bands are present in the reflection profiles of these 

structures—one can be seen in Figure 2.2 at 333 nm.  Reflection side bands are also present, 

which, although they do not indicate a complete photonic band gap and thus do not near 
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100% rejection of incident light, nevertheless manage to reflect a good portion (here 10-20%) 

of the incident light. 

Other types of optical interference filters can be built using variations on the Bragg 

design—a typical example is the Fabry-Perot filter.  Fabry-Perot filters, which are also 

sometimes known as etalons, are based on the principle that a cavity sandwiched between 

two mirrors can allow transmission of light in a very narrow frequency range while rejecting 

transmission of other frequencies.[68]  Consequently, these structures are useful for isolating 

particular wavelengths of light and are common components in modern optical components, 

such as DWDMs.[3]  The mirrors surrounding the cavity in a Fabry-Perot etalon can be 

constructed from any partially reflecting material, including Bragg reflectors.  Tuning the 

cavity size between the two reflectors in turn varies the location of the narrow transmission 

window introduced by the cavity.  Fabry-Perot filters are commonly seen where an extra 

half-wave cavity has been introduced between two quarter-wave Bragg reflectors.  The 

spectral response of such filters is very similar to that of a comparable Bragg filter, except 

that now a narrow transmission window is opened directly in the middle of the primary 

rejection (reflection) band.  Figure 2.3 illustrates a Fabry-Perot filter constructed based on a 

Bragg reflector design with an added half-wave cavity and gives its simulated optical 

response. 
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Figure 2.3.  A Fabry-Perot filter.  (a) Illustration of a Fabry-Perot filter constructed by inserting a 
half-wave low-index layer between two 4.5 period quarter-wave Bragg reflectors.  Such designs give 
a broad reflectance peak with a very thin transmission window located at λ0, as shown in the by the 
reflectance simulation (b).  This coating was designed with nH = 2.0 and nL = 1.55.  The substrate is 
glass (semi-infinite, n = 1.52). 

2.2.2 Optical Filters from Polyelectrolyte Multilayers: Previous Work 

Having now covered the basic principles of optical interference filters, this section will 

present a more specific discussion of optical filters constructed using PEMs.  Optical filters 

constructed using PEMs can offer a number of advantages over traditional coatings, which 

are usually prepared using deposition techniques such as sputtering or evaporation.  PEM 

processes require dipping into relatively mild aqueous solutions, and thus are very 

environmentally friendly.  Polyelectrolytes are also amenable to deposition on many different 

substrate materials, and they can be deposited conformably on large-area curved or flexible 

surfaces.  With PEMs, for example, it would be possible to create a conformable optical 

interference filter on the inside of a tube or surrounding a colloidal particle.  This would be 

very difficult if not impossible to accomplish using more traditional inorganic deposition 

techniques, which generally require flat substrates, and only allow for reliable film deposition 

in a straight line of sight from the sputtering target or evaporation source.  In addition, 

because they are composed of polymers, PEMs are less stiff than the refractory oxides and 

semiconductors such as Si, MgF2, SiO2, and TiO2, which are often used for interference filter 

construction.  In addition to their increased conformability and compliancy, the ability of 
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PEMs to soften and swell when exposed to ambient moisture makes them ideal candidates 

for environmentally responsive materials and sensors.[59, 62] 

A considerable amount of work has been done investigating the potential of PEMs for 

optical interference filters.  As explained above, AR coatings generally require a thin film of 

material with a refractive index between the incident medium (usually air, n = 1) and the 

substrate.  Because PEMs have refractive indices on the order of 1.5, very similar to many 

other polymer and glass substrates, pockets of air must be incorporated into the PEM matrix 

to lower the refractive index of the film.  These pockets must comprise a considerable 

amount of the film volume, but yet remain on average much smaller than the wavelength of 

light to avoid diffuse scattering.[58]  Two basic strategies to create such coatings have 

emerged thus far.  The first employs the acid-driven porosity transformations introduced in 

Section 1.2.4 and pioneered by Hiller et al. to create single-layer and stepwise-graded index 

coatings from films of (PAH8.5/PAA3.5).[58] Subsequent to these initial findings, other 

researchers have examined ways to accelerate the construction of such coatings[75] and 

assemble them non-rigid substrates, such as thin sheets of polyethylene terephthalate 

(PET).[42] 

The second approach to LbL-based AR coatings involves the deposition of charged 

colloidal particles in place of one or both polyelectrolytes.[76-83]  The void spaces between the 

particles lead to a coating which is composed of ≈  50% air by volume, with the exact 

amount of void space depending upon the size of the nanoparticles, number of deposited 

layers, and the assembly conditions.  Because of the larger bilayer thicknesses associated 

with depositing colloidal particles, one sacrifices a certain degree of control over the precise 

thickness of such coatings.  The absence of a porosity transitions also precludes large 

adjustments in the refractive index for a deposited film.  Nevertheless, these coatings exhibit 

many other advantages over their non-colloidal counterparts, including mechanical stability 

and the possibility of superhydrophilic or superhydrophobic behavior.[78] 

More complex PEM-templated interference filter designs have been pursued by Wang[62] 

and Zhai.[59]  In the latter case, porosity transitions in the (PAH8.5/PAA3.5) system were 
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confined by regions consisting of (PAH4.0/PSS4.0) multilayers.  It was found that while 

(PAH/PSS) regions would not undergo porosity transitions upon treatment, regions of the 

film consisting of (PAH/PAA) could still undergo transition.  Post-treatment films thus 

consisted of alternating regions of (PAH/PSS) multilayers (high index) and porous 

(PAH/PAA) multilayers (low index), creating a Bragg-style interference filter.  These filters 

exhibited high reflectances, cyclical behavior (from environmentally-induced pore closing 

and opening), and vapor sensing capabilities. 

Wang, on the other hand, pioneered the creation of Bragg filters[62] and Fabry-Perot 

etalons[63] through the use of PEM in-situ nanoreactor chemistry (see Section 1.2.4).  In this 

case, films were created with regions of (PAH3.0/PAA3.0) multilayers alternating with 

regions of (PAH3.0/PSS3.0).  PAA-containing regions templated silver nanoparticle growth, 

which served to increase the local effective refractive index of those regions.  Extensive work 

was conducted to study the amount of silver incorporated as a function of the number of 

exchange-reduction cycles,[51] as well as the magnitude of the resulting refractive index 

change.[62] 

2.2.3 Rugate Interference Filters 

The standard Bragg reflector and variations on its design, such as the Fabry-Perot etalon, 

are adequate for most applications.  Certain applications may call for more control of the 

spectral features than these structures can give, however.  The need, for example, to have a 

high degree of control over the widths and positions of the transmission or rejection bands, or 

to eliminate the side bands from a Bragg reflection peak, has motivated the development of 

rugate filters, in which the refractive index varies through the film in a smooth, sinusoidal 

fashion.[10, 84] 

Optical filters in which the refractive index is allowed to vary continuously through the 

film in a periodic fashion are referred to as rugate filters.  The term gradient-index is usually 

reserved for filters possessing a graded, non-periodic index design.   Rugate filters and their 

design have been a popular topic in the literature for the past few decades.[85-123]  Greenewalt 

et al. reported that these structures can be found in nature, such as in the case of the 
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hummingbird wing,[124] but efforts to design and create man-made rugate filters appear to 

have begun in earnest with the work of Delano.[125]  Since his original efforts, rugate design 

methods based on Fourier transform techniques have spurred increasing theoretical and 

experimental research, but creating the requisite continuous index gradients within the film 

continues to be a challenging problem.  Physical vapor deposition (PVD) methods that 

control the relative deposition rates of at least two different materials are capable of creating 

smooth index gradients.  These and other approaches such as silicon etching,[72, 126] glancing 

angle deposition (GLAD),[127] stepwise-grading[128, 129] have been examined in the 

literature,[89, 91-93, 119, 128, 129] but they remain fairly complicated techniques, generally 

requiring feedback control systems with detailed rugate computer models[92] and expensive 

deposition equipment.  In addition, researchers must face all of the problems associated with 

co-evaporation of compounds, including differences in evaporation temperatures, rates, and 

miscibility between compounds, and/or the problem of precisely determining the relative 

mixing ratios of pure material to generate a desired refractive index. 

In an effort to circumvent the difficulties associated with constructing continuous index 

profiles, many researchers have examined the problem of approximating continuous 

refractive index profiles with thin, homogeneous layers.[93, 128, 129]  This approach, which 

basically consists of building a piecewise continuous approximation to the original 

continuous profile, demands a large number of compatible materials with many different, 

closely spaced, refractive indices.  Because it would not always practical or even possible to 

find such a group of materials, scientists soon began examining the question of whether one 

could reconstruct a continuous refractive index material using only a low index and a high 

index material. 

Herpin[130] seems to have first demonstrated that for a single film of any thickness with 

refractive index n, there exists (at one wavelength) an equivalent symmetrical thin film 

combination built from materials with refractive indices nL and nH, such that nL < n < nH.  

Epstein[131] and Berning[132] expanded the original work to demonstrate applications to filter 

design, and Southwell[122] went on to generalize the concept.  Southwell’s algorithm 

generates a non-dispersive equivalent film that approximates an arbitrary gradient-index 
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profile n(x) (x being distance into a film measured from the incident interface) with thin, 

alternating low and high refractive index layers, which need not be symmetric, as was 

required with earlier approaches.  The refractive indices, nL and nH, again must be chosen 

such that for all x, nL < n(x) < nH.  Light traversing a film with such layers “sees” an 

effectively continuous index profile, provided the layer thicknesses are much less than the 

wavelength of light.  The combination of high index and low index layers approximating a 

continuous index profile is referred to as a digital equivalent, and rugate filters designed and 

built in this fashion are known as digitized rugates. 

Southwell’s algorithm for generating digital equivalents is relatively straightforward.  

First, divide the coating into layers thin enough that the average refractive index change over 

a layer is not too great.  Next, replace each of these layers with an equivalent low-high index 

pair whose thicknesses are found using the equations:[122] 

Equation 2.3 
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where N and T are the average index and the thickness of the layer one wishes to represent 

with the low-high index pair, nL and nH are the indices of the low and high index materials 

available, and tL and tH are the necessary thicknesses of the low and high index regions to 

achieve spectral equivalence with the continuous index film.  Exactly how thin tL and tH are 

will of course depend on the number of equivalent layers one has chosen to approximate the 

continuous design, but Southwell indicates that for accurate duplication of the original index 

profile one should guarantee that N·T <<  λ. 

Southwell’s method can be nicely demonstrated using the example of an AR coating with a 

continuous quintic index profile.  Quintic index profiles are of some interest, as they have 

been shown to lead to near-optimal broadband AR behavior if appropriately designed.[120]  

Consider the case where one wishes to continuously grade the refractive index with a quintic 

profile from a low (nL) to a high (nH) (substrate-matched) value to create, for example, a 
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broadband AR coating for an air-glass interface.  A possible quintic equation that could be 

used to accomplish this gradation in index would be: 

Equation 2.4 

( ) ( )543 61510)( χχχ +−⋅−+= LHL nnntn  

where n(χ) denotes the index as a function of distance in a direction orthogonal to the plane 

of the film, and χ, the normalized distance into the film, varies from 0 at the air-coating 

interface to 1 at the interface between the coating and the substrate. In addition, Equation 2.4 

satisfies the condition that both the first and second derivatives are continuous (equal to zero) 

at the air and substrate interfaces.[120]*  Consider a coating of thickness 0.5 µm with  nL = 1.1 

and nH = 1.5.   The continuous index profile of the AR coating defined by Equation 2.4 is 

shown graphically in Figure 2.4a, and the stepwise approximation for a film divided into 10 

sections is depicted in Figure 2.4b.  Figure 2.4c displays the digital design predicted by 

Equation 2.3, where only two materials (of refractive indices nL = 1.1 and nH = 1.5) are 

incorporated in thin regions of variable thickness.  The simulated responses for the 

continuous, stepwise, and digital films display very close agreement; they are shown together 

in Figure 2.4d. 

                                                      
* This is true only if nL = n0 and nH = ns.  For the particular coating described here, there is a discontinuity in the 
refractive index and the first derivative at the interface between air (n0 = 1) and the coating (nL = 1.1). 
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Figure 2.4.  Various approaches to creating a quintic AR coating.  The continuous index profile 
(a) can be approximated by a stepwise-constant refractive index profile (b), but 10 different index 
materials are required.  A simpler approach would be to create a digital design using only two 
materials of index nL = 1.1 and nH = 1.5, utilizing Equation 2.3 to calculate the correct thickness of 
each region (c).  The simulated reflectance profile for each coating is displayed in (d).  The digital 
equivalent coating shows a maximum difference from the continuous index coating of only 0.25% 
over the tested range.  Two very thin slabs each of high and low index material where removed from 
the digital equivalent profile in (c) before graphing due to unrealistically small thickness values (< 5 
nm). 

Thus, the design problem of a digitized rugate filter is no more difficult than that of a 

continuous-index structure—it simply requires the extra steps of discretizing the index 

profile and calculating the thicknesses of many smaller high-low index layers, an easy task 

for any computer.  The construction problem, however, becomes much easier, assuming one 

has access to a technique capable of depositing many ultrathin layers of material with 
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nanoscale control over their thicknesses.  Some have demonstrated the feasibility of this 

technique with inorganic materials,[90, 123] and at least one group has demonstrated its utility 

in the deposition of organic interference filters via Langmuir-Blodgett deposition[133, 134]—it 

is, however, especially suited to the nanoscale control offered by the PEM process. 

2.3 Experimental Details 

PAH (Mw = 70 000), PSS (sodium form, Mw = 70 000), and silver(I) acetate were obtained 

from Sigma-Aldrich (St. Louis, MO).  PAA (25% aq. solution, Mw = 90 000) was obtained 

from Polysciences (Warrington, PA).  Hydrogen gas (grade 4.7) was obtained from BOC 

Gases (Murray Hill, NJ).   All chemicals were used without further purification.  All 

solutions and rinse baths were prepared using de-ionized water (>18 MΩ·cm, Millipore 

Milli-Q).  All polymer solutions were prepared at a concentration of 10-2 M (by repeat unit), 

and the silver acetate solution was prepared at a concentration of 5 mM.  An additional 0.1 M 

NaCl was added to the PAH and PSS solutions used to construct (PAH/PSS) bilayer regions.  

All solutions were adjusted to a pH of 3.0 using 1.0 M HCl. 

Polyelectrolyte multilayer films were assembled onto pre-cleaned glass and polystyrene 

substrates using an automated Zeiss HMS slide stainer.  (PAH/PAA) and (PAH/PSS) bilayers 

were formed by first immersing the substrate in the polycation for 3 min, followed by 3 rinse 

steps in Milli-Q water (1 min, 1 min, 1 min).  The substrates were then immersed in the 

polyanion for 3 min and rinsed in the same manner.  The above process was repeated to 

generate the desired number of bilayers.  Fresh rinse solutions were introduced 

approximately every 20 bilayers, and fresh polymer solutions approximately every 75 

bilayers. 

 A computer was used to transform the continuous index profile into a blueprint for 

the construction of a PEM film.  Following the calculation of digital equivalent layer 

thicknesses,[122] experimental data were used to determine the requisite number, order, and 

type of polyelectrolyte bilayers to deposit.  First, the continuous rugate profile was 

discretized into individual slabs of thickness T, and the average refractive index over the slab 

thickness, N, was calculated.  T was picked to minimize the number of discretization steps 
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(here 75) while ensuring that N·T <<  λ to maintain a good approximation of the original 

rugate profile.  Each of the slabs of thickness T and index N were then replaced with a unique 

high-low index layer pair of calculated thicknesses using Equation 2.3. 

In order to quantify the non-linear deposition behavior of (PAH/PSS) on underlying layers 

of (PAH/PAA), an increasing number of (PAH/PSS) bilayers were deposited on top of a 10 

bilayer (PAH/PAA) platform.  Profilometry was performed at regular intervals during the 

deposition of the (PAH/PSS) bilayers to determine the incremental thickness attributed to 

each bilayer of (PAH/PSS) (see Figure 2.7). 

A computer was used to assemble the above deposition data into a plan for constructing the 

digital rugate filter, calculating the exact number and order of (PAH/PAA) and (PAH/PSS) 

bilayers to deposit.  The resulting design contained 136 regions of alternating index: 68 high 

index (PAH/PAA) domains, and 68 low index (PAH/PSS) domains.  The number of bilayers 

in each domain varied, but in all 645 bilayers were deposited—215 of (PAH/PAA), and 430 

of (PAH/PSS).  The thinnest and thickest planned domain sizes were 3.0 nm and 64 nm, 

respectively. 

The silver nanoparticle synthesis was accomplished by immersing an assembled film in 

silver acetate solution for 1 hr, followed by a 10 min rinse in Milli-Q water, and then blow-

drying with filtered air.  The films were reduced in a hydrogen atmosphere (2 atm, room 

temperature) for 24 hrs.  The nanoparticle synthesis was cycled the desired number of times 

to increase the silver concentration (refractive index) of the silver-containing regions of the 

film.[62, 63] 

Transmission and near-normal (7°) reflectance measurements were performed using a 

Varian Cary 5E spectrophotometer on a film assembled onto a glass substrate.  Because the 

PEM technique leads to the construction of films on both sides of the glass, the film was 

removed from one side before measurement by swabbing with 1M HCl.  Theoretical 

reflectance responses were calculated in MATLAB® using the matrix method (see Section 

A.1) with previously obtained refractive index data.[62] 
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Samples were prepared for cross-sectional TEM by room temperature ultramicrotomy 

(diamond knife, 70-80 nm thick film sections) on films assembled on polystyrene slides after 

3 silver exchange-reduction cycles.  TEM imagining was performed using a JEOL 200CX 

operated at 200 kV.  Film thickness and surface roughness were examined using a Tencor 

P10 profilometer on a film assembled on a polystyrene substrate (the same sample was used 

for both profilometry and TEM analysis).  A step was created for profilometry by removing 

part of the film with a cotton swap dipped in 1.0 M HCL.  Thickness and RMS roughness 

measurements were taken near the same part of the substrate from which the sample for TEM 

was obtained. 

2.4 Results and Discussion 

2.4.1 Digital Rugate Design 

A rugate filter having a linearly apodized 6.5 period sinusoidal refractive index profile was 

chosen for construction (see Section E.1.2 for the exact functional form).  Apodization is the 

process by which the original index profile is modulated with an envelope function to fine-

tune the spectral response.  Such profiles can produce high, narrow reflectance peaks while 

suppressing side band reflections that would otherwise appear in a Bragg-like design.[108] 

 

Figure 2.5.  Bragg and rugate structures with their corresponding calculated reflection 
behavior.  The index profiles (a) for the Bragg reflector (dotted line) and the rugate structure (solid 
line) are shown with the corresponding theoretical reflectance curves (b), calculated using the matrix 
method (see Section A.1) 
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The simulated spectral profiles in Figure 2.5 demonstrate the side band reflectance 

suppression of the apodized rugate over the traditional Bragg structure.  Simulations of these 

structures were performed assuming non-dispersive indices and light incident in air from the 

film side of a structure deposited on a glass (n = 1.52) substrate.  The high and low refractive 

index values represent the values of polymer layers that contain and do not contain silver 

nanoparticles, respectively.  For the purpose of the calculations in Figure 2.5 these values 

were assumed frequency-independent, but other simulations in this chapter take the 

dispersive behavior of the silver-containing regions into account.  In this design, the index 

oscillates between extrema of nL = 1.55 and nH = 2.00 and the filter’s periodic structure is 

designed to reflect strongly in a band centered at 1000 nm.  The selected index values 

represent the index of the unmodified (PAH/PSS) regions and the nanoparticle-containing 

(PAH/PAA) regions, respectively.  The rugate profile of Figure 2.5a was discretized into 75 

regions, as this number ensured that N·T <<  λ and provided good agreement between the 

simulated responses of the 75-region device and the theoretically smooth rugate (see Section 

A.2).  After choosing the number of discretization steps, thicknesses of the high index and 

low index regions of the equivalent digitized rugate structure were calculated using Equation 

2.3.  The results of this calculation are shown in Figure 2.6 for two periods of the continuous 

index profile. 
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Figure 2.6.  Rugate digital equivalent.  Two periods of the original rugate profile from Figure 2.5a 
(bold line) are shown against the index profile of the digital equivalent, which consists of slabs of 
only high index and low index material. 

2.4.2 (PAH/PSS) Growth Study 

Construction of the high index regions in the digital equivalent structure of Figure 2.6 was 

accomplished using the polyelectrolytes poly(allylamine hydrochloride) (PAH) and 

poly(acrylic acid) (PAA).  These polymers have a pH-dependent degree of ionization in 

solution that permits tuning of the chemical and structural properties of the resulting 

multilayers.  All polymers in this study were deposited at a pH of 3.0, which, for the 

(PAH/PAA) multilayers, yields a high density of free carboxylic acid groups.[51]  The free 

carboxylic acid groups in the (PAH/PAA) bilayers bind silver via ion exchange upon 

immersion of the film in a silver salt solution.   Reduction with hydrogen leads to the 

formation of zero-valent silver nanoparticles and regeneration of the free acid groups, 

allowing repeated cycling of the nanoparticle synthesis. 

The low index regions of the film were built using PAH and poly(styrene sulfonate) (PSS).  

Regions of the multilayer film containing (PAH/PSS) layers had no binding sites for silver 

cations, and therefore did not support the synthesis of metal nanoparticles by the process 
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outlined above.[50]  Building a heterostructured film containing both (PAH/PAA) and 

(PAH/PSS) multilayer regions enabled confinement of nanoparticle growth to only those 

planar regions of the film containing (PAH/PAA) multilayers. 

Control of the thickness and spacing of the nanoparticle-containing domains required 

knowledge of the deposition behavior of both the (PAH/PAA) and the (PAH/PSS) 

multilayers.  In general, weak polyelectrolyte systems such as (PAH/PAA) have been shown 

to increase linearly in thickness with the number of bilayers deposited.[38]  The (PAH/PSS) 

system, fully charged at a pH of 3.0, displays somewhat different behavior when deposited 

on the underlying weakly charged (PAH/PAA) platform.  The first few bilayers of 

(PAH/PSS) will tend to deposit at approximately the same thickness per bilayer as the 

underlying (PAH/PAA) layers, but the incremental thickness due to further (PAH/PSS) 

bilayers will be considerably smaller.[50]   The success of digitized rugate construction relies 

on the precise thickness control of many thin layers.  Studies to quantify this phenomenon 

were therefore performed.  

The incremental thickness of (PAH/PSS) bilayers on an underlying (PAH/PAA) platform 

is shown in Figure 2.7 for 2 min and 5 min dipping times, respectively.  All polymer 

solutions were adjusted before dipping to pH 3.0 with 1.0 M HCl.  The solutions used to dip 

the (PAH/PSS) bilayers contained an additional 1 M NaCl.  The film thickness becomes 

linear in the number of (PAH/PSS) bilayers deposited after an initial growth regime where 

the film thickness increases at a higher rate. 
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Figure 2.7.  Incremental film thickness vs number of (PAH3.0/PSS3.0) bilayers deposited on an 
underlying 10 bilayer (PAH/PAA) platform for 2 min and 5 min dipping times.  Film structures can 
be represented as: (PAH3.0/PAA3.0)10(PAH3.0/PSS3.0)x. 

Based on a qualitative examination of these figures, the polymer growth for purposes of 

the digital design algorithm was modeled as two linear regions.  The first region incorporated 

the growth behavior of the first 3-6 bilayers of (PAH/PSS) growing on the (PAH/PAA) 

platform.  The second region was comprised of all remaining data.  Least-squares regression 

was performed on each data set.  The growth rates obtained from this analysis are outlined in 

Table 2.1. 

Dipping Time (min) Region 1 
Initial growth rate (nm/bilayer) 

Region 2 
Final growth rate (nm/bilayer) 

2 2.8 1.1 

3 2.8 1.2 

5 2.9 1.4 

Table 2.1.  Growth rate of (PAH/PSS) bilayers on a (PAH/PAA) platform for various dip times.  
The values at a dipping time of 3 mins were interpolated from the known values at 2 and 5 min 
dipping times. 
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The thickness increment of the first 2 to 3 (PAH/PSS) layers on an underlying weak 

polyelectrolyte platform was 2.8 nm/bilayer, with further layers depositing at an incremental 

thickness of 1.2 nm/bilayer.  Based on the values in Table 2.1, bilayer growth information 

was interpolated to 3 min dipping times (italics in Table 2.1).  This information was then 

used for design of the rugate digital equivalent as detailed in the following section. 

2.4.3 Digital Rugate Construction 

After the initial selection of a continuous index profile, the digital design and PEM dip 

planning was completed by computer, and construction of the rugate filter was accomplished 

by an automated slide dipping system.  This scheme is outlined graphically in  Figure 2.8. 

 

Figure 2.8.  Building a digital rugate. 

 

Figure 2.8 can be summarized as follows:  the initial continuous rugate profile was first 

entered into a computer in functional form.  Discretization was chosen at 75 steps, followed 

by digitization according to the method of Southwell.  The latter step utilized experimentally 

measured polyelectrolyte deposition information (see Table 2.1) as well as silver 
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nanocomposite region expansion and refractive index data,[51, 62] to produce a blueprint for 

the construction of a polyelectrolyte multilayer film.  This blueprint, which detailed the exact 

number and order of polymer layers to deposit, was then entered into a computer that 

controlled an automated Zeiss slide stainer, which then deposited the necessary sequence of 

layers to create a digitized rugate template.  The assembled film was then loaded with silver 

ions from solution and reduced in a hydrogen atmosphere to yield the completed filter, whose 

optical and structural properties were then characterized and compared to the theoretical 

response of the planned design. 

2.4.4 Digital Rugate Characterization 

The near-normal incident reflection and transmission properties of the rugate filter were 

analyzed using a Varian Cary 5E spectrophotometer, and are detailed in Figure 2.9.  A single 

reflectance band with minimal side bands was observed to grow and shift spectrally over the 

course of successive silver exchange-reduction cycles, from Rmax=26.5% at 732 nm after 1 

cycle, to Rmax=75.1% at 924 nm after 5 cycles (Figure 2.9a).  The growth of the reflectance 

band is expected because of the increasing index contrast between the silver-containing and 

non-silver-containing polymer domains.  This index effect is also partly responsible for the 

spectral shift of the band to higher wavelengths, as is the increasing thickness of the silver-

containing domains with the increasing concentration of nanoparticles.  Due to the apodized 

rugate profile, side band reflectances are suppressed at or below 10% after 5 silver exchange-

reduction cycles over the entire observed spectral range.  The surface plasmon absorbance[67] 

of the silver nanoparticles is responsible for the reflectance feature near 500 nm, as well as 

the rapid decrease in the transmittance of the filter at shorter wavelengths due to absorbance 

(Figure 2.9b). 
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Figure 2.9.  Reflectance (a) and transmittance (b) of a PEM-templated digitized rugate.  A 
photograph of the rugate film on which these measurements were performed is shown in (c). 
Numbers shown by the curves indicate the number of silver nanoparticle exchange-reduction cycles.  
The reflectance feature near 500 nm that grows but does not shift with increasing silver loading is due 
to the silver nanoparticle surface plasmon,[67] not to an interference effect.  The photograph was taken 
following 5 exchange-reduction cycles. 

Cross-sectional TEM was performed to characterize the structure of the rugate filter 

(Figure 2.10).  Well-defined (PAH/PAA) domains containing silver nanoparticles (dark 

regions) are clearly visible between multilayer regions containing (PAH/PSS).  The images 

confirm consistent and precise thickness control among the 136 total high index and low 

index domains within the film, even at the length-scale of a few nanometers—approximately 

the same size as the diameter of the nanoparticles themselves.  In order to further quantify 

information about the rugate structure, a 2-D Fourier transform was performed on the 

grayscale image in Figure 2.10a, yielding a spectrum, the central part of which is shown in 

the inset of Figure 2.11. 
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Figure 2.10.  Cross-sectional TEM images of a PEM-templated digitized rugate.  The sample was 
deposited on a polystyrene substrate, which can be seen at the very bottom of (a).  Undulations in the 
film were likely introduced during sample preparation by ultramicrotomy, which also caused 
delamination of the last 10 high-index and low-index regions of the composite on the air side of the 
film.  Profilometry on the same sample shows an average RMS surface roughness of 9.3 nm ± 2.1 
nm. 
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Figure 2.11.  The Fourier transform of the TEM image (inset) reveals information about the 
periodicity of the structure.  High frequency filtering (passing only frequencies inside the dotted circle 
of radius 5.1 µm-1) masks the sharp index discontinuities apparent in the image of the digital rugate so 
that an inverse transform reveals the smooth sinusoidal periodicity of the original continuous profile. 

The Fourier spectrum displayed strong intensity peaks along the vertical axis, indicating a 

dominant spatial frequency of 4.3 µm-1.  Direct measurement of the total film thickness from 

the electron micrograph shown in Figure 2.10a was not possible due to delamination of the 

last 10 high-index and low-index regions during ultramicrotomy.  The spatial frequency 

value of 4.3 µm-1, however, if interpreted as an average period length for the sinusoidal index 

variations within the film displayed in Figure 2.10a, implies that the overall length-scale of 

the experimental structure is ≈  82% of the original design.  Computer simulations of the 

optical response of the theoretical structure lead to similar conclusions.  The anticipated 

spectral response of the digitized rugate filter was calculated using the matrix method (see 

Section A.1) and is shown in Figure 2.12, along with the experimentally measured data (at 3 

silver exchange-reduction cycles).  A notable blue-shift of the experimental response is 

evident, which can be accounted for by uniformly compressing the theoretical structure 
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length to 84% of its original value.  The resulting corrected simulation shows excellent 

agreement with the data obtained by experiment.  The results of profilometry performed on 

the same filter corroborate these findings as well.  A total film thickness of 1.52 ± .01 µm 

was obtained, a value ≈  83% of the expected result. 

 

Figure 2.12.  Digital rugate reflectance response.  Experimental data is shown along with the 
computer-simulated theoretical model (three silver exchange-reduction cycles).  The simulation 
results of a film whose theoretical structure has been uniformly compressed by 84% (modified 
simulation) show very close agreement with experiment. 

2.5 Conclusions 

This work confirms that layer-by-layer deposition can be used successfully to create 

polymer films with precisely confined planar domains of a specific chemical functionality.  

This is in contrast to recent studies that have demonstrated significant long-range chain 

diffusion within multilayers of certain systems.[135, 136]  In addition, the creation of a 

multilayer film such as the one presented here subjects the material to a complex processing 

cycle of swelling, de-swelling, and chemical ion-exchange.  As proof of the remarkable 

resiliency of the films to such treatment, the same sample was used for all optical 

characterization results presented in this chapter, and after repeated cycling of nanoparticle 

growth it still demonstrated consistent nanometer-scale arrangement over a total film 
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thickness on the order of micrometers.  Despite the long processing times required to create 

precisely-tailored nanocomposite films of micron-scale thickness, the layer-by-layer 

technique remains very appealing due to the low cost and ease of production.  The 

constructed filter was slightly thinner than anticipated, pointing to an error in the PEM 

deposition data input to the computer design algorithm.  With further investigation such 

deviations of experiment from theory will no doubt be reduced.  Though there is potential 

application for these devices as advanced conformable optical filters, the choice of silver 

nanoparticles as an index enhancer may preclude their use at visible wavelengths due to the 

strong absorbance from the silver surface plasmon (see Figure 2.9b).  Such behavior is 

undesirable to those seeking high transmission in the visible range at shorter wavelengths, 

but could conceivably prove useful for anyone desiring a high-frequency cutoff for low-

power applications.  The PEM-templating technology, however, is not limited to the use of 

silver.  The addition of different metals or semiconductors,[48, 50, 57] as well as the possibility 

of performing templated sol-gel chemistry,[52] are exciting topics for future exploration. 

Possible uses of devices of this type as chemical or biological sensors have been suggested 

in the literature,[72, 73] and changing photonic effects upon swelling of similar systems in 

solution have already been observed.[62]  In addition, organic vapor sensing with porosity-

templated PEM Bragg filters has been demonstrated.[59]  Other possible applications resulting 

from the construction of these filters from soft, hydrophilic materials could include 

deformation-tunable photonic devices, as well as pH- or humidity-sensitive optical devices.  

It should also be noted that the creation of composition gradients in thin films is an important 

topic whose interest extends far beyond the field of optical engineering.  Although here the 

spatial selectivity afforded by polyelectrolyte multilayer synthesis has been used to create a 

digitized rugate filter, there could also be potential application for this technology in any 

field where one wishes to precisely control the structural features of thin polymer films at the 

single nanometer length-scale.  Grading the modulus within a polymer composite, for 

example, can have beneficial effects on the mechanical properties, such as increased 

resistance to contact damage.[4]  In addition, the use of aqueous-based, PEM-templated 

synthesis for the construction of rugate filters not only enables the inexpensive and 
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straightforward production of graded nanocomposite films, but it opens the possibility for 

their construction on the surfaces of colloids, the insides of tubes, and on a wide variety of 

other substrate materials and morphologies—feats that may be difficult or impossible by 

traditional means.  This work suggests that the polyelectrolyte layer-by-layer technique may 

be an easy and affordable way to approach these and other challenges facing the development 

of nanoscale processing with organic materials. 

Having discussed the process for creating PEM films with graded property profiles through 

carefully controlled construction techniques, the following several chapters will focus on 

how one can measure the Young’s modulus of PEM films.  The Young’s modulus is an 

important mechanical property parameter that can be an important determinate in predicting 

the durability of a functional coating, and is also expected to yield insights into the structure 

and bonding properties of various layer-by-layer assemblies. 



 

  59

                                                     

Chapter 3 
Young’s Modulus Measurements on Polyelectrolyte Multilayer 

Films via Strain-Induced Elastic Buckling Instabilities* 

3.1 Introduction 

  Polyelectrolyte multilayer deposition has become increasingly popular as a means of 

creating thin polymer films with a wide range of physical properties and potential 

applications, making the mechanical strength and stability of these films an important factor 

in evaluating the practicality of their use.  This is especially true, for example, in the 

biomaterials area, where the mechanical properties of a surface have been shown to 

dramatically affect the attachment and growth of cells.[7, 138]  Though a number of different 

techniques have been pursued in the literature,[7, 27, 29, 138-167] PEMs continue to present a 

considerable challenge for those wishing to investigate their mechanical stiffness, as they 

usually exist only as ultrathin films.  Previous attempts to measure the modulus of PEMs, for 

example, have required assembly of films into hollow capsules followed by mechanical-[141, 

142, 153-158, 167] or chemical-driven[146, 147, 152, 166] probing of the capsule stiffness, or have 

utilized specialized equipment that typically requires films to be of micron-scale thickness, as 

in the case of nanoindentation.[7, 138, 143, 144, 159-162]  Not all multilayer systems have proven 

amenable to microcapsule assembly,[9] however, and building films microns thick can be 

prohibitively time consuming with certain polyelectrolyte systems that may exhibit thickness 

increments of less than 1 nm/bilayer.[38] 

The following three chapters discuss the use of a buckling-based technique termed “strain-

induced elastic buckling instability for mechanical measurements”, or SIEBIMM for 

short.[168]  The current chapter will introduce the basic technique, and demonstrate how it has 

been used to measure the modulus of (PAH/PSS) assemblies in both the wet and dry states, 

while Chapter 4 and Chapter 5 will cover further development of the SIEBIMM technique 

and measurement of PEM mechanical properties as a function of the ambient humidity.  It is 

 
* This chapter is reproduced in part with permission from Reference 137: Nolte, A. J.; Rubner, M. F.; Cohen, R. 
E., Determining the young's modulus of polyelectrolyte multilayer films via stress-induced mechanical buckling 
instabilities. Macromolecules 2005, 38, (13), 5367-5370.  Copyright 2005 American Chemical Society. 
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shown that SIEBIMM is a simple and easy to implement method that solves many of the 

problems associated with previous attempts to measure the modulus of these materials. 

3.2 Background and Motivation 

3.2.1 Motivation for the Mechanical Characterization of Polyelectrolyte Multilayers 

Many important motivating factors drive the mechanical study of PEM films.  Many 

studies have explored the possibility of using PEM-coated surfaces to control the attachment 

and function of certain cells.[7-9, 47, 138, 143, 162, 169-185]  Control of the cytophilicity or 

cytophobicity of such coatings has been shown to be linked in part to the stiffness of the 

PEM in the culture environment.[47]  These results are consistent with recent biological 

studies that have confirmed that the mechanical properties of a substrate can affect the 

adhesion, movement, and function of cells.[174]  Because the crosslink density of PEMs, and 

hence their moduli, can be easily controlled by the assembly conditions[38] or other post-

assembly chemistries,[8] these materials represent promising candidates for biosurface 

modification schemes.  A method of easily measuring the stiffness of (potentially ultrathin) 

PEM coatings could significant aid quantitative study of these phenomena. 

PEMs have also been proposed for use as tribological coatings on orthopedic implants.[5, 

161]  Preliminary studies have indicated that PEMs may serve to reduce wear at interfaces in, 

for example, artificial joint implants, and that PEMs may also be able to reduce friction at 

such interfaces.  Further study of the abrasion resistance of PEMs will also be important for 

other PEM applications where regular mechanical contact with the coating might be 

expected, such as with PEM antireflection coatings. 

In addition to the above considerations, study of the mechanical properties of PEMs may 

yield important insights into the intrafilm structure and bonding interactions.  Of particular 

interest is the effect of the degree of electrostatic crosslinking on the PEM modulus; this 

parameter can be varied (in weak polyelectrolyte systems) by careful control of the pH 

conditions during assembly.[38]  Other studies have found that electrostatic crosslinks in 

hydrated films can be mediated post-assembly by the ionic strength of the solution.[167, 186-192]  
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Study of these phenomena via mechanical properties measurements should provide an 

important window into internal film dynamics, paving the way towards a better 

understanding of how PEMs behave in various environments, as well as revealing their 

strengths and weaknesses for various surface engineering applications. 

3.2.2 Literature Review of Previous Work 

This section will present a brief review of previous literature aimed at measuring the elastic 

modulus of PEM assemblies, with a focus on the techniques and their relative advantages and 

disadvantages; the reader is referred to Section 3.4.3 (especially Table 3.2) for a summary of 

numerical results that have been reported for the various techniques. 

Because polyelectrolytes are inherently thin film materials for which no bulk analogue 

exists, mechanical property characterization is a challenging task.  Hsieh and McCarthy seem 

to have been the first to report attempts to measure the modulus of PEMs (comprising PAH 

and PSS multilayers) by conducting tensile tests on PEM-coated Lycra yarns.[148, 149]  This 

was a relatively straightforward approach that was able to obtain modulus estimates within 

an order or magnitude, but the accuracy of their analysis suffered from the lack of an 

appropriate method to obtain the exact PEM film thickness due to the cylindrical topology of 

the substrate. 

Nanoindentation is the controlled indentation of a film or substrate surface with a small 

probe.[193]  Knowledge of the force exerted as a function of indentation distance can allow 

calculation of the mechanical properties of the material.  This technique is arguably the most 

popular technique for thin film mechanical property characterization, but difficulties in 

extending the technique to PEMs remain.  One challenge involves the need to build films to 

minimum depths of hundreds of nanometers in order to avoid substrate influences on the 

calculated film modulus, which can be prohibitively time consuming for systems with very 

low bilayer growth increments.  By depositing sufficiently high number of bilayers, Pavoor 

et al. was able to find the Young’s modulus for (PAH/PAA) multilayers deposited at various 

assembly conditions using the technique.[160]  Richert et al. have examined highly swollen 
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networks of crosslinked PEMs using colloidal probe AFM,[162] and most recently, Thompson 

et al. have demonstrated nanoindentation of PEM assemblies in the hydrated state.[7, 138] 

Microcapsule manipulation has been perhaps the most popular method to date for 

measuring the mechanical properties of PEMs.  PEM microcapsules are formed from the 

assembly of PEMs onto micron-scale colloids, followed by the dissolution of the colloidal 

substrate to leave a hollow PEM shell.  Gao et al. were the first to demonstrate Young’s 

modulus measurements on PEM microcapsules.[146]  Their technique involved observing the 

osmotic-driven collapse of microcapsules in solutions of polymer for which the capsule wall 

was impermeable.  The modulus of the capsule was extracted from the known capsule wall 

thickness and the average osmotic pressure at which the capsules began to collapse 

(invaginate).  Vinogradova et al. used a similar technique to extract the wall modulus of 

osmotically swollen PEM microcapsules.[152, 166]  With Lulevich, they also demonstrated the 

deformation of immobilized PEM microcapsules with modified AFM cantilevers for PEM 

modulus measurements,[154-158] a technique that was combined with reflection interference 

contrast microscopy and used by Fery, Dubreuil, and Heuvingh et al.[141, 142, 145, 167]  The 

major contribution of the latter researchers was to demonstrate work in a deformation regime 

where assumptions about permeability of the capsule wall could be effectively eliminated.  

This step greatly improved the confidence in the accuracy of PEM modulus values obtained 

via capsule deformation, where before measurements on the same system resulted in a spread 

of reported moduli over a range of three orders of magnitude (see Table 3.2).  While PEM 

microcapsule deformation techniques have certainly improved since their first inception, they 

remain technologically difficult to employ and rely on various assumptions about the 

mechanical behavior of the capsule membrane.  Two relatively recent review articles[145, 165] 

cover development of these techniques and their relative advantages and disadvantages in 

more detail. 

Another technique that has recently emerged in the literature is the tensile testing of free-

standing films.  Mamedov et al.[27] and Tang et al.[29] have recently demonstrated this 

technique on free-standing films of PEM-carbon nanotube and PEM-clay composite films, 

respectively.  Jaber et al. used a very similar technique to measure the tensile modulus of 
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PDAC/PSS layers in solution at various salt concentrations, and has recently demonstrated 

dynamic mechanical testing of PEMs using a similar technique.[194, 195]  Tensile-testing of 

free-standing films, however conceptually straightforward, still presents considerable 

difficulties for PEM researchers.  Films generally need to be grown to large thicknesses to 

survive peeling from a low surface energy substrate such as Teflon, and peeled films must 

then be mounted and tested in a specially designed apparatus.  PEM modulus values can also 

be extracted from free-standing films via a bulging test, as demonstrated by Jiang et al. for 

PEM membranes assembled using spin-assisted LbL assembly.[150, 151]  This method also 

requires freeing the film from the assembly substrate, generally by use of a dissolvable 

sacrificial substance between the substrate and the PEM. 

 Despite the many novel approaches that have been followed by previous researchers, 

elucidation of PEM mechanical properties has, until only recently, remained a challenging 

problem.  The following section will introduce the SIEBIMM technique, which has proven 

remarkably well-suited to the task of measuring the Young’s modulus of PEM films. 

3.2.3 Description of the SIEBIMM Technique and Derivation of the Buckling Equation 

SIEBIMM analysis exploits the fact that a thin, higher modulus material bonded to a semi-

infinite, lower modulus substrate will buckle when subjected to compressive planar forces in 

order to relieve the strain energy in the system.  To minimize this energy, buckling takes 

place at a characteristic wavelength, λ, given by:[168, 196] 

Equation 3.1 
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where d is the film thickness, and Ef, νf, Es, and νs are the Young’s moduli and Poisson’s 

ratios of the film and substrate, respectively.  This phenomenon is represented graphically in 

Figure 3.1. 
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Figure 3.1.  Schematic of PEM film deposited on a PDMS substrate.  The left panel shows a film 
of thickness dPEM deposited on a thick (assumed semi-infinite) substrate.  The right panel illustrates 
the formation of a buckling instability of wavelength λ with compression of the system. 

The derivation of Equation 3.1 is relatively straightforward and can be obtained from the 

equation describing the bending of a rigid plate on an elastic foundation:*

Equation 3.2 
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where EPEM is the Young’s modulus of the PEM film, x is the distance along the direction 

of buckling, y is the displacement orthogonal to the plane of the film, and IPEM represents the 

second moment of area of the PEM film (with width w) about its neutral bending axis, which 

for the case of a uniform film with thickness dPEM is found at the midpoint: 

Equation 3.3 
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The overbar on a Young’s modulus denotes a plane strain modulus, which accounts for the 

planar geometry of the film and is taken for any material as: 

                                                      
* The derivation of the buckling equation in this section follows a similar methodology to the work of 
Volynskii.  See, for example, Reference 196. Volynskii, A. L.; Bazhenov, S.; Lebedeva, O. V.; Bakeev, N. F., 
Mechanical buckling instability of thin coatings deposited on soft polymer substrates. Journal of Materials 
Science 2000, 35, (3), 547-554. 
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Equation 3.4 

( )21 ν−
=

EE  

where ν is the Poisson’s ratio of the material with Young’s modulus E.  The quantity F is 

the longitudinal compressive force applied to induce buckling (as depicted in Figure 3.1), and 

k is known as the Winkler modulus of half-space, which is the modulus of resistance to a 

displacement y into the substrate:[197] 

Equation 3.5 

λ
π wEk PDMS ⋅=  

where EPDMS is the Young’s modulus of the PDMS substrate, and λ is the wavelength of 

the buckling deformation.   The expression for the Winkler modulus is derived according to 

an assumed deformation profile for the buckling film.  In the case of Equation 3.5, a 

sinusoidal profile with wavelength λ is assumed: 

Equation 3.6 
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where A is the amplitude of the buckling deformation.  By combining Equation 3.2, 

Equation 3.3, Equation 3.5, and Equation 3.6, one can obtain an expression for the stress in 

the film: 

Equation 3.7 
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The quantity σ in Equation 3.7 is positive for all values of lambda.  Equation 3.7 can be 

rewritten in a dimensionless form: 

Equation 3.8 

Λ⋅+Λ⋅=Σ −

π
π

4
1

3
2

2

 

by taking Σ, the dimensionless stress, and Λ, the dimensionless wavelength, as: 

Equation 3.9 

λσ
⋅

⋅
=Λ

⋅
=Σ 3

33 2
PEMPEM

PDMS

PDMSPEM
dE

E

EE
. 

The plot of Equation 3.8 is given in Figure 3.2. 

  

Figure 3.2.  Plot of the dimensionless stress (Σ) vs dimensionless wavelength (Λ). 

Figure 3.2 demonstrates that a minimum in Σ can be found at Λ ≈  4.  The exact value can 

be shown to be 2π/31/3 by differentiating Equation 3.8 and setting dΣ/dΛ = 0.  Plugging Λ = 

2π/31/3 into Equation 3.9 and solving for λ yields Equation 3.1.  The critical stress value for 
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onset of buckling (Σ ≈  0.5 in Figure 3.2) is found to be Σ = (32/3)/4 by taking Λ = 2π/31/3 and 

combining Equation 3.8 and Equation 3.9.  For stresses below this value, the film and 

substrate will simply compress elastically in the x direction. 

Equation 3.1 is commonly rewritten to solve for the film modulus: 

Equation 3.10 

3
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It is important to note that the applied stress does not appear in Equation 3.10.  The 

buckling transition is a critical phenomenon, and the wavelength is therefore expected to be 

strain-independent in the limit of small deformations.  This consideration is a major 

advantage for the SIEBIMM technique, as Young’s modulus measurements conducting using 

other methods almost always require force-displacement measurements, which can be 

extremely challenging to carry out on very small scales.  In practice, some researchers have 

reported slight decreases in the expected buckling wavelength for high strains (10%);[198] it 

should be noted that the strains in this study were only a few percent, and were therefore 

assumed to not measurably change the buckling wavelength from its critical value.  The 

Poisson’s ratios for the film and substrate are typically assumed to be 0.33, in the case of 

glassy polymeric films, and 0.5 for the rubbery substrate.[168]  In the work that follows, a 

value of 0.33 is assumed for dry-state PEMs, and a value of 0.5 for PEMs in the wet state. 

The experimental details of how the quantities in Equation 3.10 are found in order to 

calculate the Young’s modulus of the PEM are given in the following section and 

summarized in Figure 3.3. 

3.3 Experimental Details 

PDMS (Sylgard 184, Dow Corning) was prepared by mixing the crosslinker and base 

compound in a 1:10 w/w ratio.  The mixture was cast into a tray to a thickness of ≈  3 mm, 

and allowed to de-gas at atmospheric conditions for 45 min – 1 hr, after which it was baked 
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at atmospheric pressure for 45 min at 80°C.  After cooling to room temperature, the PDMS 

was cut into 2 cm × 6 cm pieces. 

PAH (Mw = 70 000, Sigma-Aldrich) and PSS (sodium form, Mw = 70 000, Sigma-Aldrich) 

were used without further purification to create polymer solutions of 0.01 M concentration by 

repeat unit.  In addition, 0.1 M NaCl (Mallinckrodt Chemicals) was added to each 

polyelectrolyte solution as previously described.  Milli-Q deionized water (Millipore) with a 

resistivity of 18.2 MΩ·cm was used for all procedures and preparations.  Solutions were 

adjusted to the appropriate pH with 1.0 M HCl or NaOH immediately prior to PEM 

assembly. 

Assembly of PEMs onto PDMS was performed by an automated programmable slide 

stainer (HMS slide stainer, Zeiss).  Substrates were first immersed in the polycation (PAH) 

for 15 min, followed by three 1 min rinse steps.  The samples were then immersed in the 

polyanion (PSS) for 15 min, followed again by three 1 min rinses.  This process was cycled 

until the desired number of bilayers were deposited.  If more than 10 bilayers were deposited, 

the immersion time in the polyelectrolyte baths was decreased to 5 min for the 11th and all 

subsequent bilayers.  Following the completion of PEM assembly, samples were allowed to 

air dry.  Samples were stored in air at ambient conditions and tested within a few days of 

PEM assembly. 

Modulus measurements were obtained by applying planar compressive strains (1-2%) on 

each sample with a pair of tweezers while taking photographs of the buckled surface with an 

optical microscope (Axioplan 2, Zeiss).  Optical micrographs were subjected to Fourier 

analysis (see Appendix C) to determine the average wavelength of buckling.  Spectroscopic 

ellipsometry (M-2000D, J.A. Woollam Co.) was performed in order to obtain PEM thickness 

values (see Section 3.4.1 for more information on this technique).  During dry-state 

experiments, the relative humidity was in the range of 20-32%.  Compression testing (Model 

Z010, Zwick/Roell) of ½” diameter cylindrical samples cut from the PDMS substrates was 

performed to find the Young’s modulus of the substrate (EPDMS).  Samples were compressed 

at a strain rate of ≈  0.02 sec-1 and the modulus values were taken as the slopes of the stress-
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strain curves in the linear, small strain portions of the data.  The results from testing at least 8 

different samples were averaged to yield EPDMS for a particular batch of PDMS. 

Young’s modulus values were calculated using Equation 3.10.  As mentioned previously, a 

Poisson’s ratio of 0.33 was assumed for dry-state multilayers, and a value of 0.5 was 

assumed for wet-state multilayers and the elastomeric PDMS substrate.  All error bars in this 

chapter were calculated by propagation of the uncertainties in the PEM thicknesses, the 

buckling wavelengths, and the Young’s modulus of the PDMS substrate.[199, 200] 

The experimental procedure for using SIEBIMM to measure the Young’s modulus of 

PEMs is represented graphically in Figure 3.3. 

 

Figure 3.3.  Graphical scheme summarizing SIEBIMM testing of PEM films.  Films are 
photographed in the optical microscope while subjected to lateral compression to determine the 
buckling wavelength.  The PEM film thickness is determined via spectroscopic ellipsometry, and the 
PDMS stiffness is obtained through compression testing. 

3.4 Results and Discussion 

3.4.1 PEM Thickness Determination via Spectroscopic Ellipsometry 

In order to determine the modulus of the PEM films, a method of accurately measuring the 

PEM film thickness was required.  Although ellipsometry is typically used with highly 

reflective substrates such as silicon, a measurement method was developed whereby 

spectroscopic (multiple wavelength) ellipsometry was performed directly on the PEM-coated 

PDMS system.  The significant refractive index mismatch between the PEMs (n ≈  1.55) and 
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PDMS (n ≈  1.41) allowed calculation of the film thickness through modeling of the 

ellipsometric data. 

An uncoated piece of PDMS was first scanned in the ellipsometer (M-2000D, J. A. 

Woollam Co., Inc.).  The data were fitted to a Cauchy model (an excellent fit was obtained) 

and saved in a custom material file.  The Cauchy model assumes that the real part of the 

refractive index, nR, can be described by:[68] 

Equation 3.11 

( ) 42 λλ
λ CBAnR ++=  

where A, B, and C are constants, and λ is the wavelength of light.  The imaginary part of 

the refractive index was modeled assuming Urbach absorption:[201] 

Equation 3.12 
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βαλ 1112400expIn  

where α is known as the amplitude coefficient, β as the exponent coefficient, and γ as the 

band edge.  Table 3.1 gives these parameters as measured for PDMS prepared as described in 

Section 3.3.  The optical parameters for a few representative PEM systems are also provided. 
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Material A B (µm2) C (µm4) α β (nm) γ (nm) nR (555 nm) 

PDMS 1.401 2.923·10-3 1.225·10-4 2.527·10-3 0.4793 400 1.412 

(PAH3.0/PSS3.0) 1.551 2.634·10-3 5.862·10-4 -- -- -- 1.566 

(PAH7.5/PAA3.5) 1.526 7.257·10-3 -- -- -- -- 1.550 

(PAH2.5/PAA2.5) 1.492 7.202·10-3 -- -- -- -- 1.515 

Table 3.1.  Typical optical parameters for PDMS and representative PEM systems.  PEM optical 
parameters were obtained at room temperature and 36% relative humidity by scanning films 
assembled on PDMS substrates.  Blank cells indicate that the parameter was not used in the model to 
obtain a fit to the ellipsometer data.  (PAH3.0/PSS3.0), (PAH7.5/PAA3.5), and (PAH2.5/PAA2.5) 
multilayer films for this study were assembled to 75, 10.5, and 20 bilayers in thickness, respectively.  
The final column in the table displays the real refractive index calculated using A, B, and C for each 
system. 

After obtaining the optical parameters shown in Table 3.1 for the bare PDMS substrate, 

samples of PEM-coated PDMS were then scanned.  The resulting experimental data were 

fitted to a multilayer model consisting of: 

1. The underlying PDMS substrate whose optical properties were previously 

characterized, 

2. The PEM film, represented by a Cauchy material model of unknown thickness, and 

3. A surface roughness layer of unknown thickness, which consisted of an effective 

medium of 50% of the ambient medium and 50% PEM film.  The ambient medium 

was usually air (n ≈  1), except in the case of solution-state in-situ ellipsometry, 

where it was water (n ≈  1.33). 

After scanning, the data were fit to the multilayer model described above by varying the 

thickness and Cauchy parameters of the PEM (see Equation 3.11 and Equation 3.12), as well 

as the thickness of the surface roughness layer (usually on the order of 1 nm).  The best-fit 

thickness of the PEM film was then reported—the thickness of the surface roughness layer 
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was assumed to be indicative of the roughness of the air-PEM or water-PEM interface, and 

was not included in the reported PEM thickness values. 

In-situ ellipsometry refers to the technique of performing ellipsometry on a sample while it 

is immersed in an environment other than air—typically an aqueous solution.  This is 

accomplished by placing the sample and fluid inside of a cell that has angled windows to 

permit the entry and exit of the incident and reflected beams. 

3.4.2 Determination of the Young’s Modulus of (PAH/PSS) via SIEBIMM 

In all, 25 samples created in three separate batches with different numbers of bilayers were 

assembled in order to evaluate the SIEBIMM method at a variety of film thicknesses.  The 

thickness vs number of bilayers plot generated from these samples is displayed in Figure 3.4. 

 

Figure 3.4.  Film thickness and buckling wavelength of (PAH/PSS) films vs number of bilayers 
deposited on PDMS.  Thicknesses were determined by spectroscopic ellipsometry, and buckling 
wavelengths were determined through Fourier analysis of optical microscope images (see Appendix 
C). 
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A linear regression performed on the data indicated a thickness increment of 1.76 

nm/bilayer with an R-squared value of 0.999.  These results show that (PAH/PSS) 

multilayers exhibit a reproducible, linear growth profile on PDMS over the entire range of 

thicknesses (11 to 100 bilayers) that were tested.  The thickness increment reported here is 

slightly higher than previous results obtained by growing (PAH/PSS) multilayers on weak 

polyelectrolyte platforms on glass substrates (see Figure 2.7).   

When subjected to a lateral strain, all films exhibited uniform buckling over the entire 

sample surface, except for regions where the occasional crack would locally relax planar 

stresses.  The buckling wavelength was observed to increase linearly with thickness (see 

Figure 3.4), as would be expected from Equation 3.1 for a PEM Young’s modulus which 

does not change with increasing film thickness.  Figure 3.5 shows the Young’s modulus 

measured using the SIEBIMM method for films with different numbers of bilayers.  Also 

shown is an optical microscopy image of a film undergoing buckling (inset). 

 

Figure 3.5.  Young’s modulus vs number of bilayers for (PAH/PSS) films.  Error bars indicate the 
estimated measurement error.  Larger errors are associated with films containing < 40 bilayers.  The 
inset image is an optical micrograph (200 µm square) of a 100 bilayer film undergoing buckling. 
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The modulus values of films ranging from 20 nm (11 bilayers) to 180 nm (100 bilayers) 

thick were measured, and error bars were calculated by propagation of the uncertainties in 

the PEM thicknesses, the buckling wavelengths, and the Young’s modulus of the PDMS 

substrate.  Averaging the data yields a value of 4.4 ± 0.7 GPa for the Young’s modulus of 

(PAH/PSS) multilayers. 

The accuracy of the SIEBIMM technique is limited primarily by measurements of the 

PEM film thickness.  This is especially true for very thin films, where the data indicate 

higher uncertainties for films less than ≈  70 nm (40 bilayers) thick.  Despite such 

uncertainties, SIEBIMM proved to be remarkably sensitive to the PEM modulus, even in 

very thin films.  This was evidenced in two additional batches of samples that were prepared, 

which were identical to the previous samples except that the PDMS substrates had been 

soaked in DI water for ≈  6 hrs before beginning multilayer deposition.  The modulus values 

determined from these samples are displayed in Figure 3.6. 

 

Figure 3.6.  The effect of substrate treatment on the Young’s modulus of (PAH/PSS) films.   
PDMS substrates were treated by soaking in DI water for ≈  6 hrs prior to multilayer deposition. 
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The PEM films deposited on the water-treated PDMS show lower modulus values at small 

bilayer numbers.  The modulus then rises rapidly with increasing film thickness, eventually 

reaching a plateau at 4.5 GPa, essentially the same modulus value observed for PEMs on 

untreated PDMS.  Correspondingly, the bilayer thickness increment was observed to be only 

1.56 nm/bilayer for films with less than 40 bilayers, with an R-squared value of 0.823 

indicating less linearity in the data.  Soaking the PDMS in water most likely causes surface 

reconstruction, allowing the initial adsorbing layers to adopt a different chain configuration 

compared to what is obtained without pretreatment in water.  As more bilayers are deposited, 

the effect of the substrate treatment on the growth behavior diminishes, and the mechanical 

properties of the thin region of initially adsorbed layers are less influential in determining the 

overall film properties.  These observations are consistent with the notion that in the region 

near the substrate, a PEM film can possess physical properties and growth behavior different 

from that of the interior region of the film.[202]  The above observations lead to two important 

conclusions: First, SIEBIMM measurements are sensitive enough to respond to the modulus 

difference resulting from substrate-dependent morphologies in PEM films.  Second, films 

must be built to an adequate thickness to avoid measuring a modulus influenced by substrate-

induced effects in very thin films, as well as to minimize film thickness measuring errors.  

For the (PAH/PSS) system on PDMS as explored here, building films thicker than 70 nm is 

recommended. 

 Given the potential of PEMs for use as biomaterials (see Section 3.2.1) an important 

question was whether SIEBIMM could be used to measure the wet-state modulus of PEM 

assemblies.  For this task two samples assembled on untreated PDMS were utilized.  Samples 

were immersed in either DI water or a 1 M solution of NaCl and allowed to equilibrate for ≈  

1 hr before testing.  Upon compression, buckling was observed over the entire sample 

surface, and the images obtained looked similar to films buckling in the dry state (see inset, 

Figure 3.5), except for a decrease in contrast as a result of the smaller refractive index 

difference between the sample and the water environment.  It was thus concluded that the 

PEM films remained well bonded to the PDMS in solution, as achieving the buckling state 

relies upon good adhesion of the film to the substrate.  In-situ spectroscopic ellipsometry (see 
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Section 3.4.1) was performed to determine the PEM wet-state thicknesses.  After wet-state 

measurements, the samples were dried and the modulus values were re-measured.  The 

results are shown in Figure 3.7. 

 

Figure 3.7.  Dry- and wet-state modulus values of (PAH/PSS) films.  Samples with 75 bilayers 
were tested in both DI water and 1 M NaCl solution.  Modulus values of the films following drying of 
the swollen samples are also shown. 

The sample immersed in DI water exhibited a decrease in modulus from 5.8 ± 0.4 GPa to 

590 ± 90 MPa.  The sample immersed in 1 M NaCl showed an even greater reduction in 

modulus, from 5.4 ± 0.4 GPa when dry to 300 ± 30 MPa in solution.   The films showed 

corresponding thickness increases when wet, swelling 28% in water and 48% in the NaCl 

solution.  These swollen film thicknesses are comparable with the results of previous work 

on this system.[186, 203, 204]  Water is an excellent solvent for PEM films, inducing large 

reductions in modulus due to higher chain mobility in the swollen film and the possibility of 

breaking and reforming electrostatic crosslinks.  The high salt concentration increases this 

effect by allowing charge screening of the electrostatic crosslinking groups.  In addition, salt 

solutions can cause reorganization of the film structure to take place.[186]  This latter effect is 
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evidenced by the fact that upon drying, the film swollen in water returned to a thickness of 

136 nm, close to its original thickness of 130 nm, while the film swollen in salt returned to a 

thickness of 166 nm, a value still considerably higher than its original 130 nm thickness.  

Upon drying, the film that had been immersed in water returned to a modulus that was 96% 

of its original value, while the film swollen in NaCl solution only regained 86% of its 

original stiffness. 

3.4.3 Comparison to Previous Studies* 

The values of 590 ± 90 MPa (water) and 300 ± 30 MPa (1 M NaCl) measured for 

(PAH/PSS) multilayers in the wet-state fall within the range of values given so far in the 

literature.  Vinogradova et. al., using AFM deformation[153-158] and osmotic swelling[152, 166] 

of (PAH/PSS) capsules have reported an estimated modulus of 100 to 200 MPa.  On the 

other hand, Gau et. al., utilizing the osmotic-driven collapse of (PAH/PSS) capsules[146] 

(using different assumptions) report a higher value on the order of 1.5 - 2.0 GPa.  Similarly 

high numbers (1.3-1.9 GPa) were obtained from (PAH/PSS) capsules by Dubreuil et. al. 

using AFM and reflection interference contrast microscopy.[141, 142]  Most recently, Heuvingh, 

et. al. have reported a modulus of ≈  400 ± 200 MPa for (PAH/PSS) capsules in 1 M NaCl 

solution.[167]  This latter number is notably close to our reported value of 300 ± 30 MPa.  To 

our knowledge, only one other group has previously reported a dry-state modulus for 

(PAH/PSS) multilayers.  Hsieh et. al., using PEM-coated Lycra yarns, estimated the modulus 

of (PAH/PSS) multilayers to be between 1 and 9 GPa;[148, 149] the value of 4.4 GPa reported 

here falls within that range.  Table 3.2 summarizes the results obtained in this work, as well 

as the recent literature results outlined above for Young’s Modulus measurements of the 

(PAH/PSS) system. 

 
* This comparison to other literature is not meant to be exhaustive of all modulus studies conducted on PEM 
films, but rather only to present results that have been reported for similar systems of (PAH/PSS). 
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Study Film Topology Method Wet/Dry? Reported E (GPa) 

Gau, et al. Microcapsule Osmotic Collapse Wet 1.5 – 2.25 

Vinogradova, 
Sukhorukov, et al. Microcapsule AFM/Osmotic 

Swelling Wet 0.001 – 0.24 

Fery, et al. Microcapsule AFM Wet 1.6, 0.4 

Hsieh et al. Cylinder Tensile Testing of 
Coated Fibers Dry 1.0 – 9.0 

Nolte (this work) Planar Film Elastic Buckling Wet/Dry 4.4 / 0.3 – 0.6 

Table 3.2.  Recently reported Young’s modulus values for the (PAH/PSS) system from various 
literature sources.  For references, see Section 3.4.3. 

3.5 Conclusions 

In conclusion, the Young’s modulus of (PAH/PSS) films was determined successfully by 

the SIEBIMM method in both the dry- and the wet-states.  To reduce the amount of 

uncertainty in the modulus, it is suggested that PEMs be grown to an adequate thickness to 

minimize film thickness measuring errors.  In addition, measuring the modulus as a function 

of the number of bilayers deposited can provide information about how the stiffness changes 

with film thickness, which can help guard against measuring a modulus influenced by 

substrate-induced effects in very thin films. 

The next chapter will focus on using SIEBIMM to test the mechanical properties of weak 

polyelectrolyte assemblies, which offer the possibility of tuning the mechanical properties of 

PEM films through pH control of the polycation and polyanion deposition solutions.[159, 160]  

An exciting avenue for future work is the possibility of creating complex physical property 

gradients throughout the depth of the multilayer film using the methods presented in Chapter 

2.  Such structures offer the chance of creating PEM-based thin films with enhanced 
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mechanical properties, such as increased resistance to indentation and sliding contact 

damage.[4]  Some preliminary results aimed at examining the effect of incorporating silver 

nanoparticles into PEM assemblies are presented in Appendix B.  The appendix also 

discusses the concept of buckle patterning and examines this effect for PEMs grown on the 

face of PDMS microcontact printing (µCP) stamps. 

Numerous applications suggested in the literature clearly point to the need for a fast, 

accurate, and flexible way to measure the mechanical properties of very thin films in both the 

dry and wet states.  The technique outlined in this chapter meets these demands, and suggests 

that anyone conducting layer-by-layer assembly by conventional methods may wish simply 

to include a PDMS substrate and use it to determine the stiffness of the multilayer films in 

that batch of samples, making it a routine characterization technique similar to film thickness 

or surface roughness measurements. 

This chapter has demonstrated that the SIEBIMM method is positioned to become an 

extremely useful tool in the field of polyelectrolyte multilayer mechanical property 

characterization, but thus far results have only been presented from a system which 

assembles well on the PDMS surface.  The next chapter will address the difficulties that 

sometimes arise when trying assemble certain systems on PDMS, and discuss a technique 

that can be used to broaden the applicability of SIEBIMM to the widest possible range of 

systems. 
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Chapter 4 
A Two-Plate Buckling Approach for Young’s Modulus 

Measurements on Polyelectrolyte Multilayer Films* 

4.1 Introduction 

Current interest in thin film materials is motivated by a number of factors such as the 

desire to advance microelectronics by moving to smaller device sizes, the need for protective 

or functional coatings, and the high degree of promise for thin films as actuator and sensor 

devices.[1]  Knowledge of the mechanical properties of the film is often of fundamental 

interest for many of these applications.  Traditional mechanical testing methods have 

generally relied upon macroscale manipulation of samples; however, thin films can often 

exhibit properties very different from their bulk values, and some very promising thin film 

materials exist for which there is no easily obtainable bulk counterpart.  Such considerations 

have led to the development of a number of novel methods for thin film mechanical property 

measurements, including the “strain-induced elastic buckling instability for mechanical 

measurements” (SIEBIMM) technique,[168] which was introduced in Chapter 3.  Not all 

systems are amenable to use with the SIEBIMM technique as it was originally developed, 

however.  The current chapter addresses difficulties that sometimes arise when implementing 

this measurement technique with PEMs, and introduces an approach known as two-plate 

buckling that can be used to solve these problems. 

4.2 Background and Motivation 

4.2.1 The SIEBIMM Technique: Challenges from Hydrophilic Polymer Systems 

SIEBIMM presents many advantages among the various thin film characterization 

techniques, including its straightforward and fast implementation, as well as its ability to do 

rapid combinatorial material screening without requiring expensive or specialized equipment.   

 
* This chapter is reproduced in part with permission from Reference 205: Nolte, A. J.; Cohen, R. E.; Rubner, M. 
F., A two-plate buckling technique for thin film modulus measurements: Applications to polyelectrolyte 
multilayers. Macromolecules 2006, 39, (14), 4841-4847. Copyright 2006 American Chemical Society. 
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The basic principle behind SIEBIMM is that a thin, stiff film deposited on an elastomeric 

substrate will undergo a buckling instability when subjected to planar compressive forces.  

Measurement of the wavelength of buckling (λ), combined with knowledge of the film 

thickness (df) and the substrate Young’s modulus (Es), allows one to calculate the unknown 

Young’s modulus (EPEM) of the thin film using Equation 3.10, which is reproduced here for 

convenience as Equation 4.1.  Further details surrounding the derivation of Equation 4.1 can 

be found in Section 3.2.3. 

Equation 4.1 
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where νf and νs are the Poisson’s ratios of the film and substrate and are typically assumed 

to be 0.33, in the case of glassy polymeric films, and 0.5 for the rubbery substrate.[168] 

In its current form, however, SIEBIMM is limited to testing thin film materials that can be 

transferred or assembled onto a hydrophobic poly(dimethylsiloxane) (PDMS) substrate.  In 

Chapter 3 the use of SIEBIMM was demonstrated to measure the Young’s modulus of 

polyelectrolyte multilayer (PEM) thin films comprised of poly(allylamine hydrochloride) 

(PAH) and poly(styrenesulfonate) (PSS).  In that case, PEM assembly onto the neutral, 

hydrophobic PDMS substrate was successful; however, it was found that later attempts to 

assemble specific multilayer systems comprised of PAH and poly(acrylic acid) (PAA) 

resulted in cloudy films that exhibited a very high surface roughness when deposited at 

certain values of pH.  An example of this phenomenon is displayed in Figure 4.1. 
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Figure 4.1.  Effect of pH assembly conditions on (PAH/PAA) multilayer film roughness.  The 
PDMS substrate on the left is coated with (PAH6.5/PAA6.5)60, and the one on the right is coated with 
(PAH7.5/PAA3.5)11.5.  The (PAH7.5/PAA3.5) film was optically clear and supported buckling upon 
compression, while the (PAH6.5/PAA6.5) film was opaque and did not support a buckling transition.  
The circular hole in the substrate on the right is unrelated to these phenomena—it was created in 
removing material for compression testing. 

Figure 4.1 is a photograph of two films composed of (PAH/PAA) deposited onto PDMS 

substrates.  The rightmost film was assembled using the (PAH7.5/PAA3.5) (topped with 

PAH) system, and the leftmost film using the (PAH6.5/PAA6.5) system.  Despite the use of 

the same polyelectrolytes in each case, the difference in pH during film assembly led to 

optically clear, low roughness (< 10 nm RMS) films in the case of (PAH7.5/PAA3.5) 

multilayers, while the (PAH6.5/PAA6.5) multilayers yielded a film with such high roughness 

that it was optically opaque.  In addition to their roughness characteristics, it was found that 

the (PAH7.5/PAA3.5) multilayers supported clear, uniform buckling over the entire film 

surface upon compression, while the rough (PAH6.5/PAA6.5) film did not yield buckling 

upon compression.  It has been  proposed that hydrophilic polyelectrolyte systems may 

“dewet” from a hydrophobic substrate to yield light-scattering islands of polymer on the 

substrate surface.[206]  Given that (PAH6.5/PAA6.5) films have been shown previously to 

deposit in very smooth, regular layers on glass substrates,[38] incompatibility between the 
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hydrophobic substrate and the highly charged PAH and PAA chains at pH 6.5 was suspected.  

Thus, a way of modifying the substrate was necessary in order to generalize the SIEBIMM 

method and allow for testing of a wider variety of PEM systems. 

4.2.2 PDMS Surface Modification 

Any suitably compliant elastomeric material could be used as the substrate, but PDMS is 

considered an ideal choice for such an application due to its optical transparency, ease of 

processing, easily tunable mechanical properties, and elasticity over large temperature 

ranges.  SIEBIMM requires compatibility between the testing material and the substrate both 

for successful film transfer or deposition, as well as to insure good adhesion between the film 

and substrate to prevent the buckled film from delaminating and relaxing.  This suggests that 

a suitable method of modifying the PDMS surface is needed.  Many studies have explored 

this topic, with plasma, corona discharge, and UV/ozone treatments being the most popular 

techniques used to create a hydrophilic surface on normally hydrophobic PDMS.[207, 208]  

Because of the chemical nature of the siloxane backbone, however, such surface modification 

methods result in the growth of a brittle, silica-like layer on the surface of the PDMS.[209]  

This layer leads to an increase in the local surface modulus,[207] and can actually lead to 

buckling on the treated PDMS surface as the thin, brittle silica layer becomes compressed 

under thermally induced strains.[210]  Furthermore, it has been suggested that the low glass 

transition temperature of PDMS (-123°C) allows it to quickly bury high-energy surface 

functionalities into the bulk,[209] a fact that might be problematic even if one could find a 

suitable carbon-based elastomer substitute.  One possible solution to the preceding 

difficulties would be the deposition of a thin, glassy polymeric layer on the surface of the 

PDMS.  If correctly chosen, such a layer would exhibit good adhesion to the PDMS, while 

presenting a deposition surface that could be easily modified by plasma techniques, and not 

prone to the above-mentioned difficulties facing direct modification of the PDMS surface. 

In the results that follow, a modified buckling technique is presented that involves the 

deposition of PEMs onto a thin layer of polystyrene (PS) that has been previously transferred 

to the PDMS substrate.[168]  Plasma modification permits tuning of the wetting properties of 
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the PS surface, enabling the assembly of polyelectrolyte systems not amenable to deposition 

on hydrophobic substrates.  The resulting system consists of a two-plate composite of PS and 

PEM instead of a single, homogeneous PEM film.  These PDMS-PS-PEM systems give rise 

to buckling exactly like their homogeneous counterparts, a fact that has been reported in 

other composite film systems as well.[211]  By modifying the SIEBIMM equation to account 

for the presence of a two-plate composite film, and by measuring the thickness and buckling 

wavelength of the PS layer prior to PEM deposition, one can de-convolute its effects from 

the buckling behavior of the composite film to yield the Young’s modulus of the PEM.  In 

the following, the reliability of this technique is demonstrated by measuring the Young’s 

modulus of two separate PEM systems with both the standard SIEBIMM technique and the 

two-plate method.  Two polyelectrolyte multilayer systems that could not be evaluated by the 

conventional SIEBIMM approach due to PDMS incompatibility were also tested using the 

two-plate methodology. 

4.3 Experimental Details 

4.3.1 Polystyrene Thin Film and Substrate Preparation 

PS pellets (Styron 663 W, Dow Chemical Company) were dissolved in toluene 

(Mallinckrodt Chemicals) to create solutions for spin-coating.  Polished, single-crystal silicon 

wafers (p-type, WaferNet) were used as substrates.  Wafers were cut into ≈  2 cm × 3 cm 

pieces and treated for 5 min at high power (100W) in an air-plasma (Harrick Scientific PDC-

32G plasma cleaner/sterilizer) operated at a pressure of 400 mTorr.  Spin-coating (PWM32, 

Headway Research) was carried out for 20 sec at 2000 rpm with a ramp of 300 rpm/sec.  A 

series of concentrations was initially spin-coated to find the dependence of PS thickness on 

solution concentration; the results from this experiment are displayed in Figure 4.2. 
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Figure 4.2.  Film thickness of spin-coated polystyrene as a function of the solution concentration 
in toluene.  The regression line for the data is shown, and was found to have a slope of 9.20 ± 0.27 
with an intercept of –13.1 ± 3.6.  The R-squared value is 0.999. 

Based on the results presented in Figure 4.2, solutions with concentrations of 3.6 g/L and 

9.0 g/L were prepared in order to create films with thicknesses of ≈  20 nm and 70 nm, 

respectively.    Pure toluene was spun onto each wafer surface immediately prior to spinning 

the PS solutions.  PS-coated silicon samples were annealed under vacuum for ≈  1 hr at 75°C 

and then removed from the oven and allowed to cool to room temperature before further 

processing. 

PDMS was prepared as described in Section 3.3, and transfer of PS films from the wafer to 

the PDMS was carried out according to the method described by Stafford, et al.[168, 211]  

Briefly, the PS-coated side of the spin-coated sample was placed onto a piece of PDMS.  

Good contact between the PDMS and the PS was confirmed by observing the elimination of 
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the PDMS-PS air gap.  The samples were then immersed under DI water and the wafer was 

slowly pulled from the PDMS, leaving the PS film adhered to the PDMS. 

In cases where the experiment called for hydrophilic modification of the PS, the samples 

were treated for 30 sec in air plasma under the same conditions given above for wafer 

cleaning.  In the case of the (PAH4.0/PAA4.0) system, an additional 10 sec treatment was 

used immediately prior to deposition due to some hydrophobic recovery of the PS surface. 

4.3.2 Polyelectrolyte Film Assembly 

PAH (Mw = 70 000, Sigma-Aldrich), PSS (sodium form, Mw = 70 000, Sigma-Aldrich), 

and PAA (25% aqueous solution, Mw = 90 000, Polysciences) were used without further 

purification to create polymer solutions of 0.01 M concentration by repeat unit.  When PAH 

and PSS solutions were used together to construct multilayers, 0.1 M NaCl (Mallinckrodt 

Chemicals) was added to each polyelectrolyte solution.  Milli-Q deionized water (Millipore) 

with a resistivity of 18.2 MΩ·cm was used for all procedures and preparations.  Solutions 

were adjusted to the appropriate pH with 1.0 M HCl or NaOH immediately prior to PEM 

assembly. 

Assembly of PEMs onto PDMS, PDMS-PS, and plasma-treated PDMS-PS substrates 

follows the method described in Section 3.3. 

4.3.3 Sample Characterization 

The methods for inducing buckling, conducting PDMS modulus measurements, calculating 

the average buckling wavelength, and obtaining the thicknesses of the PS (dPS) and PEM 

(dPEM) regions of the film are the same as described in Section 3.3.  Except where otherwise 

indicated, the relative humidity was 50 ± 4% during testing of the (PAH3.0/PSS3.0) and 

(PAH7.5/PAA3.5) samples, and 20 ± 4% during testing of the (PAH3.5/PAA3.5) and 

(PAH4.0/PAA4.0) samples. 
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Young’s modulus values were calculated using either Equation 4.1 (conventional 

SIEBIMM) or Equation 4.8 (two-plate method) as reported in the text.  All error bars in this 

chapter represent standard deviations in the averaged modulus values. 

Atomic Force Microscopy (AFM) (Dimension 3000 Scanning Probe Microscope, Digital 

Instruments) was conducted on PDMS and PS-PDMS substrates in tapping mode with silicon 

cantilevers. 

Except where otherwise noted, samples appeared transparent and displayed uniform 

buckling across the film surface upon compression.  Optical micrographs of buckled films 

appeared very similar to those shown in the inset in Figure 3.5. 

4.4 Results and Discussion 

4.4.1 Derivation of the Two-Plate Buckling Equation 

For the case of a uniform PEM deposited directly on PDMS (Figure 4.3a), the mechanical 

stiffness and thickness of the film dictate the wavelength at which the buckling instability 

will occur.  The relationship between these quantities can be written as:[196] 

Equation 4.2 

3

24
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⎞

⎜
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π
λwEIE s

PEMPEM . 

where the variables are the same as described in Section 3.2.3.  The quantity on the left in 

Equation 4.2 is known as the flexural rigidity,[212] and it provides a measure of the resistance 

of a material to bending based not only on the material’s stiffness, but also on its distribution 

in space.  Because the neutral axis is located directly in the middle of a single film, in the 

case where the PDMS is coated with a homogeneous PEM (Figure 4.3a), IPEM = /12 

(as given in Section 3.2.3, Equation 3.3) and Equation 4.2 reduces to Equation 4.1. 

3
PEMdw ⋅
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Figure 4.3.  Cross-sectional illustrations showing both the unstrained and strained (undergoing 
buckling) states for (a) the conventional SIEBIMM technique with a PEM film, and (b) the two-
plate method with a PS-PEM composite film. 

When two plates of equal width appear in a laminated composite structure, as with a PS-

PEM two-plate film (Figure 4.3b), both the PS and PEM undergo buckling together, and total 

resistance to this buckling is given by the sum of their individual flexural rigidities:[213] 

Equation 4.3 

3
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Thus, it is left to find I, the second moment of the area, for both the PS and the PEM 

regions.  These are given by the following two expressions:[212] 

Equation 4.4 
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2  
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Equation 4.5 

( )( )
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−⋅= PEMPS

PS

dd

dPEM dyYywI 2 . 

where dPS is the height of the PS layer, as depicted in Figure 4.3.  The y axis is taken to be 

normal to the plane of the films, with its origin at the PDMS-PS interface, and Y is the neutral 

bending axis:[212] 

Equation 4.6 
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Taking dt = dPS + dPEM and φPS = dPS /dt, Equation 4.6 can be rewritten after some 

algebraic manipulation as: 

Equation 4.7 
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With the equation for Y written in the form presented in Equation 4.7, κ  represents a type 

of deviation factor for the neutral axis of bending.  In the simplest case, where the plane 

strain moduli of the PEM and PS are equal, κ = 1 and the neutral axis, as expected, is located 

in the middle of the film.  Equation 4.7 can be used with Equation 4.4 and Equation 4.5 to 

find values for IPEM and IPS.  Plugging those values into Equation 4.3 allows one to solve 

implicitly for the Young’s modulus of the PEM to yield the following relationships: 
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Equation 4.8 
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Equation 4.9 
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It should be noted that Equation 4.8 assumes elastic deformation in the materials and is 

only valid if both the PEM and PS layers are rigid enough to support the buckled state.  

When one or both of the materials undergoes plastic deformation or failure, the formalism 

presented above fails. 

Equation 4.8 is solved implicitly for the unknown PEM modulus.  Stafford et al. have 

discussed a related problem and have provided an equation giving effE  when the modulus of 

both materials is known.[211]  The two equations appear quite different on first inspection, but 

it has been confirmed that they are algebraically identical.  Thus, two different approaches to 

solving this problem give identical results.  The quantity effE in Equation 4.9 is referred to as 

the effective modulus, and it represents the calculated modulus of the two-plate composite as 

if it were a homogeneous film with thickness dt. 
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Because Equation 4.8 is solved for PEME  only implicitly, an initial value of PEME = PSE  

was assumed, which set κ = 1 (see Equation 4.10).  Equation 4.8 then yielded a refined value 

of PEME , which was used to calculate a new κ, and the process was iterated until PEME  no 

longer changed.  Equation 4.8 converged rapidly—all the results that follow required no 

more than 4 iterations, at which point PEME  was unchanging to at least the 3rd decimal point.  

Actual (not plane strain) Young’s modulus values are reported below according to the 

assumed Poisson’s ratios given in Section 4.2 (0.33 for the PEM and 0.5 for the PDMS). 

4.4.2 Validity Tests for the Two-Plate Method 

The validity of Equation 4.8 was initially tested using two polyelectrolyte systems that 

were amenable to deposition on both untreated PDMS and PS.  The (PAH3.0/PSS3.0) system 

was first assembled in the presence of 0.1 M NaCl.  In total, 8 samples were used for 

dipping: 4 PDMS substrates as prepared, and 4 with ≈  20 nm PS layers transferred to their 

surface (the precise thickness of each sample’s PS layer was determined before PEM 

deposition).  After measuring the buckling wavelength of the 4 PS-coated PDMS samples, all 

8 substrates were coated with multilayers of (PAH3.0/PSS3.0).  Two samples were removed 

during assembly (one PS-coated substrate, one uncoated) following the deposition of 43, 58, 

71, and 100 bilayers.  For all samples, the PEM thickness, buckling wavelength, and the 

PDMS stiffness were measured and the PEM Young’s modulus was calculated using 

Equation 4.1 (for PDMS-PEM samples) and Equation 4.8 (for PDMS-PS-PEM samples).  

PEM thickness and modulus data found from both the conventional and the two-plate 

technique are graphed vs number of bilayers in Figure 4.4. 
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Figure 4.4.  (PAH3.0/PSS3.0) film thickness (filled triangles) and Young’s modulus (open 
circles) vs number of bilayers using the (a) two-plate and (b) conventional SIEBIMM 
techniques.  The average modulus for each technique is displayed in each graph pane.  The relative 
humidity was 50 ± 4%. 
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(PAH3.0/PSS3.0) multilayers grown on the PDMS-PS platform (Figure 4.4a) and directly 

on PDMS (Figure 4.4b) displayed linear growth, with thickness increments of 1.8 and 2.1 

nm/bilayer, respectively.  R-squared values were > 0.997 in both cases.  Figure 4.4 illustrates 

that the PEM modulus as measured by both techniques remains basically constant as the film 

thickness increases, in agreement with previous results (see Figure 3.5).  In addition, there is 

excellent agreement between the two methods, both giving an average Young’s modulus of 

2.7 ± 0.3 GPa for the (PAH3.0/PSS3.0) system. 

Figure 4.5 provides a closer examination of the (PAH3.0/PSS3.0) two-plate modulus data 

that appear in Figure 4.4a, but now plotted alongside the effective modulus (see Equation 

4.9) of the entire PS-PEM assembly.  The similarity between the effective modulus and the 

PEM modulus values, as well as the lack of a rising or decreasing trend in the effective 

modulus with the decreasing fraction of PS in the film (also displayed in Figure 4.5) indicates 

a very close match in modulus between the (PAH3.0/PSS3.0) layers and the PS.  Indeed, 

SIEBIMM testing on the uncoated PS films prior to deposition established an average 

Young’s modulus of 2.3 ± 0.2 GPa, very close to the 2.7 ± 0.3 GPa value measured for the 

PEM. 
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Figure 4.5.  The Young’s modulus of (PAH3.0/PSS3.0) PEM multilayers (open circles) and the 
effective Young’s modulus of the entire PS-PEM assembly (open squares) graphed vs the 
number of bilayers.  The fraction of the total film thickness taken up by the PS is also displayed 
(filled diamonds).  The relative humidity was 50 ± 4%. 

It is noted that 2.7 ± 0.3 GPa (measured at 50% relative humidity) is lower than the value 

of 4.4 ± 0.2 GPa that was reported for this system in Chapter 3.  In that case, modulus results 

were obtained under humidity conditions that varied from ≈  20 to 30% (see Section 3.3).  It 

was suspected that the higher relative humidity was the cause of the lower modulus values in 

the present chapter, so the exact same films were tested at a later date when the ambient 

humidity had decreased to less than 20%.  The average modulus during this second test was 

5.6 ± 0.3 GPa, consistent with the notion that lower relative humidity values lead to stiffer 

PEM films.[29]  This is not surprising, given that films measured in water, a good solvent for 

the (PAH3.0/PSS3.0) multilayers, can display modulus values an order of magnitude lower 

than the dry-state films (see Figure 3.7).  Previous studies of (PAH/PSS)-coated fibers and 

free standing spin-assisted (PAH/PSS) multilayer films embedded with gold nanoparticles 

have yielded dry-state modulus values comparable to the numbers reported here.[148, 149, 214]  
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These results, however, also show that the stiffness of dry-state films can be significantly 

affected by the humidity conditions, emphasizing the importance of including humidity 

measurements with any report of Young’s modulus for PEMs.  This consideration will be 

examined in much more detail in Chapter 5. 

A second system that was amenable to deposition both on the untreated PDMS and on the 

PS-coated PDMS substrates was the (PAH7.5/PAA3.5) system.  For this system, 9 substrates 

were dipped—4 PDMS, and 5 PS-coated PDMS.  One substrate of each type was removed 

during the dipping process, similar to the case with (PAH3.0/PSS3.0), after the completion of 

9.5, 11.5, 13.5, and 16.5 bilayers (the extra PDMS-PS sample was also removed at 16.5).  

The results from two-plate and conventional SIEBIMM analysis are displayed in Figure 4.6. 
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Figure 4.6.  (PAH7.5/PAA3.5) film thickness (filled triangles) and Young’s modulus (open 
circles) vs number of bilayers using the (a) two-plate and (b) conventional SIEBIMM 
techniques.  The average modulus for each technique is displayed in each graph pane.  The relative 
humidity was 50 ± 4%. 
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Linear growth was again observed for both sample types, with PEM thickness increments 

of 15.7 nm/bilayer (R-squared > 0.999) measured for both PDMS and PDMS-PS substrates.  

A Young’s modulus of 6.6 ± 0.1 GPa was found for (PAH7.5/PAA3.5) multilayers using the 

two-plate technique.  Conventional SIEBIMM yielded a value of 7.0 ± 0.2 GPa, again 

confirming good agreement between the results from the two techniques, both of which were 

carried out at 50% relative humidity.  In addition, Pavoor, et al. have previously measured a 

value of 7.1 ± 1.0 GPa for the Young’s modulus of the (PAH7.5/PAA3.5) system via 

nanoindentation at approximately the same humidity,[160] in very close agreement with the 

results given here.  A subsequent test of the same (PAH7.5/PAA3.5) samples at 20% 

humidity revealed an increase in the average Young’s modulus to a value of 10.5 ± 0.5 GPa, 

again demonstrating that the ambient humidity has a significant influence on the stiffness of 

these systems. 
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Figure 4.7.  The Young’s modulus of (PAH7.5/PAA3.5) PEM multilayers (open circles) and the 
effective Young’s modulus of the entire PS-PEM assembly (open squares) graphed vs the 
number of bilayers.  The fraction of the total film thickness taken up by the PS is also displayed 
(filled diamonds).  The relative humidity was 50 ± 4%. 

In Figure 4.7 the PEM modulus data measured using the two-plate technique are plotted 

along with the effective modulus of the entire PS-PEM assembly and the height fraction of 

PS in the film.  In contrast to the situation previously described where (PAH3.0/PSS3.0) 

multilayers displayed a modulus very closely matched to that of the PS, the 

(PAH7.5/PAA3.5) system is more than twice as stiff as the PS on which it is deposited.  As a 

result, the effective modulus of the PS-PEM assembly rises as the number of bilayers of PEM 

increases, as is evident from Figure 4.7.  The modulus of the PEM, however, remains 

essentially constant, providing evidence that Equation 4.8 is able to successfully extract the 

Young’s modulus of the PEM from the buckling behavior of the PS-PEM composite film. 
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4.4.3 The Effects of Plasma Treatment 

Modulus measurements on the (PAH3.0/PSS3.0) and (PAH7.5/PAA3.5) systems 

confirmed the validity of Equation 4.8.  After obtaining these results, two more systems that 

required a hydrophilic surface for uniform PEM film growth were measured.  Plasma 

treatment of the PS-coated PDMS substrates was used to make the substrates amenable to 

PEM deposition.  In addition to introducing charge and polar surface groups that render the 

surface hydrophilic, plasma treatment can lead to modulus enhancements in polymeric 

materials by introducing crosslinking.[215, 216]  Consequently, the effects of plasma treatment 

on the PS films were monitored via spectroscopic ellipsometry, contact angle measurements, 

SIEBIMM analysis, and AFM. 

The effects of plasma treatment are presented below for a set of 6 PS films on PDMS.  All 

samples were spin-coated to a thickness of ≈  70 nm—the exact thicknesses were measured 

by spectroscopic ellipsometry prior to all SIEBIMM measurements.  Figure 4.8 shows 

images taken during contact angle analysis of samples during 4 stages of treatment. 
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Figure 4.8.  Typical side-view images of water droplets on the surface of PS films that have been 
transferred to PDMS substrates.  The images represent (a) the untreated PS surface shortly after 
film transfer, (b) the PS surface following 30 sec of plasma treatment, (c) recovery of some 
hydrophobicity after aging for a day at ambient conditions, and (d) a return to a very low contact 
angle after an additional 10 sec plasma treatment. 

An average contact angle of 105° (Figure 4.8a) was recorded for PS surfaces immediately 

following the transfer of the films from the silicon wafer spin-coating platform to the PDMS 

substrates.  The contact angle decreased to an average value of 26° following 30 sec of 

plasma treatment as described in Section 4.3.1 (Figure 4.8b).  To investigate the stability of 

the hydrophilicity of the treated surfaces, this batch of samples was stored at ambient 

conditions (25° C, 20% RH) for 1 day (≈  24 hrs) and then the contact angles were re-

measured.  The samples recovered some of their original hydrophobicity, displaying an 

average contact angle of 69° (Figure 4.8c).  Finally, samples were plasma treated once more 

for 10 sec.  The average contact angle following this procedure was 14° (Figure 4.8d). 
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SIEBIMM was performed to monitor the effect of the plasma treatment on the PS 

modulus.  The average modulus of the samples is graphed with the contact angle 

measurements in Figure 4.9. 

 

Figure 4.9.  Average contact angle (filled triangles) and Young’s modulus (open circles) as 
measured via SIEBIMM for 70 nm PS films on PDMS as a function of treatment. 

The Young’s modulus rises from 3.7 ± 0.2 GPa to 5.2 ± 0.2 GPa following the first 30 sec 

plasma treatment. The modulus was not measured following the 1 day aging period, but 

measurements following the additional 10 sec treatment showed an even higher modulus of 

5.8 ± 0.3 GPa.  As mentioned previously, the thickness of the PS films was also measured so 

that accurate modulus measurements could be made.  The film thickness decreased on 

average only 2.7 ± 1.0% following the initial 30 sec treatment.  The subsequent 10 sec 

treatment produced no statistically significant change in the film thickness. 

There is a motivation to measuring the value of the contact angle and Young’s modulus not 

just after the initial 30 sec treatment, but also following an addition 10 sec treatment 

subsequent to a hydrophobic recovery period.  In general, the PDMS-PS platform is not 
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ready for film deposition immediately following the initial treatment step, as thickness and 

buckling measurements are needed to obtain accurate data for the PS film for subsequent 

two-plate calculations.  If these measurements cannot be accomplished relatively quickly, the 

hydrophobicity of the PS may recover to an unacceptable degree for a particular 

application.[207]  Here it is demonstrated that an additional, shorter treatment can then be 

employed to regenerate the PS surface hydrophilicity.  In addition, this treatment produces a 

negligible effect on film thickness (eliminating the need to re-measure the thickness), and a 

small increase in the PS modulus that could be determined via a quick buckling experiment.  

In the results that follow in Section 4.4.4, measurements of the PS thickness and buckling 

wavelength were made following plasma treatment and immediately preceding PEM 

deposition. 

The effects of plasma treatment on the surface topology of both PS films and bare PDMS 

substrates was studied using AFM.  Two 20 nm PS film were transferred to PDMS substrates 

using the procedure outlined in Section 4.3, and one PS-coated PDMS substrate was treated 

in a 400 mTorr air plasma (high power) for 1 min.  AFM images were taken on both the PS 

and PDMS surface on the plasma-treated and untreated samples.  The results from scanning 

the PS surface on both the treated and untreated samples are shown in Figure 4.10. 
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Figure 4.10.  Atomic force microscopy images of a 20 nm polystyrene film before and after air 
plasma treatment.  The film was examined in tapping mode before (top row) and after (bottom row) 
treatment.  The left and right columns show height and phase images, respectively.  The z-scale 
ranges from 0 to 20 in units of both nm and degrees.  Images are 10 µm square. 

The untreated PS surface was found to have a somewhat rippled topology, with the 

amplitude of undulations being on the order of 10 nm.  The origin of this topology may lie in 

the peeling of the PS from the silicon wafer during film transfer—similar ripples have been 

observed on the fracture surface of certain polymer samples.[217]  The ripples do not appear in 

the corresponding phase image.  Plasma treatment smoothes the PS surface, with a change in 

RMS surface roughness from 2.40 nm to 0.756 nm.  The phase images both appear very 

smooth both before and after plasma treatment, with RMS roughness values of 0.499° and 
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0.214°, respectively.  Thus, plasma treatment of the PS surfaces seems to smooth height 

irregularities in the transferred film without introducing surface modulus heterogeneities, 

which would presumably be reflected by a higher roughness in the phase scans. 

The effects of plasma treatment on surface of PDMS can be seen in Figure 4.11. 

 

Figure 4.11.  Atomic force microscopy images of a PDMS surface before and after air plasma 
treatment.  The PDMS surface was examined in tapping mode before (top row) and after (bottom 
row) treatment.  The left and right columns show height and phase images, respectively.  The z-scale 
ranges from 0 to 20 in units of both nm and degrees.  Images are 10 µm square. 



 

  105

In the case of PDMS, a smooth surface is observed both before and after plasma treatment, 

with RMS roughness values of 0.761 nm and 0.524 nm, respectively.  The corresponding 

phase images, however, show a visible increase in roughness with RMS values rising from 

0.223° to 0.766° following treatment.  Because the lengthscale of induced roughness in the 

phase image (lower right panel in Figure 4.11) appeared quite small over the 100 µm2 scan 

area, a more detailed scan was conducted over a 0.04 µm2 area.  The results of this scan are 

shown in Figure 4.12. 

 

Figure 4.12.  Detailed atomic force microscopy images of the PDMS surface after air plasma 
treatment.  Height (a) and phase (b) images were taken over a smaller area than in Figure 4.11.  The 
z-scale ranges from 0 to 20 in units of both nm and degrees.  Images are 200 nm square. 

While the height image shown in Figure 4.12a remains quite smooth over the smaller scan 

area (RMS roughness of 0.284 nm), the inhomogeneities in the phase image shown in Figure 

4.12b are now quite prominent.  The RMS roughness of the phase image is 1.47°. 

The results of this study indicate that plasma treatment introduces inhomogeneities in the 

surface modulus of PDMS that are detectable through AFM phase imaging.  While plasma 

treatment smoothes and does not seem to affect the surface modulus uniformity of the PS 

film (even though the overall surface modulus is enhanced as seen in Figure 4.9), the non-

uniformity of the PDMS surface post-treatment suggests the formation of localized areas of 

enhanced stiffness due to oxide formation, as has been previously discussed in Section 4.2.  
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The AFM findings further underscore the importance of treating a PS-coated PDMS substrate 

to obtain the most uniform surface for PEM assembly and subsequent mechanical testing.  

The following section will present results from PEM systems grown on the plasma-treated 

PS-PDMS platform. 

4.4.4 Results for Systems Not Amenable to Direct Assembly onto PDMS 

The first system assembled on the plasma treated PDMS-PS substrates was 

(PAH3.5/PAA3.5).  This system was chosen because of the difficulty of assembling PAH 

and PAA at this pH onto untreated PDMS, and, as with the case of the (PAH7.5/PAA3.5) 

system, results from previous nanoindentation studies were available for comparison.[160]  

Similar to previous experiments, substrates were removed during dipping to obtain samples 

with differing PEM film thicknesses.  In the case of (PAH3.5/PAA3.5), samples were 

collected following the deposition of 17.5, 25.5, 45.5, 59.5, 98.5, 144.5, and 150.5 bilayers.  

The PEM thickness and Young’s modulus, as determined via the two-plate analysis 

(Equation 4.8), are graphed in Figure 4.13. 
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Figure 4.13.  (PAH3.5/PAA3.5) film thickness (filled triangles) and Young’s modulus (open 
circles) vs number of bilayers as measured via the two-plate SIEBIMM technique.  The average 
Young’s modulus is 9.6 ± 0.8 GPa.  The relative humidity was 20 ± 4%. 

As for the previous systems, the film thickness of (PAH3.5/PAA3.5) multilayers showed 

very precise linear growth, with a calculated thickness increment of 4.0 nm/bilayer (R-

squared = 0.999).  The PEM Young’s modulus, which again remained constant with 

increasing film thickness, was 9.6 ± 0.8 GPa.  The value of 9.6 ± 0.8 GPa was obtained at a 

relative humidity of 20%; previous nanoindentation studies of this multilayer system 

conducted at a relative humidity of ≈  50% provided a value of 16.1 ± 2.8 GPa, higher than 

the value given here.[160]  Thus, under more humid conditions, nanoindentation suggests an 

even higher modulus value.  Given the considerable differences between the buckling 

technique and nanoindentation, especially in the nature of the sample deformations, 

agreement in the absolute value of the modulus for any given system is not necessarily 

expected; however, the two techniques also reveal different trends in the modulus values 

when comparing films at the same humidity. 
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Our next choice of system for testing was the (PAH4.0/PAA4.0) system, which also 

required a hydrophilic substrate for good multilayer growth.  Although the deposition pH of 

the (PAH4.0/PAA4.0) system is very close to that of the (PAH3.5/PAA3.5) system, it is well 

known that weak polyelectrolyte film thickness, chain organization, and network structure 

can change dramatically over very small changes in deposition conditions.[38]  In addition, 

there has been recent interest in (PAH4.0/PAA4.0) PEMs as candidate platforms for 

controlling cell growth, leading to nanoindentation studies of the wet-state mechanical 

properties of this system;[7] there is no information, however, on the dry-state mechanical 

properties. 

During the deposition of (PAH4.0/PAA4.0), samples were removed after completion of 

10.5, 22.5, 25.5, 30.5, and 50.5 bilayers.  The PEM thickness and Young’s modulus for this 

system, as determined via the two-plate analysis, are graphed in Figure 4.14. 
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Figure 4.14.  (PAH4.0/PAA4.0) film thickness (filled triangles) and Young’s modulus (open 
circles) vs number of bilayers as measured via the two-plate SIEBIMM technique.  The average 
modulus of films with 25.5 or more bilayers is 8.8 ± 0.9 GPa.  The relative humidity was 20 ± 4%. 

It is evident from Figure 4.14 that the Young’s modulus of the (PAH4.0/PAA4.0) samples 

displays a very different trend from that measured for the (PAH3.5/PAA3.5) system.  Linear 

regression of the data revealed a thickness increment of 6.2 nm/bilayer, a value ≈  50% 

higher than the value of 4.0 nm/bilayer obtained for the (PAH3.5/PAA3.5) system.  In 

addition, though the thickness data are still linear with the number of bilayers deposited, the 

R-squared value was 0.994, which was lower than those of the previous systems, implying 

less uniformity in the growth rate.  The modulus rises from a value of ≈  2 GPa for 10.5 

bilayer samples and levels off at an average value of 8.8 ± 0.9 GPa for samples with 25.5 or 

more bilayers. 

The trend in modulus data for the (PAH4.0/PAA4.0) system is very similar to that 

observed for (PAH3.0/PSS3.0) multilayers deposited on PDMS substrates that had been 
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pretreated by soaking in water prior to film deposition (see Figure 3.6).  In that case it was 

concluded that the layers near the PDMS surface assumed a different chain conformation due 

to interactions with the water treated surface.  In the results reported in Chapter 3, the value 

at which the (PAH3.0/PSS3.0) Young’s modulus leveled off was very close to the average 

value measured on non-treated substrates (see Figure 3.5 and Figure 3.6).  In the case of the 

(PAH4.0/PAA4.0) multilayers, the asymptotic value of Young’s modulus of 8.8 ± 0.9 GPa 

obtained from averaging samples with 25.5 or more bilayers is close to the value of 9.6 ± 0.8 

GPa obtained for the (PAH3.5/PAA3.5) system.  The proximity of these two values leads to 

the conclusion that for films of sufficient number of bilayers the stiffness of PAH and PAA 

multilayers does not change dramatically when the deposition pH is changed from 3.5 to 4.0.  

The decrease in mechanical stiffness at low bilayer numbers, however, again confirms our 

earlier suggestion given in Chapter 3 that it is advisable to monitor the Young’s modulus as a 

function of thickness if one wishes to obtain a reliable measurement for a thin PEM film. 

The Young’s modulus values of the (PAH7.5/PAA3.5), (PAH3.5/PAA3.5), and 

(PAH4.0/PAA4.0) films at 20% humidity were found to be 10.5 ± 0.5 GPa, 9.6 ± 0.8 GPa, 

and 8.8 ± 0.9 GPa, respectively.  These values do not reveal a significant dependence of 

stiffness on the pH assembly conditions of PAH and PAA, even though different chain 

organizations are expected for each system.[38]  In comparison, these values are all 

significantly higher than the modulus of 5.6 ± 0.3 GPa measured for (PAH3.0/PSS3.0) at the 

same humidity.  Thus, these results suggest that polyelectrolyte type and the ambient 

humidity are the most significant factors in determining the dry-state modulus of a PEM film.  

The pH of deposition, at least for the weak polyelectrolyte systems that have been tested 

here, appears to be a less important factor.  These same considerations do not apply to films 

in the wet state, however.  Given that deposition pH controls both the internal structure and 

the crosslink density of films assembled using weak polyelectrolytes such as PAH and PAA, 

films swollen underwater have been shown to display significant differences in stiffness that 

correspond to the amount of electrostatic bonding present in the multilayer.[7] 

A Young’s modulus on the order of 10 GPa for (PAH/PAA) films at low ambient humidity 

is ≈  2 to 3 times larger than is typically reported for crosslinked polymer resins.[218]  
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Previous work (using nanoindentation and assuming a Poisson’s ratio of 0.33) found values 

of 8.47 ± 0.25 GPa and 1.20 ± 0.52 GPa for the PAA and PAH homopolymers, respectively, 

and suggested that the interchain ionic crosslinking present in multilayer films of 

(PAH/PAA) contributed to enhancing PEM stiffnesses to values greater than either 

homopolymer.[160]  The present work has shown, however, that absolute modulus values from 

buckling and nanoindentation are not always directly comparable.  Thus, more investigation 

is needed to formulate a full explanation of the high modulus values exhibited by certain 

PEM films. 

4.5 Conclusions 

In conclusion, a two-plate buckling instability technique has been introduced to make the 

SIEBIMM technique applicable to a wider variety of thin film systems.  Because of the 

difficultly in obtaining a stable, hydrophilic surface through direct modification of PDMS 

without interfering with the mechanical properties of its surface, a thin PS layer was 

transferred to the PDMS surface.  After transfer, the PS was modified by plasma to change 

the wettability.  Using PEMs, it has been demonstrated that thin film systems not otherwise 

amenable to deposition on untreated PDMS can be successfully assembled and tested on this 

new platform over a wide range of thicknesses, creating PS-PEM two-plate composite films 

that undergo buckling instabilities like their homogeneous counterparts.  By using the proper 

mechanical analysis, the unknown Young’s modulus of the PEM layer can be extracted from 

the overall mechanical properties of the two-plate composite film. 

The technique introduced in this work should prove especially useful for the 

polyelectrolyte multilayer community, where properties such as the surface wettability and 

film thickness growth increment can vary widely from system to system.  The two-plate 

method, like conventional SIEBIMM, allows measurements to be performed in both the dry 

and wet states.  Although the two-plate technique has been used here for testing multilayer 

films of polyelectrolytes, the method should be applicable to other types of materials systems 

as well.  This could be an important consideration as thin film mechanical properties 

measurements become increasingly important in a wide variety of fields. 
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One important conclusion from the results in this chapter is that changes in humidity can 

have significant effects on the stiffness of PEM systems.  The next chapter will focus on 

elucidating these effects in more detail, providing results from SIEBIMM testing of three 

PEM systems under controlled humidity conditions. 
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Chapter 5 
The Effect of Relative Humidity on the Young’s Modulus of 

Polyelectrolyte Multilayer Films* 

5.1 Introduction 

As has been noted in previous chapters, the layer-by-layer assembly of PEMs represents an 

area of rapidly growing interest in surface science, due mainly to the unusually broad 

spectrum of applications for these materials, which includes potential uses in biology,[7-9, 47, 

135, 138, 140, 162, 170-174, 177-184, 191] medicine,[219, 220] sensing, [221, 222] tribology,[5] and optics.[58, 59, 

62] Despite the relative ease with which PEMs can be assembled onto a variety of substrate 

types and topologies, characterization of certain fundamental properties of these materials 

has remained difficult due to the inherent challenges of probing materials that exist only as 

ultrathin films.  In Chapter 3, it was demonstrated that that the SIEBIMM buckling instability 

method[168] can be applied to PEMs to obtain fast and accurate measurements of the Young’s 

modulus.  In Chapter 4, a two-plate buckling method was introduced to allow SIEBIMM to 

be expanded to a broader array of thin film systems.  Consequently, this allowed the 

exploration of the effect of polyelectrolyte type, assembly conditions, and humidity on the 

modulus of PEM assemblies.  Previous studies, including the work that was presented in 

Chapter 4, have reported that increases in relative humidity can lead to decreases in the 

stiffness of PEMs,[29] but no systematic study of this phenomenon has yet been reported.  

This chapter, therefore, will present the results of a more detailed study of the effect of 

humidity on the Young’s modulus of polyelectrolyte multilayer films. 

5.2 Background and Motivation 

Among the factors that influence the mechanical properties of PEMs, humidity would 

seem to occupy a position of unique importance.  Unlike polyelectrolyte type or assembly 

conditions, the ambient humidity is a dynamic environmental variable that continues to affect 

the mechanical properties of the film following the assembly process. 

 
* The author acknowledges the collaboration of Neil Treat in performing the research described in this chapter. 
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PEMs have been proposed for a number of different uses; among these are applications 

such as antireflection coatings[58] and anti-fog coatings,[58, 78]  where  exposure to widely 

varying climatic conditions could reasonably be expected.  The performance and suitability 

of PEMs in these circumstances will depend in some measure on their mechanical properties 

under different environmental conditions, such as different relative humidity. 

Another motivation for investigation of PEMs as a function of relative humidity is the 

possibility of obtaining insights into the internal structure and interactions within the film.  

Although assembled films are crosslinked through electrostatic interactions between 

polyelectrolytes, water is able to swell and plasticize PEMs, as is evidenced by the 

SIEBIMM study of “wet-state” (PAH/PSS) films immersed in water that was presented in 

Chapter 3 (see Figure 3.7).  Even dry films, however, are expected to contain a certain 

amount of water.  The amount of swelling due to water uptake by a specific PEM system is 

expected to be governed by both the chemical identity of the film, as well as the activity of 

water in the ambient environment, of which relative humidity is a measure.  The chemical 

identity of the film will be determined in part by the types of polyelectrolytes comprising the 

multilayer.  Even in systems assembled from the same types of polyelectrolytes, however, 

changing the assembly conditions can change the chemical identity of the multilayer.  As an 

example of this, consider the discussion in Chapter 1 of the effect of pH of assembly 

conditions on multilayers of (PAH/PAA) (see Figure 1.2).  When assembling 

polyelectrolytes from solutions where the both chains are fully charged, very flat, highly 

crosslinked films are obtained.[38] Assembly at a low pH, however, leads to multilayers with 

a large number of unpaired, protonated carboxylic acid groups within the film, which were 

shown in Chapter 2 to be useful for subsequent nanoreactor chemistry. Depending upon the 

relative affinity of water molecules for ionic crosslinks versus, say, protonated carboxylic 

acid groups, these films should display different degrees of swelling at a given relative 

humidity. 

Besides the amount of electrostatic crosslinking and the chemical nature of the 

uncrosslinked moieties within the film, secondary-bonding interactions can also play an 

important role in determining the amount of water uptake in a PEM system.  (PAH/PSS) 
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multilayers deposited at high pH, for example, have been shown to undergo hysteretic 

swelling transitions due to hydrophobic association of partially charged PAH repeat units 

within the bulk of the film.[203]  Similar types of transitions have also been observed in 

polymer gels containing both electrostatic and hydrogen bonding interactions.[223]  In the two 

aforementioned cases, the systems were being studied in a fully hydrated state.  Nevertheless, 

similar phenomena are expected to occur in films exposed to sufficiently high humidity. 

In this chapter, the degree of swelling and the Young’s modulus of three PEM systems are 

investigated as a function of the relative humidity.  The systems chosen for investigation 

were multilayers of (PAH7.5/PAA3.5) and (PAH3.0/PSS3.0), both of which were examined 

in the previous chapter, and (PAH2.5/PAA2.5) films, which had been previously untested.  

The choice of (PAH7.5/PAA3.5) and (PAH3.0/PSS3.0) multilayers was motivated by the 

fact that both of these systems had been examined previously (see Chapter 3 and Chapter 4); 

thus, they provided a measure of comparison for the humidity-dependent results.  The study 

of (PAH2.5/PAA2.5) films allowed for examination of the effects of changing the deposition 

pH on the modulus of (PAH/PAA) assemblies.  This particular system, which is assembled at 

low pH where PAA is only partially ionized, is also technologically interesting because of 

the ability of free carboxylic acid groups within the film to template post-assembly 

nanoreactor chemistry.[51]  It was also expected that films of (PAH2.5/PAA2.5) multilayers 

may display a greater sensitivity to humidity effects due to the fact that (PAH2.5/PAA2.5) 

films assembled with PAA on top have been known to be quite hydrophilic, presumably also 

due to the abundance of polar, protonated carboxylic acid groups at the film surface.[37]  

Details of the experiments and results from testing these three PEM systems are provided in 

the following sections.  

5.3 Experimental Details 

PAH (Mw = 70 000, Sigma-Aldrich), PSS (sodium form, Mw = 70 000, Sigma-Aldrich), 

and PAA (25% aqueous solution, Mw = 90 000, Polysciences) were used without further 

purification to create polymer solutions of 0.01 M concentration by repeat unit.  In addition, 

0.1 M NaCl (Mallinckrodt Chemicals) was added to each polyelectrolyte solution when 
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multilayers of PAH and PSS were being assembled.  Milli-Q deionized water (Millipore) 

with a resistivity of 18.2 MΩ·cm was used for all procedures and preparations.  Solutions 

were adjusted to the appropriate pH with 1.0 M HCl or NaOH immediately prior to PEM 

assembly. 

Assembly of PEMs onto PDMS was performed by an automated programmable slide 

stainer (HMS slide stainer, Zeiss).  Substrates were first immersed in the polycation (PAH) 

for 15 min, followed by three 1 min rinse steps.  The samples were then immersed in the 

polyanion (PSS) for 15 min, followed again by three 1 min rinses.  This process was cycled 

until the desired number of bilayers were deposited.  If more than 10 bilayers were deposited, 

the immersion time in the polyelectrolyte baths was decreased to 5 min for the 11th and all 

subsequent bilayers.  Following the completion of PEM assembly, samples were allowed to 

air dry.  Samples were stored in air at ambient conditions. 

Probing the Young’s modulus of PEMs at controlled relative humidity levels necessitated 

modifications to the typical experimental procedure for PEM SIEBIMM analysis (see 

Section 3.3).  Measurements of the buckling wavelength were conducted by performing He-

Ne (632.8 nm wavelength) laser diffraction measurements on a strained sample in a 

controlled-humidity glove box (Electro-Tech Systems) (see Figure 5.1).  Samples were first 

equilibrated for ≈  1 week in a desiccator containing LiCl before being moved to the 

humidity chamber, which was equilibrated at 12% humidity.  After a few hours, the first 

buckling and ellipsometer measurements were taken, after which the humidity was increased 

to the next value and the film was allowed to equilibrate for ≈   1 day.  A photograph of the 

experimental setup and an image of a film being subjected to laser diffraction are shown in 

Figure 5.1. 
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Figure 5.1.  Experimental setup for laser diffraction measurements of the buckling wavelength.  
(a) A photograph of the humidity control chamber and laser diffraction experimental setup.  (b)  
Photograph of the diffracted laser beam from a sample ((PAH3.0/PSS3.0), 12% RH) undergoing 
buckling.  Two diffracted orders of the beam can be seen. 

Ellipsometry measurements were performed as follows:  while still in the controlled 

humidity chamber, samples were hermetically sealed in a quartz cell using Parafilm and 

transferred to a spectroscopic ellipsometer for thickness characterization; these 

measurements were performed using previously described methods (see Section 3.4.1).  The 

error in the thickness measurement was taken to be the larger of the ellipsometer-determined 

surface roughness or 0.5 nm. 

The humidity chamber was equipped with an optical rail so that the strained sample could 

be translated regular distances parallel to the laser beam while taking digital pictures of the 

diffraction pattern.  A graph of the center spot to 1st-order peak distance vs distance along the 

optical rail yielded a straight line.  Linear regression yielded the slope of the line, m, from 

which the buckling wavelength (λ) could be calculated as:[168] 

Equation 5.1 

m
nm8.632

=λ . 

The uncertainty in m (δm) was calculated using the R-squared (R2) value of the regression 

line as:[224] 
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Equation 5.2 

( ) 2

2

2
1
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Rmm ⋅−

−
⋅=δ . 

where N was the number of separate diffraction measurements.  The uncertainty in the 

buckling wavelength (δλ) was then calculated by propagation of error to be:[199, 200] 

Equation 5.3 

m
mδ

λδ λ ⋅= . 

  For the results obtained in this chapter, the PDMS Young’s modulus and Poisson’s ratio 

were assumed to be 1.8 ± 0.1 MPa and 0.50, respectively. 

The plane strain Young’s modulus was calculated using Equation 3.10 (with Equation 3.4).  

Plane strain PEM modulus values (see Equation 3.4) are reported in this chapter due to the 

uncertainty in the Poisson’s ratio of the PEMs at various relative humidity values.  A value of 

0.33 for dry-state films and 0.5 for films immersed in water has previously been assumed; 

depending upon the level of humidity, the Poisson’s ratios for the films in this chapter should 

lie between those two limiting values.  Errors bars in all reported data represent propagated 

uncertainties from the estimated error in each measurement step.[199, 200]  The temperature in 

the humidity chamber was maintained in the range of ≈  25-28°C during all experiments. 

5.4 Results and Discussion 

Although there have been no detailed systematic studies of PEM mechanical properties as 

a function of relative humidity, a handful of researchers have examined the humidity-

dependent swelling behavior of PEMs.  Among these, reported equilibration times for PEM 

film swelling in controlled humidity environments range widely, from anywhere as short as 

15 min[225] to several hrs.[226, 227]  In the experiments presented in this chapter, samples were 

allowed to equilibrate for ≈  1 day at each humidity value.  Three systems were examined in 
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this study: (PAH3.0/PSS3.0)75, (PAH7.5/PAA3.5)10.5, and (PAH2.5/PAA2.5)20.  Presentation 

of the results will begin with a comparative overview of the humidity dependence of the 

Young’s modulus for all three films.  The swelling and Young’s modulus data of each 

particular system will then be examined in more detail. 

5.4.1 Overview of the Humidity-Dependent Young’s Modulus Results* 

Figure 5.2 displays a graph of the Young’s modulus vs relative humidity for the three PEM 

systems studied in this chapter.  The (PAH7.5/PAA3.5) system generally exhibited the 

highest modulus values under dry, i.e., < 50% relative humidity (RH) conditions.  This 

finding agrees with the results presented in Chapter 4, where (PAH7.5/PAA3.5) multilayers 

were found to have comparatively higher moduli than any of the other ((PAH3.5/PAA3.5), 

(PAH4.0/PAA4.0), and (PAH3.0/PSS3.0)) systems tested.  The values of the Young’s 

modulus reported in that case for the (PAH7.5/PAA3.5) system at 20% and 50% RH were 

10.5 ± 0.5 GPa and 7.0 ± 0.2 GPa, respectively.  In the study conducted in this chapter, the 

values at similar humidity values (24% and 48%) yielded Young’s moduli (converted from 

the plane strain values by using a Poisson’s ratio of 0.33) of 8.3 ± 0.9 GPa and 5.1 ± 0.7 GPa, 

respectively.  The agreement between studies is good, especially considering the significant 

differences between measurement techniques, most notably in the switch from optical 

microscopy to laser diffraction as the method for determining the buckling wavelength.  The 

Young’s modulus values obtained for the (PAH3.0/PSS3.0) system, also tested both in 

Chapter 4 and in the current chapter, showed similarly good agreement between studies.  In 

the former study, values of 5.6 ± 0.3 GPa and 2.7 ± 0.3 GPa were measured at 20% and 50% 

RH, respectively; here, values of 5.4 ± 0.5 GPa and 3.7 ± 0.3 GPa for the same system at 

24% and 48% RH were obtained. 

 
* In addition to PEM systems discussed in this chapter, the thickness and Young’s modulus of two thin 
polystyrene samples were measured as a function of humidity.  These data can be found in Appendix B. 
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Figure 5.2.  Plane strain Young’s modulus vs relative humidity for three PEM systems (see 
legend).  Samples were allowed to equilibrate ≈  24 hrs at each relative humidity value before 
measurements were taken. 

Figure 5.2 highlights many interesting trends among the humidity dependent Young’s 

modulus data for the three systems examined in this study.  For example, while the 

(PAH7.5/PAA3.5) system is notably stiffer than the (PAH3.0/PSS3.0) system at low 

humidity, the systems exhibit near identical modulus values at higher humidity (84-90% 

RH).  At 96% RH, the plane strain modulus of the (PAH7.5/PAA3.5) system dips below that 

of the (PAH3.0/PSS3.0) system, for which a plane strain modulus of 0.84 ± 0.06 GPa was 

measured.  The (PAH7.5/PAA3.5) system did not even exhibit detectable buckling at this 

humidity, suggesting a Young’s modulus very close to or smaller than that of the PDMS 

substrate (1-2 MPa).  Thus, while the (PAH7.5/PAA3.5) system possesses a higher Young’s 

modulus than the (PAH3.0/PSS3.0) system at low humidity, it is also more sensitive to 

humidity changes, becoming more compliant than the (PAH3.0/PSS3.0) system at ≈  85% 

RH. 
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Figure 5.2 also demonstrates the significant effect that deposition pH can have on the 

properties of films assembled from the same polyelectrolyte pair.  (PAH7.5/PAA3.5) 

multilayers exhibit higher modulus values than (PAH2.5/PAA2.5) films at relatively low 

humidity (12-36%).  At intermediate humidity values (48-72%) the two systems exhibit 

moduli that are equal within error (the unusually high modulus value for the 

(PAH2.5/PAA2.5) system at 48% RH is possibly an outlier).  Between the relative humidity 

values of 72% and 84%, however, the (PAH2.5/PAA2.5) system undergoes a dramatic drop 

in modulus that is not correspondingly observed in the (PAH7.5/PAA3.5) system, decreasing 

over an order of magnitude from 4.1 ± 0.6 GPa to 0.12 ± 0.13 GPa.  Over the same humidity 

range, the (PAH7.5/PAA3.5) system exhibits a more modest decrease, going from 3.6 ± 0.5 

GPa to 1.8 ± 0.3 GPa. 

Figure 5.2 demonstrates that for all systems tested in this study, water is an effective 

plasticizer, swelling the films and facilitating chain motions with a consequent decrease in 

the Young’s modulus.  As has been demonstrated previously with other types of hydrophilic 

polymer gels, the relative humidity determines the concentration of water in the film, which 

in turn determines the magnitude of the plasticizing effect.[228]  While knowledge of the 

Young’s modulus provides many important details about how PEM films respond to the 

presence of water in the ambient environment, even more information can be obtained by 

studying the modulus results in tandem with humidity-dependent measurements of the film 

thickness.  In the following section, each of the three systems shown in Figure 5.2 will be 

examined in closer detail. 

5.4.2 Equilibrium Swelling and Young’s Modulus Data 

In Figure 5.3, the plane strain Young’s modulus data from for the (PAH7.5/PAA3.5)10.5 

film are graphed along with the PEM film thickness as a function of relative humidity.  As 

was noted above, at low humidity the (PAH7.5/PAA3.5) system displayed the highest 

Young’s modulus among the three systems tested in this study.  The affinity of the PEM for 

water leads to a substantial decrease in modulus with increasing humidity, with a decrease in 

plane strain modulus of an order of magnitude (9.6 ± 1.3 GPa to 0.94 ± 0.16 GPa) over the 
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humidity range of 12-90%.  The system also was tested at 96% RH, but no buckling was 

observed, suggesting that the film Young’s modulus had assumed a value comparable to or 

smaller than that of the PDMS substrate (1-2 MPa).  The thickness data in Figure 5.3 display 

a somewhat less steep rise with humidity in the range of 12-48% RH as opposed to the data 

collected in the range of 60-90% RH.  Though the effect is slight, the modulus data, 

especially at 12 and 24% RH, appears to mirror this effect, plateauing off at ≈  9 GPa.  This 

same effect is noticed again, but much more distinctively, in the (PAH3.0/PSS3.0) system. 

 

Figure 5.3.  Plane strain Young’s modulus (solid circles) and PEM thickness (hollow circles) for 
(PAH7.5/PAA3.5)10.5 multilayer films.  Samples were allowed to equilibrate ≈  24 hrs at each 
relative humidity value before measurements were taken. 

Figure 5.4 displays the plane strain Young’s modulus data for the (PAH3.0/PSS3.0)75 film 

along with the PEM film thickness as a function of relative humidity.  In this system, the 

above-mentioned increased swelling effect at high humidity values is clearly evident. A 

cursory look at the data suggests that the PEM thickness response can be divided into two 

regimes, with a transition at ≈  60% RH.  The thickness increases linearly with humidity in 
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each regime, but with a steeper slope at higher humidity values.  To quantify this effect, 

separate regression lines were calculated for the thickness values measured at the four lowest 

(12, 24, 36, and 48% RH) and the four highest (72, 84, 90, and 96% RH) humidity values.  

These calculations revealed an incremental film thickness change of 0.29 ± 0.02 nm/(%RH) 

in the low humidity regime, and a value of 0.75 ± 0.04 nm/(%RH) in the high humidity 

regime. 

 

Figure 5.4.  Plane strain Young’s modulus (solid circles) and PEM thickness (hollow circles) for 
(PAH3.0/PSS3.0)75 multilayer films.  Samples were allowed to equilibrate ≈  24 hrs at each relative 
humidity value before measurements were taken. 

This observation of two distinct swelling regimes for the (PAH/PSS) multilayer system is 

not unique.  Very similar behavior of the film thickness is evident in the graphs provided by 

Wong, et al. in their study of the swelling behavior of (PAH/PSS) films, though they offer no 

comments concerning the appearance of the data in this regard.[225]  The data of these 

researchers also provides evidence that this effect is more pronounced when the thin 

multilayers that they are working with are capped with PAH as opposed to PSS.  Evidently, 
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the presence of PAH as the outermost layer leads to a more hydrophobic film with a greater 

propensity to drive out water from the PEM matrix, at least for low bilayer numbers.[225, 229]  

The fact that the “two-regime” mode of swelling is more pronounced in PEM systems with a 

higher degree of hydrophobicity points to a possible physical explanation of the effect. 

At low humidity, water entering the dry film associates at first with the ionic crosslinks 

between polyelectrolyte chains, being excluded from the more hydrophobic regions of the 

film that are absent of ionic crosslinks.  Eventually, at higher humidity, the activity of the 

water is high enough so that the water, which had a tendency to cluster around the ionic 

crosslinks at lower humidity values, begins to coalesce and form a continuous water phase 

throughout the film, leading to enhanced swelling.  The above hypothesis has been suggested 

to explain the swelling behavior of Nafion membranes in controlled humidity 

environments.[230-232]  Nafion, which consists of a perfluoronated polymer backbone with 

sulfonic acid side chains, provides a decent comparison for the (PAH/PSS) system, where 

humidity-responsive ionic groups are present within a matrix that tends to exclude water due 

to strong hydrophobic interactions.  In the low humidity regime, the hydrophobic 

associations within the (PAH/PSS) network resist swelling; in the higher humidity regime, 

these interactions are overwhelmed by the high chemical potential of the water molecules, 

and the film swells more dramatically.  A somewhat similar argument has been invoked to 

explain hysteretic swelling transitions in (PAH/PSS) films deposited under high pH 

conditions.[203] 

The swelling behavior presented in Figure 5.3 for the (PAH7.5/PAA3.5) system also 

possesses a transition in swelling behavior, albeit one that is considerably less defined.  In 

addition, this transition occurs at a lower relative humidity value ( ≈  40%).  The lack of clear 

definition in this transition, as well as its presence at a lower value of relative humidity (and 

hence lower water activity), both suggest that the (PAH7.5/PAA3.5) matrix is more 

hydrophilic and less resistant to swelling by water.  This conclusion is consistent with the 

results of contact angle measurements performed on each system.[45, 225]  
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The plane strain Young’s modulus change with humidity for (PAH3.0/PSS3.0) multilayers 

remains fairly linear over the range shown in Figure 5.4.  Perhaps somewhat remarkably, the 

modulus does not reflect the corresponding transition between swelling regimes, and even 

counterintuitively plateaus off between the values of 90 and 96% RH.  The reason for this 

behavior is not fully clear, but could be related to the fact that upon percolation of the water 

throughout the film it assumes a modulus value very close to its “wet-state” value, which is 

the modulus of a film completely immersed in liquid water.  Indeed, when a Poisson’s ratio 

of 0.50 is assumed, the Young’s modulus of the film measured at 96% RH in Figure 5.4 is 

0.63 ± 0.05 GPa, which is in remarkable agreement with the value of 0.59 ± 0.09 GPa given 

in Chapter 3 for (PAH3.0/PSS3.0) films swollen in water (see Figure 3.7). 

Figure 5.5 presents the plane strain Young’s modulus and PEM film thickness data for 

(PAH2.5/PAA2.5)20 films as a function of relative humidity.  The behavior of this system is 

qualitatively different from that observed for (PAH7.5/PAA3.5) and (PAH3.0/PSS3.0) 

multilayers in Figure 5.3 and Figure 5.4.  The (PAH2.5/PAA2.5) film displays remarkable 

resistance to swelling and plasticization at low humidity (12-36% RH).  It then enters an 

intermediate regime where the film thickness begins to increase and the modulus begins to 

decrease (48-72% RH), before finally swelling very abruptly to a high value, with a 

corresponding drop in plane strain modulus to 0.12 ± 0.13 GPa at 84% RH, which 

represented the lowest value recorded at any humidity value among the systems tested in this 

study.  Apparently, the modulus continued to decrease substantially with increasing 

humidity, as no buckling was observed at either 90 or 96% RH for this system. 
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Figure 5.5.  Plane strain Young’s modulus (solid circles) and PEM thickness (hollow circles) for 
(PAH2.5/PAA2.5)20 multilayer films.  Samples were allowed to equilibrate ≈  24 hrs at each relative 
humidity value before measurements were taken. 

The (PAH2.5/PAA2.5) system’s behavior is puzzling at first:  resistance to swelling and 

plasticization at low humidity, and then a sharp transition to a very compliant system at ≈  

80% RH.  Clues to the mechanism underlying this behavior can be found by considering the 

chemical nature of films assembled from PAH and PAA at low pH.  At low pH values, 

multilayers of PAH and PAA are expected to contain a large amount of free, protonated 

carboxylic acid groups,[38, 51]  the presence of which at the surface of the PEM has been 

shown to lead to very low contact angles.[37]  Thus, it would seem as if the (PAH2.5/PAA2.5) 

system should be readily swollen by water.  Carboxylic acid groups, however, can also 

engage in hydrogen bonding—it is conceivable that in large numbers, hydrogen bonding 

interactions could stitch the film tightly together and resist swelling.  As the humidity 

increases, the increase in chemical potential drives enough water into the film to allow the 

carboxylic acid functionalities to begin to dissociate.  Dissociation of the acid groups will 

lead to abrupt swelling of the film due to both the loss of cohesive hydrogen bonding as the 
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carboxylate groups de-protonate, as well as the increase in osmotic driving force for water 

into the film due to the presence of the ionized acid functionalities. 

Although the sharp swelling transition reported here for the (PAH2.5/PAA2.5) system has 

not been previously reported, the proposed mechanism is supported in part by previous 

research.  Izumrudov et al. have demonstrated that for multilayer systems in solution, 

hydrogen bonding can act to hold the film together at ionic strengths where it would 

otherwise be favored to dissolve.[233]  Annaka et al. have also demonstrated that competitive 

binding between hydrogen and electrostatic bonds in polymer gels can lead to multiple stable 

swollen phases.[223]  These studies demonstrate the importance that secondary interactions 

can have in determining the cohesive binding and swelling in hydrophilic polymer gels such 

as PEMs, and lend confidence to the hypothesis advanced to explain the swelling transition 

in the (PAH2.5/PAA2.5) system. 

5.5 Conclusions 

The results in this chapter have demonstrated that the SIEBIMM technique can be 

successfully implemented under controlled humidity conditions with in situ ellipsometry to 

study the humidity dependence of the Young’s modulus and thickness of PEM films.  An 

experimental apparatus (see Figure 5.1) was assembled to allow both the buckling 

wavelength and the thickness of the films to be determined in situ.  Good agreement was 

found between measurements of the moduli of the (PAH7.5/PAA3.5) and (PAH3.0/PSS3.0) 

systems using both the new technique in this chapter, as well as the conventional technique 

as presented in Chapter 3 and Chapter 4. 

The differences in humidity responsiveness among the three systems examined here 

suggest that changes in polyelectrolyte type and adsorption pH during film assembly can lead 

to considerable differences in the internal bonding interactions within the film.  Although 

each of the systems examined in this chapter showed the same general response to 

humidity—i.e., increased plasticization and swelling with increased relative humidity—the 

types of polyelectrolytes and even the assembly pH for the (PAH/PAA) system led to very 
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different swelling and mechanical property behavior in response to changes in the relative 

humidity. 

Careful examination of the humidity responses for the different systems reflect details 

about the internal film structure and its ability to accommodate the uptake of water.  For 

example, the hydrophobic nature of the (PAH3.0/PSS3.0) matrix leads to two different 

swelling regimes: at low humidity, water molecules cluster mainly around ionic crosslinks, 

while at higher humidity the increased chemical potential drives water throughout the entire 

PEM network, leading to increased swelling.  The more hydrophilic (PAH7.5/PAA3.5) 

network is solvated by water at lower humidity, leading to a relatively linear swelling 

response over the range of humidity values that were tested.  The (PAH2.5/PAA2.5) 

demonstrated a resistance to swelling at low humidity, followed by a sharp swelling 

transition between 72 and 84% RH with a concomitant drop in Young’s modulus.  Hydrogen 

bonding between protonated carboxylic acid groups is likely responsible for the suppressed 

swelling effect at low humidity; at high humidity, solvation of the acid groups leads to 

disassociation and the loss of cohesive hydrogen bonding, swelling the network. 

A topic for further study is the effect of drying treatment on  Young’s modulus of PEM 

films.  Although it was not addressed in this chapter, it was generally observed that the 

method of drying the PEM (blow dry, drip dry, etc.) can effect the thickness and stiffness of 

the PEM, even for films assembled and tested at the same humidity.  Films that were blown 

dry with compressed air seemed to exhibit the smallest thicknesses and highest Young’s 

modulus values—films allowed to “drip dry” in a moderately humid environment exhibited 

comparatively higher thicknesses and lower Young’s modulus values.  The cause of this 

effect is not entirely certain, though it may be due to the fact that compressed air is assumed 

to drive bound water out of the film more aggressively, resulting in a more extensive collapse 

of the chain structure than is experienced by films simply allowed to dry undisturbed in the 

ambient atmosphere.  The films with the more compressed chain structure then in turn 

exhibit enhanced Young’s moduli due to the increased density of the PEM. 
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This chapter has demonstrated that humidity-dependent SIEBIMM analysis can reveal 

much about internal interaction within PEM films and their responses to different 

environmental humidity values.  Besides providing scientific value in this regard, this 

technique could also be of interest to those who are interested in PEM sensors or applications 

where the humidity dependence of the mechanical properties may be an important figure of 

merit. 
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Chapter 6 
Controlled Lithographic Patterning of Polyelectrolyte Multilayer 

Films by Salt Etching* 

6.1 Introduction 

The ability to create finely-controlled patterns in thin polymer films has been instrumental 

in the development of many important modern technologies, having significant impact in 

fields such as semiconductor fabrication[1] and biotechnology.[6]  Although PEMs have 

emerged as a facile route to build up thin polymer films with precise film thicknesses and 

chemical functionalities on a variety of surface types and geometries,[17-19]  the demonstrated 

importance of lithographic polymer patterning[1] suggests that the ability to controllably 

remove PEMs from a surface could conceivably be just as technologically important.  This 

chapter will discuss the patterning of PEMs via etching in salt-containing solutions.  A 

general model for understanding the controlled dissolution of PEM films in solutions of salt 

is presented and discussed in terms of its ability to explain our observations, as well as those 

of previous researchers.  Simple lithographic applications are demonstrated through surface 

screening, and precise control of the z-direction etching depth is demonstrated to be possible 

through control of the salt concentration and etch time. 

6.2 Background and Motivation 

Several previous researchers have reported the partial of complete loss of PEM films upon 

exposure to salt-containing solutions, and the work in particular of Cohen Stuart et al.,[188, 234] 

Sukhishvili et al.,[35, 233, 235, 236] and Schlenoff et al.[237-239] has sought to quantify and describe 

these phenomena in more detail.  As an ionically crosslinked film of positively and 

negatively charged polyelectrolytes, a PEM can be understood as constituting a large, 

surface-bound insoluble polyelectrolyte complex (PEC).  It is little surprise, then, that 

knowledge of the solution-phase behavior of PECs can elucidate analogous processes 

encountered in the study of PEMs.  For example, it is well established that both the molar 

 
* The author acknowledges the collaboration of Nobuaki Takane, Whitney Gaynor, and Evan Hindman in 
performing the research described in this chapter. 
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ratio of positively to negatively charged polyelectrolyte repeat units and the ionic strength of 

the solution help determine whether a PEC will be soluble or precipitate.[240-243]  In a similar 

manner, PEM films have been shown to undergo dissolution when an excess of one 

polyelectrolyte is added to the system, or the ionic strength of the solution is altered.[188] 

Although many researchers have reported the destruction of multilayers under various 

solution conditions, few studies have focused on controlling the PEM dissolution process.  

As discussed above, the ability to controllably remove PEMs from a surface not only at 

different locations, but also in different amounts (PEM “etching”) could have important 

technological implications.  With a few notable exceptions that will be discussed below in 

more detail, most literature reports have approached PEM etching as an “all or nothing” 

phenomenon, whereby a given film is expected to either remain more or less intact or 

dissolve completely.  The present chapter examines the etching behavior of films comprised 

of poly(allylamine hydrochloride) (PAH) and poly(acrylic acid) (PAA), and films comprised 

of PAH and poly(styrene sulfonate) (PSS).  When immersed in solutions of NaCl, these films 

undergo a controlled loss of material and re-equilibrate to a new film thickness that depends 

upon the concentration of the NaCl solution. 

The experimental evidence presented in this chapter suggests that salt etching of PEMs 

involves structural rearrangements of the entire film leading to ejection of near-

stoichiometric amounts of polycation and polyanion repeat units into solution.  The strength 

and extent of polyelectrolyte interactions, as well as the molecular weight distribution of the 

polyelectrolytes comprising the film, are shown to be important factors in determining the 

etching behavior of a given system.  Finally, a mechanism is proposed to describe the 

kinetics and equilibrium behavior of salt-induced etching of PEM films.  Two basic examples 

of how this technique can be employed to generate both discrete and continuously graded 

thickness patterns over large spatial areas are then demonstrated. 

6.3 Experimental Details 

PAH (Mw = 70 000, Sigma-Aldrich), PSS (sodium form, Mw = 70 000, Sigma-Aldrich), 

and two types of PAA: “high-PDI” (25% aqueous solution, Mw = 90 000, Polysciences, PDI 
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= 6.2) and “low-PDI” (solid, Mn = 86 100, Polymer Source, PDI = 1.12) were used without 

further purification to create polymer solutions of 0.01 M concentration by repeat unit.  PAH 

and PSS solutions additionally contained 0.1 M NaCl (Mallinckrodt Chemicals).  Milli-Q 

deionized water (Millipore) with a resistivity of 18.2 MΩ·cm was used for preparation of all 

solutions and rinse baths.  Polymer solutions were pH-adjusted using either 1.0 M HCl or 

NaOH immediately prior to PEM assembly. 

Single-crystal polished silicon wafers (p-type, WaferNet) were used as substrates, except 

where the use of poly(dimethylsiloxane) (PDMS) was necessitated as indicated in the text.  

Silicon substrates were sonicated for 15 min in a dilute detergent solution, followed by 10 

min in pure water.  They were then treated for 8 min in an air plasma (Harrick Scientific 

PDC-32G plasma cleaner/sterilizer, 100 W, 400 mTorr) directly prior to PEM assembly.  

PDMS substrates (Sylgard 184, Dow Corning) were prepared as described in Section 3.3. 

Etching baths consisted of NaCl solutions prepared at the appropriate concentration.  

Samples were immersed in the salt solution with mild agitation, and upon removal were 

immediately rinsed with agitation in pure water for 1 min, after which they were blown dry 

with air.  Etching times are indicated for samples in the kinetic tests; all other samples were 

etched for 1 hr, except for those shown in Figure 6.3 (10 min etch times) and Figure 6.4 and 

Figure 6.5 (3 min etch times). 

Thickness characterization was performed using spectroscopic ellipsometry (M-2000D, 

J.A. Woollam Co.) according to the method described in Section 3.4.1.  Ellipsometer fits for 

the roughness of the samples were used as indicated in the text to estimate errors in the 

thickness measurements when multiple samples could not be measured to obtain an average 

and standard deviation.  Unless otherwise indicated, the assumed thickness error was taken to 

be the larger of the modeled sample roughness or 1 nm. 
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6.4 Results and Discussion 

6.4.1 Salt Etching Experiments 

The first etching experiments were conducted on (PAH7.5/PAA3.5) films exposed to 

different concentrations of NaCl solution for 1 hr, followed by a 1 min rinse in water.  Three 

films of increasing number of bilayers (film thickness) were tested, and the ellipsometry 

results are displayed in Figure 6.1. 



 

  134

 

Figure 6.1.  Salt etching of (PAH7.5/PAA3.5)x films of various thicknesses.  Films prior to etching 
had thicknesses of 70 nm (x = 7.5, squares), 90 nm (x = 9.5, circles), and 190 nm (x = 16.5, triangles).  
Films were etched at a given salt concentration for 1 hr, after which they were rinsed and blown dry.  
(a) Absolute film thicknesses are shown as a function of salt concentration.  (b) Normalizing film loss 
by the original film thickness demonstrates that films exhibit identical relative etching amounts.  The 
refractive indices of the dried films are given as open symbols. 
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Figure 6.1 highlights some important characteristics of PEM salt etching.  Figure 6.1a 

shows the absolute film thickness of three samples as a function of the NaCl concentration 

during etching.  For all films, higher salt concentrations led to increased thickness losses.  

Normalizing the thickness of all samples to their original values revealed essentially identical 

changes in the relative thicknesses of all samples (Figure 6.1b).  These results indicate that 

salt etching does not consist of polyelectrolyte material simply being removed from the 

surface of the PEM without interaction with the rest of the film material—the entire bulk of 

the film must be sampled, as the film thickness decreases in proportion to the total thickness 

of PEM.  Furthermore, the nearly constant refractive indices of the etched films (Figure 6.1b) 

indicate that the decrease in film thickness in these samples is due to actual loss of material, 

and not shrinking or densification of the films, for which increased refractive indices would 

be expected.  Figure 6.1b actually shows that a small increase in the refractive index was 

recorded for the two thinnest samples tested.  This effect may in fact be an artifact, as less 

accurate model fits were obtained from the ellipsometer software for these thinner ( < 50 nm) 

samples; a corresponding increase in refractive index was not observed with the thickest 

sample, for which a more confident data fit was be obtained. 

In order to determine whether the films equilibrated at the thicknesses indicated in Figure 

6.1 rather than being simply interrupted during a kinetically slow dissolution process, time 

studies were conducted on two (PAH7.5/PAA3.5) films with initial thicknesses of 120 nm 

and 270 nm.  A solution with an NaCl concentration of 4 M was used for the kinetic tests; the 

films were divided into multiple smaller samples and each piece was immersed in the NaCl 

solution for the indicated time; all samples were washed for 1 min in water following the salt 

immersion.  The absolute and relative PEM thickness vs time plots for these samples are 

shown in Figure 6.2a and Figure 6.2b, respectively. 
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Figure 6.2.  Absolute (a) and relative (b) PEM thickness vs time plots for two (PAH7.5/PAA3.5)x 
films.  Films had initial thicknesses of 120 nm (x = 10.5, circles) and 270 nm (x = 21.5, triangles).  
The films were etched in a 4 M NaCl solution.  The solid lines are guides to the eye. 

 

Figure 6.2 suggests that the data follow a relationship at least qualitatively similar to an 

exponential function.  The exact functional form followed by these data provides information 
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concerning the mechanism of the etching process, and will be examined at greater depth in 

Section 6.4.3.  With only a cursory glance at the data, however, one can gather that etching 

happens quickly at relatively small times, with the film thickness eventually leveling off at an 

equilibrium value.  These data also confirm the results presented in Figure 6.1b; namely, that 

films equilibrate to a thickness relative to the initial thickness of the PEM.  The relative 

thicknesses of 0.75 (measured after 1 hr) and 0.77 (measured after ≈  19 hr, not displayed in 

Figure 6.2a) reached at long times by the 120 nm and 270 nm thick films were essentially 

equal.  The data suggest slower kinetics in the case of the thicker film, however, which 

provides another argument against the notion that etching could be due to a top-down loss of 

polyelectrolyte chains from the surface, as the kinetics of such a process would presumably 

be unaffected by the film thickness. 

One explanation for why a film might only dissolve partially and equilibrate at a film 

thickness greater than zero is that the PEM is favored to dissolve completely, but that the salt 

solution into which the film dissolves becomes saturated with polyelectrolyte material and an 

exchange equilibrium is established, forbidding further thickness changes.  This hypothesis 

was tested by subjecting a single (PAH7.5/PAA3.5)16.5 film (190 nm thickness) to multiple 

etch steps at the same concentration, exchanging the etching bath with fresh solution after 

every step.  The film was taken through 3 etch steps at 0 M NaCl (water with no added salt), 

followed by 3 successive steps in each of 1 M, 2 M, 3 M, 4 M, and 5 M NaCl baths.  All etch 

steps lasted for 10 min.  The results from this experiment are displayed in Figure 6.3. 
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Figure 6.3.  Relative thickness change of a (PAH7.5/PAA3.5)16.5 film subjected to multiple 
etching steps at increasing concentrations.  Each etch step consisted of a 10 min immersion in a 
fresh NaCl solution of the indicated concentration, followed by a 1 min rinse in water.  The 
concentration of the etch solution, given below the etch step numbers along the abscissa, was 
incremented 1 M following 3 successive steps at a given concentration. 

The minimal change in PEM film thickness displayed previously in Figure 6.1 for etch 

concentrations below 3 M may explain why the film in Figure 6.3 did not begin to decrease 

in thickness until the 10th etch step.  The two following steps at 3 M produced very little 

further change in film thickness, but a jump to a smaller thickness was again observed at the 

13th etch step, when the salt concentration was increased to 4 M.  The film did not exhibit 

another abrupt decrease in thickness until the 16th step, which was the first immersion into 

the 5 M NaCl solution.  The thickness only decreased slightly for the last two steps, which 

were subsequent immersions into 5 M NaCl solutions. 

The results in Figure 6.3 disprove the hypothesis that polyelectrolyte chains in the film are 

establishing an exchange equilibrium with dissolved polyelectrolyte material in solution, and 

thus prohibiting further dissolution.   If this were the case, then the film would have been 
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expected to re-equilibrate with a sudden decrease in film thickness for each successive etch 

step in fresh salt solutions.  These decreases for subsequent steps should have been most 

apparent at high salt concentrations (steps 14-15 and 17-18), but instead only minimal further 

film dissolution (due to the fact that films had not completely equilibrated, as only 10 min 

etch times were used) followed for these steps, despite immersion in fresh solutions. 

Thus, successive immersion steps into fresh salt solutions will not result in total film 

dissolution; a given film will dissolve only partially even when immersed into an essentially 

infinite reservoir of solution.  Similar results for PEMs containing a weak polycarboxylic 

acid group have been reported by Izumrudov, who showed that hydrogen bonding between 

protonated carboxylate groups could result in the increased stabilization of multilayers 

exposed to solutions of NaCl at lower values of pH.[233]  The results presented in this work, 

however, were obtained in pH-neutral NaCl solutions with measured pH in the range of 6.2-

6.8.  Furthermore, it has been established that strong preferential binding between PAA and 

PAH groups leads to a shift of the PAA pKa from its solution value of 6.5 to a value of ≈  3.5 

when PAA is assembled with PAH.[39]  These considerations suggest that under the 

conditions considered in this chapter, PAA groups in the film remain nearly fully ionized. 

Stabilization of multilayer films at intermediate thicknesses has also been reported by 

Kovačević and co-workers, who observed a similar phenomenon for PEMs subjected to an 

essentially infinite reservoir of salt and polyelectrolyte.[188]  They explained the lack of total 

film dissolution in terms of the “three zone” model of Ladam et al.,[202] suggesting that the 

majority of the PEM will be lost when dissolution is favored, but a small fraction of PEM 

chains near the substrate will remain because they are “vitrified” by their proximity to the 

solid substrate.  This explanation does not satisfactorily account for the observations reported 

here, however, as the films exhibited only small fractional losses of material over the 

majority of salt concentrations tested.  Furthermore, the three zone model proposes that the 

size of the region of less mobile polymer chains is not dependent upon the total film 

thickness, whereas the changes in film thickness reported here have been shown to be 

relative to the initial thickness of the PEM. 
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Figure 6.3 shows a slight increase in film thickness for immersions in the 0 M, 1 M, and 2 

M concentration solutions.  The cause of this increase is believed to be due to the fact that at 

low salt concentrations the polyelectrolyte chains in the hydrated PEM still have enough 

freedom to reorganize at low salt concentrations where the ionic strength is not yet high 

enough to induce film dissolution.  A similar observation was reported in Chapter 3 with a 

(PAH/PSS) multilayer exposed to 1.0 M NaCl solution (see Figure 3.7). 

To elucidate any changes in the structure of the film with increasing concentration of the 

etching solution, the dry- and wet-state thicknesses of four (PAH7.5/PAA3.5) films 

following etching at increasing concentrations were examined.  The results of this study are 

shown in Figure 6.4. 

 

Figure 6.4.  Dry- and wet-state thicknesses of (PAH7.5/PAA3.5)20.5 films following etching in 
NaCl baths of concentration 0 M, 3 M, 4 M, and 5 M.  The films were swollen in water with no 
added salt.  The swelling percentage of each film is also given.  Error bars represent the standard 
deviation of measurements on three similar samples at each concentration value. 
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The dry-state thicknesses of the etched films shown in Figure 6.4 exhibit the same 

decreasing trend that was observed in Figure 6.1.  The same films were then allowed to swell 

in pure water (no added salt) for ≈  4 hrs, after which time their thicknesses were measured 

using in-situ ellipsometry (see Section 3.4.1).  These wet-state measurements are shown 

along with the calculated swelling percentage, which is taken as the difference between the 

wet- and dry-state thicknesses, divided by the dry-state value.  The lack of discernable 

change in the swelling percentage implies that there is little change in the ionic crosslink 

density with increased etching.  These results are not immediately surprising, as previous 

researchers have shown that PEMs, even when assembled from or annealed in solutions with 

salt, tend to exhibit a strong preference for paring with one another,[192, 244] leaving very few 

bound salt ions within the PEM. 

The lack of change in crosslink density suggests that etching leads to the loss of charged 

polycation and polyanion repeat units in approximately equimolar amounts.  According to 

the stoichiometric principles suggested by Schlenoff and co-workers,[186, 187] the alternative 

option, that one polyelectrolyte is ejected preferentially to the other, would require inclusion 

of salt ions into the multilayer to balance the resulting unpaired groups.  The inclusion of 

these ions would lead to broken crosslinks between polyelectrolytes, and presumably more 

swellable films following the etching treatment. 

The conclusion that neither the polyelectrolyte composition nor the crosslink density of the 

films is altered upon etching is further supported by buckling instability measurements using 

the SIEBIMM method (see Chapter 3) which established that there was no discernable 

change in Young’s modulus for (PAH7.5/PAA3.5)20.5 films etched at increasing 

concentrations of NaCl over the range of 0 to 5 M.  All films (including the one soaked in 

pure water, 0 M NaCl) displayed a slight decrease in modulus, but no discernable trend in the 

modulus is observed with increased concentration of the etching bath; these results are 

displayed in Figure 6.5. 
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Figure 6.5.  Relative post-etch Young’s modulus values for (PAH7.5/PAA3.5)20.5 multilayer 
films.  The average pre-etch modulus of the films was 6.2 ± 0.2 GPa.  The average post-etch modulus 
was 5.5 ± 0.4 GPa.  Error bars were calculated by propagation of the uncertainties of each 
measurement step. 

Additional etching tests were conducted on (PAH6.5/PAA6.5)100.5 and 

(PAH3.0/PSS3.0)100.5 multilayers to see how other PEM systems would respond to the 

etching treatment.  These results are shown in Figure 6.6. 
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Figure 6.6.  Relative thickness change for (PAH7.5/PAA3.5) (squares), (PAH6.5/PAA6.5) 
(circles), and (PAH3.0/PSS3.0) (triangles) multilayer films exposed to NaCl etching solutions.  
The 5 M data point for the (PAH3.0/PSS3.0) system was obtained from a different batch of films 
assembled on PDMS substrates (see text for further explanation). 

Figure 6.6 demonstrates that the thickness change due to etching is affected not only by the 

choice of polyelectrolytes, but also by the internal bonding strength of the PEM assembly.  

Unlike the (PAH7.5/PAA3.5) system, which contains some unpaired (extrinsically 

compensated) groups, (PAH6.5/PAA6.5) multilayers are expected to possess a fully 

crosslinked internal structure.[38]   Thus, this system permitted examination of the effect of 

increasing the degree of electrostatic crosslinking without changing the chemical nature of 

the crosslinks themselves.  Alternatively, the (PAH/PSS) system allowed for testing the 

effect of changing the chemical nature of the ionic crosslinks while retaining nearly complete 

internal crosslinking within the film, as both PAH and PSS are fully charged at pH 3.0.[50] 
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The (PAH6.5/PAA6.5) system displayed very similar behavior to the (PAH7.5/PAA3.5) 

system for all salt concentrations less than 3 M.  At 4 M and 5 M concentrations, the 

(PAH6.5/PAA6.5) films showed an increased resistance to film loss, at least for the 1 hr 

etching times used in this experiment.  The (PAH3.0/PSS3.0) system, however, showed no 

measurable loss of material for NaCl concentrations up to 3 M.  At etching concentrations of 

4 M and 5 M, the film was removed completely from the silicon substrate.  To determine 

whether the film had delaminated or dissolved, an etch of the (PAH3.0/PSS3.0) system in 5 

M NaCl was repeated for a film that had been assembled on a PDMS substrate, for which 

good adhesion of (PAH/PSS) multilayers had been previously observed (see Chapter 3).  The 

5 M etch of (PAH3.0/PSS3.0) multilayers on PDMS resulted in the loss of only 10% the 

original film thickness, indicating that substrate adhesion was the cause of the total loss of 

the film for the 4 M and 5 M experiments conducted on silicon substrates. 

Figure 6.6 demonstrates that (PAH/PAA) multilayers displayed a substantially greater 

propensity towards controlled etching over a larger range of film thickness than the 

(PAH/PSS) system.  To examine the interactions within the (PAH/PAA) films in more detail, 

two (PAH7.5/PAA3.5)10.5 films were tested in which the PAA had very different molar mass 

distributions.  In one batch, PAA with a wide molar mass distribution (Polysciences, Mn = 90 

000, PDI = 6.2) was used, and in the other system PAA with a similar average molecular 

weight but much narrower molecular weight range was employed (Polymer Source, Mn = 86 

100, PDI = 1.12).  Only the type of polyanion differed between films; the same type of PAH 

was used in each case.  Both sets of films were subjected to identical etching treatments, the 

results of which are displayed in Figure 6.7. 
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Figure 6.7.  Relative thickness change for (PAH7.5/PAA3.5)10.5 multilayer films exposed to NaCl 
etching solutions.  Films were assembled using PAA with either a narrow (circles, PDI = 1.12) or 
wide (squares, PDI = 6.2) molar mass distribution.  The same type of PAH was used in both cases. 

The as-assembled average film thicknesses for (PAH7.5/PAA3.5)10.5 multilayers 

assembled using the low and high PDI PAA were 158.1 ± 7.0 nm and 125.1 ± 1.9 nm, 

respectively. This difference in thickness for films assembled with the same number of 

bilayers at the same assembly conditions reveal that the molar mass distribution of the PAA 

is instrumental in determining the average bilayer thickness increment.  In addition, Figure 

6.7 indicates that changing only the molar mass distribution of one of the polyelectrolytes 

can alter the etching characteristics of (PAH/PAA) films.  The PAA with a low PDI resulted 

in films that possessed a greater resistance to etching than films assembled under the same 

conditions with PAA possessing a large PDI.  A comprehensive mechanism for salt etching 

must possess a means by which this and all of the above data can be understood. 
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6.4.2 A Mechanism for PEM Salt Etching 

Thus far, it has been established that a (PAH/PAA) film immersed in a given concentration 

of salt equilibrates to a new thickness that is dependent upon the concentration of NaCl used.  

Films actually equilibrate, and are not simply interrupted during a complete dissolution 

process.  Furthermore, the equilibrium thickness is relative to the initial thickness value; i.e., 

films of different thicknesses lose the same fraction of material, precluding an etching 

mechanism that only involves material at the surface of the film.  In addition, films maintain 

this thickness in an effectively infinite reservoir of NaCl, indicating that some intrinsic 

property of the film has changed, and that it has not simply established an exchange 

equilibrium with dissolved species in the etching solution.  This change of film property does 

not seem to be linked to the degree of electrostatic crosslinking, as in-situ ellipsometry 

studies have indicated no major change in the swelling percentage of post-etched films 

immersed in pure water, indicating that PAH and PAA repeat units must leave the film in an 

≈  1:1 ratio.  The amount of etching in the (PAH/PAA) system can be controlled by varying 

the crosslink density of the film, as well as the molar mass distribution of one of its 

components, indicating the apparent relevance of both of these parameters to the etching 

mechanism.  Finally, studies of the (PAH/PSS) system indicate that it too displays etching 

behavior, although substantially less so than (PAH/PAA) films. 

Previous researchers have been successful in correlating observed properties of PEMs with 

the phase behavior of free polyelectrolyte complexes in solution.[188, 245]  A schematic phase 

diagram for PECs, reproduced based on the schematic given by Kovačević, et al.,[188] is 

shown in Figure 6.8. 
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Figure 6.8.  Illustration of the phase diagram for polyelectrolyte complexes (PECs) in solution.  
NaCl concentration is shown along the vertical axis, while f +, the mole fraction of positively charged 
polymer repeat units within the PEC, is given along the horizontal axis.  The darkened area indicates 
the region of insolubility.  The lightened lines marked cg and ccr denote the glass transition and critical 
salt concentrations, respectively.[188]  The regions on the diagram are described by the following: G: 
PECs are insoluble and chains are practically immobile, L: PECs are insoluble but chains are mobile, 
L’: PECs are soluble and negatively charged (majority polyanion), L’’: PECs are soluble and 
positively charged (majority polycation), and S: PECs are soluble for all ratios of polycation to 
polyanion repeat units.  Tie lines are shown to illustrate the required fractional composition of PECs 
that can be removed from the PEM film; soluble PECs are favored for f + values less than or greater 
than the values indicated by the bold points on the left and right sides of the darkened insolubility 
region, respectively. 

In Figure 6.8, increasing NaCl concentration is shown along the vertical axis, while f +, the 

mole fraction of positively charged polymer repeat units within the PEC, is given along the 

horizontal.  Kovačević suggests that the different regions on the phase diagram, labeled with 

capital letters, can be interpreted as follows:[188] G indicates a glassy phase for which the salt 

concentration is not high enough to allow for polyelectrolyte chain mobility ([NaCl] < cg), 

and S designates the region for which the salt concentration is greater than some critical 

value ([NaCl] > ccr) and PECs are soluble for all molar ratios of cationic to anionic groups.  

In between these two concentrations lies a region where for f + ≈  0.5 PECs are insoluble 
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(region L), but for low and high values of f + where the ratio of charged units in the PEC is 

composed predominately of either the polyanion (L’) or polycation (L’’), respectively, then 

soluble PECs are favored. 

Figure 6.8 can help to explain the dissolution behavior of films of (PAH/PAA) immersed 

in solutions of increasing salt concentration if film loss is understood as the formation of 

water-soluble PECs (WPECs) from chains comprising the multilayer film.  Formation of 

WPECs presumably requires mobility of polyelectrolytes within the film to permit for 

association of chains and detachment of the WPEC from the PEM surface.  In films 

immersed in solutions with very little or no added salt, the polyelectrolyte chains are 

essentially immobile and this process cannot take place, explaining why there is no loss of 

material for NaCl concentrations less than ≈  1 M (see Figure 6.1).  As the solution 

concentration of salt is increased, increased “doping” of the PEM by salt ions leads to 

increased chain mobility within the film[186] and WPECs can be formed from polyelectrolytes 

comprising the PEM.  These WPECs are expected to be rich in repeat units of either PAA or 

PAH, with concentrations of f + given by the bold points on the tie line marked “low salt 

conditions” in Figure 6.8.  As the solution concentration of salt is increased, the formation of 

WPECs is favored over a broader range of f + values, and more of the PEM can dissolve. 

The above mechanism explains the observations reported in this chapter, including why 

film dissolution seems to only begin at a certain salt concentration (cg) where the film 

presumably loses its “glassy” nature and the polyelectrolytes become sufficiently mobile.  

This concentration will necessarily be larger for stronger interpolyelectrolyte interaction 

energies, explaining why no dissolution of the PEM takes place in the (PAH/PAA) system 

for concentrations less than 1 M NaCl, while for other systems complete film dissolution has 

been reported at even lower concentrations.[233, 237]  These results are consistent with the 

reportedly strong favorability of PAH-PAA interactions.[39]  Previous work would seem to 

indicate that even stronger interactions should exist between repeat units in the (PAH/PSS) 

system.[186]  These findings are also consistent with the data presented in Figure 6.6, which 

illustrate that the (PAH/PSS) system resists loss of material in NaCl solutions with 

concentrations up to 3 M NaCl. 
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The PEC phase diagram also helps to answer the question of why films maintain an 

equilibrium thickness when exposed to an infinite reservoir of solvent.  Figure 6.8 indicates 

that at a given salt concentration WPECs can only be formed for a limited range of ratios of 

polycation to polyanion repeat units.  Given that WPECs are expected to contain only one 

chain of the longer polyelectrolyte,[245] a sufficiently wide distribution of polyelectrolyte 

chain lengths is needed to allow formation of WPECs over a broad range of f + values.  In 

addition, Figure 6.8 implies that formation of both negatively (f + ≈  0, region L’) and 

positively (f + ≈  1, region L’’) charged WPECs should happen simultaneously, explaining 

how the overall ratio of polycation to polyanion repeat units in the PEM could remain 

constant, as is implied by the results presented in Figure 6.4. 

It is proposed that the combination of broad polyelectrolyte molar mass distributions and 

the relatively high strength of PAH-PAA crosslinks leads to dissolution of (PAH/PAA) films 

over a broad range of relatively high NaCl concentrations.  Alternatively, cases in which 

abrupt dissolution of other systems have been reported at low salt concentrations[237] could be 

due to the converse scenario; i.e., narrow polyelectrolyte molecular weight ranges and 

relatively weaker ionic crosslinks.  When films were assembled with PAA possessing the 

same average molecular weight but a much smaller PDI, increased resistance to etching was 

observed.  Etching of the film containing the low-PDI PAA proceeded in a qualitatively 

similar manner to the high-PDI PAA film, but with less film removal for all salt 

concentrations, possibly pointing to the inability of the system to form WPECs as readily due 

to the lack of availability of PAA chains much longer or shorter than the average length. 

6.4.3 Kinetic Analysis of PEM Salt Etching 

In order to further elucidate the process of salt etching, a model was developed to analyze 

in more detail the kinetic data presented in Figure 6.2. The basic line of argument follows 

treatments from previous researchers who studied the absorption and desorption of 

uncharged polymer species from solution.[246]  A PEM is considered with time dependent 

thickness h(t) immersed in a salt solution containing sufficient ionic strength to mobilize the 

chains within the film.  Let c(t) represent the average concentration of diffusing polymeric 
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material in a film with a surface of area A exposed to a solution of salt where the 

concentration of polymer is effectively zero.  The thickness of the film, h(t), decreases with 

time due to the diffusion of polyelectrolytes to the surface of the film, and their detachment 

as PECs.  This loss of material from the film, expressed in terms of the flux of mols of 

polyelectrolyte repeat units away from the surface, can be represented by: 

Equation 6.1 

)()()()( th
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A
tV
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tdc

⋅=⋅  

where V(t) = A·h(t) is the film volume.  Because the surface of the PEM is expected to be 

rich in extrinsic charge (polyelectrolyte chains highly compensated by solution ions),[187] it is 

assumed that the loss of PECs from the film is diffusion-limited, i.e. the diffusion of 

polyelectrolytes to the film surface is the rate-limiting step of material loss.  If this is true, 

then the flux from the surface can be expressed as:[246] 

Equation 6.2 
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where D is the diffusion constant of the diffusing polyelectrolyte chain within the film.  

The concentration of the diffusing polyelectrolyte can be expressed in terms of the thickness 

of the film as: 

Equation 6.3 

( ) ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−⋅=−⋅

⋅
= ∞

∞ )(
1)(

)(
)(

th
hhth

tV
Atc ρρ  

where ρ is the molar density (assumed for simplicity to be constant throughout the film) 

and h∞ is the equilibrium film thickness (h(t) → h∞ as t → ∞ ).  Equation 6.2 can be rewritten 

using Equation 6.3 to yield: 
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Equation 6.4 
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Equation 6.4 can be solved by separation of variables to yield: 

Equation 6.5 

D
ht

f
ftf

hh
hth

⋅
⋅

==
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟
⎠
⎞

⎜
⎝
⎛−=

−
−

=
−
− ∞

∞

∞

∞

∞

42
1;exp

1
)()( 2

0

πτβ
τ

β

 

where h0 is the initial PEM film thickness, and f(t) = h(t)/h0 is the fractional thickness 

change. 

A major limitation of the theoretical treatment so far has been the assumption that D is a 

constant.  According to the mechanism for PEM etching presented above, WPEC formation 

at the surface of the film would require polyelectrolytes of very different molecular weights, 

and thus a wide spectrum of time constants (τ) would presumably enter into the kinetic 

response of the film.  Such problems have been previously considered for the so-called 

“stretched exponential function” in Equation 6.5, with the result that β in Equation 6.5 takes 

on a value less than ½.[246] 

The precise values of β and τ can be found through linear regression of the data shown in 

Figure 6.2.  If the data are assumed to follow the stretched exponential relationship of 

Equation 6.5, then by applying the natural logarithm twice to both sides of the equation one 

obtains: 

Equation 6.6 
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 so that the data can be linearized by making the following change of variables: 
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Equation 6.7 
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The plot of Y vs X for the data given in Figure 2.1 is shows a linear relationship for both 

films.  These data are presented in Figure 6.9. 

 

Figure 6.9.  Kinetic data from Figure 6.2 replotted according the change of variables given in 
Equation 6.7.  Data are shown for the films with 10.5 (circles, solid regression line) and 21.5 
(triangles, dashed regression line) bilayers.  R-squared values for the regression lines for the 10.5 and 
21.5 bilayer films were 0.993 and 0.983, respectively. 

The regression lines shown in Figure 6.9 allow calculation of β and τ from the relationships 

given in Equation 6.6.  These values are displayed in Table 6.1. 



 

  153

Initial PEM Thickness (nm) β τ (min) D (m2/sec) 

120 0.26 0.80 1.4·10-16

270 0.25 1.9 2.9·10-16

Table 6.1.  Linear regression results from the data in Figure 6.9. 

The values of β for both films were found to be ≈  0.25.  As mentioned previously, this 

deviation from the expected value of ½ points to a process taking place over a wide spectrum 

of time scales, which is expected since polyelectrolytes of different lengths are expected to 

possess different diffusion coefficients within the film.[187] Thus, the diffusion constants 

calculated using Equation 6.6 and given in Table 6.1 are not true diffusion constants, but 

rather a type of average over all the mobile chains in the PEM contributing to the dissolution 

phenomena.  Still, these calculations are expected to give a reasonable estimate for the 

diffusivity of the average polyelectrolyte chain throughout a (PAH7.5/PAA3.5) film at 4 M 

NaCl.  A value on the order of 10-16 m2/sec seems reasonable based on previously reported 

literature values.  Jomaa et al., for example, estimated a diffusion coefficient on the order of 

10-17 m2/sec for multilayers assembled from poly(diallyldimethylammonium chloride) 

(PDAC) and PSS when annealed in 0.8 M NaCl solution.[187]  The time constant, τ, is 

expected to increase with film thickness (see Equation 6.6), with the result that thicker films 

take longer to equilibrate.  This is indeed reflected in the data, with values of τ calculated by 

regression to be 0.80 and 1.9 min for the 120 nm and 270 nm thick films, respectively. 

6.4.4 Applications for PEM Salt Etching* 

Preliminary work was been conducted  to demonstrate how the etching technique described 

in this chapter can employed in a lithographic methodology to create, from an initial PEM of 

uniform thickness, a patterned film with spatially distributed areas of different height.  A 

multiple color reflector was fabricated by masking the areas of a (PAH7.5/PAA3.5) film 

deposited on a silicon substrate with adhesive numerals.  The “1”, “2”, and “3” were applied 

before subjecting the film to a short (3 min) immersion in a solution of 5.5 M NaCl, followed 

by rinsing with water and drying.  The “1” mask was removed, and the substrate was treated 

                                                      
* Nobuaki Takane is credited for his work on obtaining the results and photographs presented in this section. 
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in 5 M NaCl solution, after which the “2” mask was removed.  The substrate was then treated 

in 4 M NaCl solution, before removing the “3” mask to uncover a region of untreated film.  

The completed reflector is shown in Figure 6.10. 

 

Figure 6.10.  Application of salt etching to create patterned areas in a (PAH7.5/PAA3.5) film 
that has been deposited on silicon.  (a) Masking combined with immersion into etching baths of 
decreasing concentration can create regions with discrete thickness increments.  (b) Films with 
gradients in surface thickness can be created by employing a gradient density salt column. 

Because of the different film heights in the four regions in Figure 6.10a, different 

interference colors are observed.  PEM films can also be created with spatial gradients in the 

film thickness.  By carefully combining a denser, concentrated NaCl solution (shown in 

Figure 6.10b on the left, colored with methylene blue for clarity) with a solution of pure 

water (shown on the right) a gradient density salt column can be created, which has an 

increasing NaCl concentration from the liquid surface to the bottom of the vessel.  Etching a 

film in such a column will produce a film possessing a spatial gradient in film thickness as 

shown in the rightmost image in Figure 6.10b. 

6.5 Conclusions 

In conclusion, this chapter has discussed the etching of PEMs containing PAH and PAA in 

solutions of NaCl.  Because it equilibrates at fractional changes in thickness over a broad 

range of salt concentrations, this system is ideal for studying the mechanism of PEM 

decomposition in salt solutions.  Relative changes in film thickness were observed that 
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stabilized to a particular value that was dependent upon the NaCl concentration.  Previous 

explanations for such a phenomenon that have invoked arguments about chain mobility[188] or 

secondary bonding restrictions[233] cannot be applied to these systems.  Instead, a mechanism 

is suggested whereby film reorganization leads to the release of water-soluble polyelectrolyte 

complexes (WPECs), causing a reduction in film thickness.  The equilibrium thickness loss 

at a particular salt concentration is controlled by the PEC phase diagram (see Figure 6.8), 

which only allows for the formation of WPECs within a specified range of chain length 

ratios; increasing the salt concentration in turn widens the composition range for WPEC 

formation, and thus results in further film dissolution.  Kinetic data support the argument that 

etching involves the diffusion of polyelectrolyte species throughout the film (film 

rearrangement).  In addition, the data presented in Figure 6.7 support the notion that the 

molar mass distributions of the polyelectrolyte species are instrumental in controlling the 

equilibrium thickness reached by the film. 

Although various innovative techniques have been advanced for creating well-defined 

planar patterns of PEMs on surfaces, thus far no satisfying solutions for reliably and 

controllably reducing the thickness of PEM films has been proposed.  Two very simple 

possibilities for spatially patterning the film thickness of PEMs using the salt etching 

technique have been demonstrated in Section 6.4.4.  In addition to advancing the 

understanding of the internal dynamics and stability of PEM films, the results presented in 

this chapter may provide useful ideas for ways in which polyelectrolyte multilayers can be 

used in more advanced lithographic schemes, and thus expand the technological importance 

of PEMs into an important and rapidly growing area of materials research. 



 

  156

Chapter 7 
Conclusions and Directions for Future Research 

 

7.1 Thesis Summary 

This thesis has presented the results of fundamental studies concerning the optical, 

mechanical, and lithographic etching behavior of polyelectrolyte multilayer films.  The 

following is a brief summary of the research that has been presented in this thesis, along with 

suggestions for future work on these topics. 

Chapter 1 presented information about the PEM assembly technique and provided 

background information necessary for understanding the broader scientific concepts that 

were addressed as part of this thesis research.   

Chapter 2 introduced the basic operational principles of optical interference filters before 

describing the creation of rugate interference filters using the PEM-templated growth of 

silver nanoparticles.  Rugate filters possess a periodic, continuous change in refractive index.  

This research demonstrated that PEMs could be formed from multilayers of (PAH/PAA) and 

(PAH/PSS) so that the silver-binding (PAH/PAA) regions can template subsequent silver 

nanoparticle growth in well-defined regions of precisely controlled thickness.  Because these 

regions are much smaller than the wavelength of light, light “sees” an effectively continuous 

variation in refractive index, and characteristic rugate features, such as the suppression of 

reflection sidebands, are observed. 

Chapter 3 introduced mechanical property measurements of PEM films.  A strain-induced 

elastic buckling instability method was employed to measure the Young’s modulus of the 

(PAH3.0/PSS3.0) system, and its modulus was shown to be constant with film thickness for 

films assembled past a certain film thickness.  Measurements were also performed in aqueous 

solutions, demonstrating that water acts as a plasticizing agent for (PAH3.0/PSS3.0) 

multilayers, and that adding NaCl can increase the effectiveness of the water in this regard. 
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Chapter 4 extended the work of Chapter 3, introducing a two-plate buckling methodology 

developed to allow for mechanical measurements on a wide variety of PEM systems.  By 

depositing a PS film on the substrate prior to PEM assembly, two-plate composite films were 

created.  The mechanical properties of the PEM were then de-convoluted from the buckling 

wavelength of the two-plate composite film using a mechanics-based mathematical analysis. 

Chapter 5 introduced a technique for obtaining mechanical property and thickness 

measurements of PEMs under controlled relative humidity conditions.  The Young’s 

modulus and film thickness of three PEM systems were measured as a function of humidity, 

and the data revealed important information about internal structure and bonding interactions 

within each multilayer system. 

Chapter 6 examined the ability of certain (PAH/PAA) multilayer systems to undergo 

controlled dissolution (etching) over a range of solution salt concentrations.  A mechanism to 

explain these data was proposed from consideration of the polyelectrolyte complex phase 

diagram.  This mechanism provides a broad framework for understanding not only our 

results, but also the findings of other researchers investigating related phenomena.  In 

addition, these results suggest ways in which PEM etching could be further controlled, 

leading to possible applications for lithographic removal of LbL films. 

7.2 Suggestions for Future Research 

7.2.1 Complex Property Gradients 

Chapter 2 introduced the idea of constructing PEMs with complex refractive index 

gradients through the incorporation of silver nanoparticles.  PEM nanoparticle composites, 

however, are expected to possess enhanced mechanical properties when compared with their 

unmodified forms.[27, 29, 31]  In addition, because gradients in modulus are known to lead to 

advantageous effects such as reduced contact damage at interfaces,[4] it is possible that the 

rugate design methodology could be useful for designing Young’s modulus gradients in PEM 

films.  Such films may then provide, for example, increased resistance to fracture or scratch 

protection for underlying objects. 
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7.2.2 Young’s Modulus Measurements of PEMs 

The PEM buckling instabilities presented in Chapter 3, Chapter 4, and Chapter 5 present 

many possibilities for future work.  Because of the large number of polyelectrolytes that 

exist, as well as the countless number of ways in which these can be assembled in pairs at 

various solution conditions to produce PEM films, years of research could be dedicated 

simply to cataloguing the mechanical properties of various PEM assemblies.  Brute force 

studies such as this are seldom the most fruitful endeavors in science, however, unless there 

is order to the plan being considered.  One possible approach would be to examine the 

properties of PEM films constructed from two polyelectrolytes, such as PAH and PAA, 

under various assembly conditions.  In this way, one could create a “matrix” diagram of 

mechanical properties, much like those that have already been produced for thickness 

increments in this system.[38] 

An additional area for study is the time dependence of Young’s modulus and thickness 

changes in PEM films as a result of sudden changes in humidity.  Although some researchers 

have examined the time dependence of PEM swelling for films immersed in water,[247, 248] no 

studies of this type are known for PEM swelling at different humidity values.  As was 

demonstrated in Chapter 5, measuring the film Young’s modulus concurrent with 

measurements of the film’s thickness can provide additional information that can be used to 

elucidate swelling processes in PEMs.  Time dependent measurements are difficult to obtain 

using the experimental setup that is pictured in Figure 5.1, as transferring the film outside of 

the box to an ellipsometer consumes too much time.  Instead, it is suggested that a way of 

measuring the film thickness be incorporated directly into the humidity control chamber 

itself. 

Immediate future work will focus on testing the hypotheses presented in Section 5.4.2 

concerning the origin of the unique swelling characteristics of the (PAH2.5/PAA2.5) system.  

In particular, IR spectroscopy will be performed on films exposed to different humidity 

levels in an effort to view ionization of the carboxylic acid groups and/or the dissociation of 

hydrogen bonding interactions in the film.  Such measurements should provide direct proof 
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of the notion that secondary bonding interactions are responsible for the sharp transition in 

film thickness with increasing humidity. 

In addition to study of the mechanism governing film swelling, the swelling transition in 

(PAH2.5/PAA2.5) multilayers could be considered for possible use as a humidity sensor.[249, 

250]  Such transitions could be particularly useful if, for example, they could be tuned through 

film treatment or assembly pH to occur at specific humidity values, providing a visual or 

other indication that a trigger humidity level has been reached. 

7.2.3 A Method for Measuring Low Young’s Modulus Values 

Another possible avenue for study would be investigating implementation of the buckling 

technique for films with low Young’s modulus values.  As discussed in Chapter 5, certain 

PEM systems show no evidence of buckling upon compression in high humidity or solution 

environments, e.g. (PAH7.5/PAA3.5) and (PAH2.5/PAA2.5) multilayers.  Other systems, 

such as (PAH3.0/PSS3.0) exhibit buckling values both in solution (see Figure 3.7 ) and also, 

predictably, at high humidity conditions (see Figure 5.4). 

The absence of buckling in certain multilayer systems is due to the lack of modulus 

mismatch between the film and the PDMS.  For low enough values of the PEM Young’s 

modulus, the film essentially begins behaving as an extension of the substrate, and all 

buckling disappears.  This phenomenon could be exploited to measure the Young’s modulus 

of the compliant PEM by treating it as the substrate through construction of a much thinner, 

stiffer PEM region on its surface—multilayers of (PAH/PSS), for example.  In this case, the 

PDMS would not be deformed out of the plane—it would simply act as a substrate for 

transferring a strain in the plane of the film to the compliant PEM.  A schematic of this 

experimental design is displayed in Figure 7.1. 
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Figure 7.1.  One possible approach to buckling-based Young’s modulus measurements on low 
modulus PEM films.  The more compliant PEM system is grown as the underlayer in a 
heterostructured film, and capped with a thin region of the stiffer (PAH/PSS) system.  If the low 
modulus PEM region is thick enough, the buckling (PAH/PSS) will sample the “substrate” of low 
modulus PEM, and the buckling equation can be reversed (see Equation 7.1) to yield the Young’s 
modulus for the low modulus PEM region. 

In Figure 7.1, a thin region of (PAH/PSS) multilayers grown on top of a thicker, more 

compliant PEM system is shown buckling under applied strain.  In this case, knowing the 

modulus of the (PAH/PSS) system, Equation 4.1 can be inverted to solve for the substrate 

modulus (here the compliant PEM) to yield:[251, 252] 

Equation 7.1 
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where here the Poisson’s ratios of both multilayer systems have been assumed to be equal 

and thus cancel from the equation.  Equation 7.1 will hold true only if the stress field from 

the buckling (PAH/PSS) film is suitably confined to the low modulus film and not sampling 

the PDMS substrate.  It has been shown before that the stress field due to a buckling film 

decays as:[251, 252] 

Equation 7.2 
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where z is the distance from the interface of the buckling film into the substrate.  If it is 

deemed satisfactory for the stress field to have decayed to 10%, say, of its maximum value 

within the PEM, then Equation 7.2 can be combined with Equation 7.1 to yield the following 

necessary condition: 

Equation 7.3 
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A graph of Equation 7.3 is shown in Figure 7.2.    Equation 7.3 stipulates that to meet the 

10% requirement mentioned above for confinement of the stress distribution within the PEM 

region (and hence accurate sampling of the PEM Young’s modulus) that the ratio of 

thicknesses of the compliant PEM and (PAH/PSS) regions must lie on or above the line 

shown in Figure 7.2. 
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Figure 7.2.  Graph of the ratio of thicknesses of the compliant PEM region to the (PAH/PSS) 
region vs the ratio of the Young’s moduli (see Figure 7.1).  The ratio of film thicknesses must lie 
on or above the graphed line for the stress distribution to decay of 10% of its original value within the 
compliant PEM region. 

7.2.4 Buckling as an Erasable Template for Ordering Materials 

The buckling instability method could be used for a number of applications outside of 

performing Young’s modulus measurements on thin films.  A unique feature of this 

technique is its ability to create ordered surface patterns that are “erasable” simply by 

releasing the strain on the substrate.  A possible application could be the ordering of colloids 

on buckled surfaces.  Previous research has shown that even very slight corrugations in 

substrate topology can lead to self-assembly of colloids in the surface depressions.[253]  Self-

assembly of colloidal particles in the “valleys” of buckles, followed by release of the strain 

on the substrate, would lead to patterned colloidal surfaces with no trace of the corrugation 

that templated the colloidal order. 
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7.2.5 PEM Salt Etching 

Future work concerning the salt etching of PEMs is suggested to improve the technique 

and further demonstrate its practicality.  In Chapter 6, evidence was presented that the molar 

mass distribution of polyelectrolyte chain lengths is at least partly responsible for the broad 

dissolution profile in (PAH7.5/PAA3.5) multilayer systems.  Changing the PAH molar mass 

distribution may permit an even wider range of accessible etch thicknesses within the 

solubility limits of sodium chloride.  In addition, it has been shown that divalent salts lead to 

increased film etching a lower solution concentration.[254]  Further investigation of the effect 

of the salt ion type on film dissolution could also lead to greater control over the etching 

process. 

In addition to pursuing better z-directional control of the etching process, future research 

should also focus on determining the lateral resolution of the technique.  The numerals 

shown in Figure 6.10a are on the order of centimeters in dimension.  Pushing the feature size 

smaller and examining the inherent limits of PEM salt etching in this regard will be 

important in evaluating the feasibility of this technique for actual applications. 

Overall, the results of this thesis research have underscored the importance of being able to 

measure and control chemical and bonding interactions within PEM films.  It is hoped that 

the detailed study of the particular topics presented herein will lead to a better understanding 

of how PEMs can be assembled, disassembled, and react to changes in their environment.  

Such knowledge will be central to advancing PEM-based technologies as real solutions to 

some of the many needs and challenges arising in the field of thin film and interface science.
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Appendix A 
Calculating the Optical Response of Thin Films 

This appendix contains further information concerning the simulation of the optical 

properties of thin film interference filters.  Section A.1 presents an overview of the matrix 

method.  Section A.2 discusses methods for simulating the optical response of filters 

containing a continuous gradient in refractive index.  This section includes a derivation of the 

Riccati equation that describes the behavior of the reflection coefficient for light traversing a 

continuous index profile.  Finally, Section A.3 is a user’s manual for the MATLAB®-based 

Photonic Calculator program.  Photonic Calculator was developed as part of this thesis 

research to calculate the theoretical spectral properties of user-defined thin film interference 

filters. 

A.1 The Matrix Method 

The “matrix method” refers to a methodology for calculating the reflectance and 

transmittance of optical interference filters (OIF) using matrix algebra.  OIFs are composed 

of stacks of thin regions of differing thickness and refractive index, surrounded by an 

incident medium on one side and a substrate medium on the other (in the case of free-

standing films, the incident medium and the substrate medium have the same optical 

properties).  The propagation of light, or, more generally, electromagnetic radiation (EM) in 

an OIF can be understood by examining the relevant physics over one layer in the system, as 

depicted in Figure A.1. 
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Figure A.1.  Schematic diagram of electromagnetic radiation propagation in one region of an 
optical interference filter. 

In Figure A.1, one region in an OIF, labeled “j”, is shown.  The refractive index and 

physical thickness of this region are denoted nj and dj, respectively.  In an OIF containing J 

distinguishable regions, there are J+1 interfaces in the structure.  The incident medium is 

labeled with a subscript of “0”, and the substrate medium with an index of “J+1”.  Inside 

region j, EM radiation undergoes a shift in phase of i·δj in traversing the region:[10, 255] 

Equation A.1 

λ
θπ

δ jjj
j

dn cos2 ⋅⋅⋅
=  

where λ is the wavelength of the incident radiation, and θj is the angle of propagation in 

layer j, which by Snell’s Law is given by:[255] 

Equation A.2 
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where, by the notation introduced above, n0 and θ0 are the refractive index and angle of 

incidence in the incident medium, which is usually air (n0 = 1). 

Two different matrix formalisms can be developed from the considerations above.  The 

first considers the total electric (E) and magnetic (H) field magnitudes at each particular 

interface.  E and H are given by:[255]  

Equation A.3 
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where the particular form of ηj, the optical admittance, depends upon the polarization: 

Equation A.4 
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It should be clear from Equation A.4 that for normal incidence (where polarization is 

meaningless for filters with isotropic planar properties) ηs = ηp.  The terms ε0 and µ0 are 

known as the permittivity and permeability of a vacuum, respectively, and are given by: 

Equation A.5 
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where c is the speed of light in a vacuum ( ≈  3.00·108 m/sec). 

The above equations yield the following matrix equation that relates the electric and 

magnetic fields at interfaces j and j+1 in terms of the properties of region j:[10, 255] 
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where Mj is known as the characteristic matrix of region j.  A total transfer matrix (MT), or 

characteristic matrix for the entire filter, can be obtained by multiplying the characteristic 

matrices for the individual regions: 

Equation A.7 
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The amplitude reflection (r) and transmission (t) coefficients can be found from MT as 

follows:[255] 
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Equation A.8 
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from which the reflectance (R) and transmittance (T), which are the actual fractions of 

reflected and transmitted radiation intensity, respectively, can be calculated: 

Equation A.9 
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A is the absorptance—the fraction of the incident power that is absorbed by the structure 

and not reflected or transmitted.  The equations in this section can be implemented, as in the 

Photonic Calculator program (see Section A.3), to solve for R, T, and A in any specified OIF. 

A.2 Calculating the Optical Response of Continuous Index Profiles: Derivation 
of the Riccati Equation 

Section A.1 described the method for calculating the optical response (reflectance, 

transmittance, and absorptance) of OIFs with piecewise constant refractive index profiles.  

As depicted in Figure A.1, the refractive index in such filters is constant over some finite 

distance before changing sharply at an interface to a different value.  The refractive index of 

continuous-index optical filters, in comparison, varies smoothly and can be simulated by a 

couple of different methods.  The more conceptually straightforward approach involves 
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approximating the continuous index profile with a piecewise-constant function, such as that 

given for the smoothly varying quintic function in Figure 2.4b.  A more direct way of solving 

the problem exists, however, and it involves finding and solving an initial value differential 

equation for the continuous reflection coefficient function, r(x).  The derivation of this non-

linear equation, which is denoted the Riccati Equation, is given in this section.  The 

derivation of the Riccati Equation is difficult to find in the literature; the reader is directed to 

the treatment of waves in inhomogeneous media by Chew for more information.[256]  For the 

purpose of simplifying the equations, the Ricatti equation will be derived here for the case of 

normal incidence.  The equation could be generalized to all angles of incidence in an 

analogous fashion by using the appropriate forms of Equation A.3 and Equation A.4. 

Consider the interference filter depicted in Figure A.1.  By utilizing the fact that the total 

electric and magnetic fields remain constant in traversing an interface, the following 

relationship can be derived from considering the fields at interface j+1: 

Equation A.10 
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Equation A.10 can be solved to yield the following matrix equation: 

Equation A.11 
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Equation A.11 relates the forward and backwards propagating waves just to the right of 

interface j+1 to those just to the right of interface j, and can be used as the starting point for 

solving the continuous index problem. 
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Consider a continuous index profile n(x), where the positive direction of x denotes the 

direction from the incident interface into the film and towards the substrate.  A good 

approximation to n(x) can be constructed by discretizing the index profile into many thin 

regions, each with a thickness of dj = ∆x.  As each region shrinks in size, the following 

identities will hold (neglecting 2nd-order and higher differential terms): 

Equation A.12 
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Using Equation A.12,the matrix equation in Equation A.11 can be rewritten as: 

Equation A.13 
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Writing out the above equations and discarding all 2nd-order differential terms yields: 

Equation A.14 
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By dividing Equation A.14 by E+(x) and defining the reflection coefficient function as: 
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Equation A.15 
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the following differential equation can be obtained: 

Equation A.16 
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Equation A.16 is known as the Riccati equation due to its particular functional form.[257]  

This non-linear differential equation can be solved using a computer with an initial-value 

differential equation solver given the initial condition that r(x) = 0 inside the (semi-infinite) 

substrate. 

A.3 A User’s Manual for the Photonic Calculator Program 

This section serves as a users manual for the Photonic Calculator program, which is a 

MATLAB® function that was developed as part of this thesis work to solve for the 

reflectance (R), transmittance (T), and absorptance (A) of optical interference filters.  The 

function is implemented from the MATLAB® command line by typing: 

[R,T,A] = photonic_calc60(theta0,P,lambda,d,n,n0,ns,Rplot,Tplot, 
Aplot,plot_choice,substrate_account,xlimits,ylimits); 

The following subsections will describe the various input and output parameters involved 

with running the program to calculate the spectral response of an optical interference filter. 

A.3.1 Incidence Angle: theta0 

The angle of incidence, theta0, is the angle at which the incident light is impinging upon 

the interference filter, measured from the normal to the plane of the interference filter.  It is 

entered in degrees (°) and can take any value between 0 and 90.  For light at normal 

incidence use theta0=0. 
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A.3.2 Polarization: P 

The polarization, P, denotes the degree of polarization of the incident light, expressed as a 

number between 0 and 1, where "0" represents completely TE-polarized light, and "1" 

represents completely TM-polarized light.  A number in between these two values provides a 

weighted calculation.  For natural, unpolarized light, use P=0.5.  Photonic Calculator 

assumes that the optical properties of the interference filter are isotropic in the plane, so all 

values of P such that 0≤P≤1 generate the same results at normal incidence. 

A.3.3 Wavelength Range: lambda 

Photonic Calculator calculates R, T, and A at each wavelength value that is specified in 

lambda, which is a column vector (1-column matrix).  Wavelengths should be given in 

nanometers (nm).  Column vectors are specified by placing a tick (’) just following the 

brackets ([]) that denote a vector in MATLAB®.  Including more wavelength values in 

lambda generates smoother graphs of the optical response, but requires more time.  The 

following are two examples of how lambda can be created via the MATLAB® command 

line: 

• lambda=[300:700]’; This command generates a column vector containing the 
wavelength values 300, 301, 302 ... 700 nm).  This works well for the visible range. 

• lambda=[300:10:2000]’; This command generates a column vector containing the 
wavelength values 300, 310, 320, ...2000 nm.  Because of the larger range of 
wavelengths, the program runs faster by calculating R, T, and A only every 10 nm. 

A.3.4 The Structure Matrix: d 

The structure matrix, d, physically defines the structure of the interference filter (i.e. where 

and how thick the various regions of different refractive index are located).  The structure 

matrix has two columns.  The first column contains the thicknesses (measured in nm) of each 

separate refractive index region in the interference filter.  The second column contains a 

positive integer that corresponds to the column of the refractive index matrix (n) that contains 

the wavelength-dependent refractive index data for that particular region (see below).  The 

rows in d should appear in the same order in d that they appear in the interference filter.  The 
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first row in d corresponds to the region next to the incident interface, and the last row to the 

region nearest the substrate. 

A.3.5 The Refractive Index Matrix: n 

The refractive index matrix, n, contains the wavelength-dependent refractive index 

information for all different material types that appear in the interference filter.  Each column 

in n contains the refractive index data for a particular material type, so n must have at least as 

many columns as the highest value integer found in the second column of the structure 

matrix (see above).  The individual rows of n correspond to the wavelength values provided 

in lambda, so the number of rows in n should be equal to the number of rows in lambda. 

Oftentimes, it is assumed that the refractive index does not change significantly with 

wavelength.  In the case where the user wishes to assume that all refractive index values in n 

remain constant with wavelength, n can be entered as a one-row vector of refractive index 

information. 

Photonic Calculator supports complex refractive indices in its calculations.  These should 

appear in the form n – ik. 

A.3.6 The Incident and Substrate Mediums: n0, ns 

The refractive indices of the incident and substrate mediums are given in n0 and ns, 

respectively.  Each of these input variables can appear either as a scalar (real or complex) or 

as a column-vector with the wavelength-dependent refractive index values of these terms.  If 

column-vectors are used, they should have the same number of rows as lambda.  

A.3.7 The Plot Switches: RPlot, TPlot, APlot 

The plot switches RPlot, TPlot, and APlot control whether or not the program, upon 

completion, should plot in MATLAB® the % reflectance, % transmittance, and % 

absorptance, respectively.  Each of these input variables can take the value of either “0” or 

“1”, where “0” turns plotting off, and “1” turns plotting on. 
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A.3.8 The Plot Choice: plot_choice 

Entering a value of “1” for plot_choice specifies that the reflectance, transmittance, and 

absorptance will be plotted vs wavelength.  This is the typical choice.  Entering a value of 

“0” plots vs angular frequency (given wavelength values are converted to angular 

frequencies).  This is sometimes useful for seeing symmetry in the optical response of filters. 

A.3.9 Accounting for Substrate Influences: substrate_account 

The input variable substrate_account specifies how the program should treat the 

presence of the substrate during calculations.  A value of “0” assumes a semi-infinite 

substrate; thus no back-reflections are accounted for.  By entering a value of “1”, the 

program takes into account reflections off of the uncoated back of a substrate.  A value of “2” 

assumes that both sides of the substrate are coated with the same optical interference filter 

structure, and that there is a mirror symmetry plane running down the middle of the substrate, 

parallel to the interference filter plane.  This setting is particularly useful for calculating the 

optical response of PEM-coated substrates. 

When a complex refractive index is specified for the substrate (the substrate is absorbing), 

the substrate thickness becomes an important parameter.  Because it is not commonly 

changed, its default value is set to 1.09 mm (the thickness of a standard glass slide).  Changes 

to the substrate thickness must be done by editing the program code. 

A.3.10 Graph Limits: xlimits, ylimits 

The input variables xlimits and ylimits are each two-element row vectors that specify 

the lowest and highest values of the abscissa and ordinate, respectively.  These limits allow 

the user to manually set the limits of the plot range on the x-axis (wavelength or angular 

frequency) and the y-axis (reflectance, transmittance, or absorptance).  For example, if one 

had calculated the optical response of a particular filter from 300 to 2000 nm but was only 

interested in viewing the reflectance from 300 to 700 nm over the range of 10-30%, one 

would enter xlimits=[300 700], ylimits=[10 30]. 
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Allowing MATLAB® to automatically set the axis limits is recommended in most cases.  

This is accomplished by simply entering [0 0]. 

A.3.11 Program Output: R, T, A 

Photonic Calculator returns the reflectance (R), transmittance (T), and absorptance (A) of 

the optical interference filter.  Each of these outputs are column vectors whose entries 

correspond to the wavelengths given in lambda.  NOTE:  R, T, and A are given in fractional 

form, as opposed to their percentage forms that are graphed in MATLAB® when the plot 

switches are turned on. 
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Appendix B 
Additional Buckling Instability Work 

B.1 Young’s Modulus of Polystyrene as a Function of Humidity 

The Young’s moduli of two PS films were tested as a function of relative humidity.  These 

films were only allowed to equilibrate for ≈  30 min at each humidity value.  Thickness 

values were obtained via in situ ellipsometry for Sample 2; the thickness of Sample 1 was 

calculated based on the relative change in Sample 2.  A Poisson’s ratio of 0.33 was assumed 

for PS at all humidity values.  Error values in the PS thickness were assumed to be 3%. 

 

Figure B.1.  Young’s modulus (solid circles) and film thickness (hollow circles) for a PS film 
(Sample 1). 
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Figure B.2.  Young’s modulus (solid circles) and film thickness (hollow circles) for a PS film 
(Sample 2). 

B.2 Effect of Silver Exchange and Reduction on the Young’s Modulus of the 
(PAH2.5/PAA2.5) System 

Multilayer systems comprised of (PAH2.5/PAA2.5)20.5 were assembled on PDMS.  The 

Young’s modulus values of the films were measured via SIEBIMM, after which the PEM 

was subjected to 5 cycles of silver loading and reduction.  Silver exchange was performed 

according to the usual procedure (see Section 2.3), and silver reduction was accomplished by 

subjecting the samples to 2 atm hydrogen gas at 80°C for ≈  1 day.  The Young’s modulus 

was measured directly following each reduction step—the results of these tests are displayed 

in Figure B.3. 
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Figure B.3.  The Young’s Modulus of (PAH2.5/PAA2.5) films as a function of the number of 
cycles of silver loading and reduction. 

Images of the films from Figure B.3 undergoing buckling are displayed in Figure B.4. 
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Figure B.4.  Images of the (PAH2.5/PAA2.5)20.5 films from Figure B.3 for different numbers of 
silver loading-reduction cycles.  The untreated film required in-plane compression to induce 
buckling; the reduction treatment induced buckling in subsequent films.  The side of each image 
measures 100 µm. 

In order to understand the source of the decrease in Young’s modulus with the loading and 

reduction of silver inside the PEM film, an untreated film was first subjected to a 1 hr soak in 

water to simulate the silver-loading process.  Following this treatment, the Young’s modulus 

was remeasured.  The film was then baked in an oven to simulate the reduction process (no 

silver was present in this film).  Although soaking the film in water for 1 hr led to essentially 

no change in stiffness, a decrease in Young’s modulus was readily apparent following the 

oven treatment.  These results are shown in Figure B.5. 
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Figure B.5.  Young’s modulus of (PAH2.5/PAA2.5)20.5 films as a function of treatment type. 

These results suggest that heating PEM films on PDMS substrates may lead to a decrease 

in the Young’s modulus.  An alternative explanation for the results here is that a large, 

thermally-generated mismatch strain was compressing the films so far past the onset of 

buckling that artificially low Young’s modulus values were calculated.[198] 

B.3 Patterned Buckling Patterns with Polyelectrolyte Multilayer Films 

This section demonstrates how the buckles exhibited by a PEM film on a PDMS surface 

can be ordered by controlling the substrate topology.  (PAH3.0/PSS3.0)70 films were 

assembled on PDMS microcontact printing (µCP) stamps, and the coated stamps were 

subsequently heated for ≈  49 hr at 180°C before being cooled to room temperature.  The film 

surface was found to be buckled without imposition of an external strain, presumably due to 

a strain mismatch caused during the heating and cooling process. 

The figures below show ordered buckling patterns due to the raised areas on the µCP 

stamp, which introduce local orientation of the stress field.  This type of phenomenon was 

described by Bowden et al., who reported the observation of ordered buckles on PDMS 

substrates coated with metal[258] and silica.[259] 
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Figure B.6.  (PAH3.0/PSS3.0)70 system undergoing buckling on the surface of a microcontact 
printing stamp (Image 1).  Biaxial strain was introduced through a heating-cooling treatment. 
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Figure B.7.  (PAH3.0/PSS3.0)70 system undergoing buckling on the surface of a microcontact 
printing stamp (Image 2).  Biaxial strain was introduced through a heating-cooling treatment. 
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Figure B.8.  (PAH3.0/PSS3.0)70 system undergoing buckling on the surface of a microcontact 
printing stamp (Image 3).  Biaxial strain was introduced through a heating-cooling treatment. 
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Figure B.9.  (PAH3.0/PSS3.0)70 system undergoing buckling on the surface of a microcontact 
printing stamp (Image 4).  Biaxial strain was introduced through a heating-cooling treatment. 
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Figure B.10.  (PAH3.0/PSS3.0)70 system undergoing buckling on the surface of a microcontact 
printing stamp (Image 5).  Biaxial strain was introduced through a heating-cooling treatment. 
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Appendix C 
Fourier Transform Analysis: Optical Micrographs and Laser 

Diffraction Measurements 

This appendix describes the method for computing and analyzing Fourier transforms on 

optical microscope images.  This technique is closely related to the laser diffraction method 

(see Section 5.3) of measuring buckling wavelengths, which will also be described. 

C.1 Fourier Transform Analysis of Optical Microscopy Images 

Fourier transforms (FTs) convert images in the spatial domain to the frequency domain, 

where the length scale of periodic features in the spatial domain are identified by 

characteristic peaks in the frequency domain, allowing easy calculation of, for example, the 

average buckling wavelength of a sample.  When conducted on discrete data sets such as 

digitally sampled data or pictures, Fourier transforms are sometimes known as discrete 

Fourier transforms (DFTs).  So-called “fast” Fourier transforms (FFTs) use efficient 

algorithms, usually only applicable for certain data set sizes, to compute DFTs more quickly. 

The imageFFT() program (Section E.2.1) uses MATLAB®’s FFT algorithms to compute 

the DFT of a 1024 × 1024 pixel (px) TIFF image.  The output of the program is the power 

spectrum Fourier transform image, which is another TIFF image of the same dimensions as 

the input image that displays the magnitude of each pixel value (FTs generate complex 

number data sets from real number inputs).  Images must first be cropped to a 1024 × 1024 

px square in Photoshop or an equivalent program before implementing imageFFT().  Care 

must be taken to retain knowledge of the spatial scale (µm/px) of the image, especially if the 

image resolution is changed when creating the 1024 × 1024 px area.  The procedure for 

conducting FT analysis on an OM is illustrated in Figure C.1. 
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Figure C.1.  Fourier transform analysis of optical microscopy images.  (a)  The unedited 
microscope image is obtained for which the spatial scale (µm/px) is known.  (b) The image is 
cropped/resized to the dimensions of 1024 × 1024 px.  (c)  After implementing imageFFT() or an 
equivalent program to compute the power spectrum image, the center to 1st-order peak distance (d) 
can be found.  In the inset detailed image in (c), a levels adjustment has been applied in Photoshop to 
facilitate measuring d. 

After finding the center to 1st-order peak distance, d (measured in px), the average 

wavelength of buckling (λ) can be found using Equation C.1: 

Equation C.1 

( )px
d
s 1024⋅=λ  
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where s is the image scale, in units of distance (usually µm) per px.  The image scale, s, 

can be obtained roughly from knowledge of the microscope lens power, but usually more 

accurately from within the microscope software.  For the Zeiss Axioplan 2 that was used for 

this thesis research,* the scales at the different magnification powers are given in Table C.1. 

Lens Power (×) Image Scale (µm/px) 

2.5 4.246 

5 2.136 

20 0.5300 

50 0.2123 

100 0.1062 

Table C.1.  Image scale for digital photographs (1300 × 1000 px resolution) taken on the 
particular Zeiss Axioplan 2 microscope used for this thesis work (see footnote). 

C.2 Laser Diffraction 

Laser diffraction is a way of “physically” computing the FT of a periodically ordered 

feature that is capable of diffracting light.  Passing coherent laser light (632.8 nm 

wavelength) through a PEM film undergoing buckling leads to prominent diffraction peaks 

on a screen placed behind the film.  Assuming the laser light is incident normally on the 

buckled film, measuring the center to 1st-order peak distance (d) and the distance from the 

sample to the diffraction screen (S) yields the buckling wavelength (λ) using Equation C.2. 

Equation C.2 

( )nm
d
S 8.632⋅=λ . 

An alternative method to employing the absolute distances is to measure d as a function of 

the relative distance to the screen, Srel.  This technique is particularly useful if, for example, 

the sample is positioned on an optical rail (as described in Section 5.3), along which very 

precise relative distance measurements can be made.  For reasonably small diffraction 

                                                      
* This microscope is located, at the time of writing this thesis, on the 4th floor of Building 13 at MIT. 
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angles, the independent variable d increases linearly with the dependent variable Srel and the 

slope of the regression line can be used in to calculate the buckling wavelength using 

Equation C.3. 

Equation C.3 

( ) ( )nm

dS
dd

rel

8.6321
⋅=λ . 

More information about this technique can be found in Section 5.3. 
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Appendix D 
AFM Images of Salt-Etched Films 

The following two figures are AFM images of (PAH7.5/PAA3.5)20.5 films that were 

assembled on PDMS and etched for 3 min in NaCl solution at the indicated concentrations.  

In Figure D.1 a slight decrease in roughness was observed for the films etched at 3 M, 4 M, 

and 5 M concentrations.  A large increase in roughness was observed for the film that was 

etched in concentrated ( ≈  6 M) NaCl.  Deep pocketing and loss of film material suggests 

that the PEM is able to undergo phase separation on the PDMS substrate at concentrations of 

NaCl greater than 5 M. 

The 6 M film appears to contain craters that reach all the way to the PDMS substrate, as 

indicated by the difference between the 5 M and 6 M phase images in Figure D.2. 
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Figure D.1.  AFM height images of (PAH7.5/PAA3.5)20.5 films following 3 min NaCl etch steps 
at the indicated concentrations.  Image scales are 10 × 10 µm.  The height scale for the 0, 3, 4, and 
5 M films is 20 nm, and that of the 6 M film is 100 nm.  RMS surface roughness values (in nm) are as 
follows: 0 M: 2.00; 3 M: 1.04; 4 M: 1.16; 5 M: 1.38; 6 M: 12.7. 
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Figure D.2.  AFM phase images of the 5 M and 6 M films from Figure D.2.  The phase scale for 
both images is 180°. 
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Appendix E 
MATLAB® Source Code 

This appendix contains the source code for the MATLAB® programs that were composed 

as part of this thesis work.  Each program’s source code is introduced by a brief description. 

E.1 Photonic Calculations 

E.1.1 The Photonic Calculator : photonic_calc60() 

This is the source code for the program described in Section A.3. 

%***          1-D PHOTONIC CALCULATOR     v 6.01 *** 
%***          Adam Nolte, February 2002          *** 
% 
%This function uses the matrix method to calculate the reflectivity, 
%transmission, and absorptance of a 1-D optically stratified medium. 
% 
%USAGE:  "[R,T,A] = 
photonic_calc60(theta0,P,lambda,d,n,n0,ns,Rplot,Tplot,Aplot,plot_choice,su
bstrate_account,xlimits,ylimits)" 
  
%1.01 outputs "lambda" in nm, rather than m (ver 1.0), so that if the 
program statement is 
%run as above (USAGE) the value of lambda stays constant 
  
%1.02 puts the incidence angle in the title of the graphs 
  
%1.03 corrected a mistake in calculating R_TM where the conjugate being 
taken was 
%of r_TE 
  
%1.04 corrected an error in the calculation of r t for the TM polarization 
%state.  The difference in calculating r_TE and t_TE versus r_TM and t_TM 
is 
%subtle and is not mentioned in Hecht, pg. 428.  Besides accounting for 
the different 
%Y's, one must multiply the r_TM equation by a factor of -1, and the t_TM 
equation by 
%a factor of cos(theta0)/cos(thetas). 
  
%1.05 changed name of T from "Transmission" to the correct "Transmittance" 
  
%3.0 incorporates an option whereas there is an eleventh pass variable, 
whose 
%value can be true (1) or false (0).  For true values R, T, and A are 
calculated 
%and plotted (if desired) versus wavelength.  For false values, R, T, and 
A are 
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%calculated and plotted (if desired) versus angular frequency.  Version 
3.0 also 
%places a semicolon after the conversion of lambda back to nanometers 
(line 215) 
%to prevent lambda from being written to the screen every time the program 
is 
%executed. 
  
%3.01 added "real" to R,T, and A calculations 
  
%4.0 added the option of including back-substrate reflection (with 
absorptance) 
  
%4.1 added the ability to set axis limits.  Axis limits are simply 
commented out if not desired. 
  
%4.2 (hopefully) resolved an error in how substrate_account handled 
imaginary refractive indices.  the exponentials were assuming 
%n+ki notation, and other stuff used n-ki.  Now either way will generate 
absorption in the substrate. 
  
%4.21 changed substrate thickness so that the user enters mm, and the 
%program changes it to nm.  Also, the final computations of R, T, and A 
%have real() in them.  Imaginary parts (zero, but still displayed) were 
%sneaking into R, T, and A somehow.  In addition, the decision on whether 
%or not to use graph limits is set as a variable by the user in the code 
as 
%"graph_limit".  graph_limit=1 implies limits will be used, graph_limit=0 
%implies automatic limit setting by MATLAB.  In addition, the final 
%calculation of "A" was changed to its present form from "1-R-T" which is 
no 
%longer true with an absorbing substrate 
  
%4.3 found problem with exponentials in the substrate account section-- 
%units on lambda and sub_thick didn't match up (lambda was in m at that 
%point, sub_thick in nm).  sub_thick is now put into m after the function 
%declaration, instead of nm.  4.3 also changed the R's, T's, and A's in 
the 
%substrate account section into R_xn's, because R_TE, for example was 
being 
%redefined and then called again in later expressions where the orginal 
R_x 
%was needed.  Also added tic and toc and moved the setting of the graph 
%axis limits inside the graphing if statement. 
  
%4.31 moved the location of the plot limits to the program's beginning 
  
%5.0 put the plot limits into the call statement 
  
%6.01 changed instructions on plot limits to indicate for that automatic 
%limit-setting xlimits,ylimits must be [0 0], not just 0, which returns an 
%error 
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%This function [photonic_calc40()] takes as inputs the following 
%entries in this particular order: 
  
% 1. The angle of incidence, measured in degrees from the normal. 
  
% 2. The degree of polarization of the light, expressed as a number 
between 
%    0 and 1, where "0" represents completely TE light, and "1" represents 
%    completely TM light (i.e. natural light = 0.5). 
  
% 3. A column vector (lambda) containing the wavelengths of interest, 
measured 
%    in nm (i.e. approx [400:700] for the visible spectrum). 
  
% 4. A # by 2 matrix containing in the first column the thicknesses 
%    of each layer from incidence  
%    to transmission side, measured in nm.  The second column should 
%    contain a number for each respective layer which tells the 
%    program which column of the index of refraction matrix contains the 
%    lambda dependent index of refraction data for that layer. 
  
% 5. The index of refraction matrix, a matrix containing as 
%    columns the lambda dependent index of refraction data.  It should 
%    have as many rows as there are elements in the lambda vector, and 
%    as many columns as there are different materials in the photonic 
stack. 
% 
%    v 1.0 and above incorporate an option whereas if a row vector of 
refractive indices 
%    is given in place of a full matrix, the program will assume the given 
refractive 
%    index is constant over all wavelengths 
  
% 6. The refractive index of the incidence medium, a column 
%    vector with wavelength dependence.  (if v 1.0 or above, a constant 
value 
%    assumes constant refractive index over all wavelengths) 
  
% 7. The refractive index of the transmission medium, a column 
%    vector with wavelength dependence.  (if v 1.0 or above, a constant 
value 
%    assumes constant refractive index over all wavelengths) 
  
% 8. A "1" if a plot of the %Reflectance is desired, a "0" if not. 
  
% 9. A "1" if a plot of the %Transmission is desired, a "0" if not. 
  
% 10. A "1" if a plot of the %Absorbance is desired, a "0" if not. 
  
% 11. A "1" if a plots should be versus wavelength, a "0" if versus 
angular frequency. 
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% 12. A "1" if the plot should take substrate back-reflectance into 
% account, a "0" if not.  New to version 6.0 is the option of putting a 
% "2".  This calculates the spectral response assuming a filter on each 
% side of the substrate.  It assumes mirror symmetry through a plane 
% cutting the substrate in half. 
  
% 13. The abscissa limits expressed as a two-element vector [xlow xhigh]. 
% An entry of "[0 0]" specifies auto-set limits. 
  
% 14. The ordinate limits expressed as a two-element vector [ylow yhigh]. 
% An entry of "[0 0]" specifies auto-set limits. 
  
% This function returns as output a column vector of associated  
% % reflectance, a column vector of associated % transmittance, 
% and a column vector of associated % absorptance. 
  
  
function [R,T,A] = 
photonic_calc60(theta0,P,lambda,d,n,n0,ns,Rplot,Tplot,Aplot,plot_choice,su
bstrate_account,xlimits,ylimits); 
  
%tic; 
  
  
%Using x and y graph limits? 
graph_limitx = 0; 
graph_limity = 0; 
  
if xlimits(1) | xlimits(2) 
    graph_limitx = 1; 
end 
  
if ylimits(1) | ylimits(2) 
    graph_limity = 1; 
end 
  
  
%Set Substrate Thickness (mm) 
sub_thick = 1.09; %units of mm.  glass substrate usually ~1.09mm 
sub_thick = sub_thick*10^-3;  %convert to m 
  
% Calculate angular frequency vector 
omega0 = (2 * pi * 3.00E8)./(lambda*10^-9); 
central_wavelength = 1000; %Set central wavelength for k/k0 plots (units 
of nm) 
omega0_center = (2 * pi * 3.00E8)/(central_wavelength*10^-9); 
  
% Convert angle to a string to place in the graph titles 
angle0 = num2str(theta0); 
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%ditto for central wavelength 
cen_wave = num2str(central_wavelength); 
  
%convert theta0 to radians 
theta0=theta0*pi/180; 
  
%define needed constant of the square root of epsilon 0 over mu 0 
emu = 2.65442E-3; 
  
%convert "lambda" and "d" vectors to meters 
lambda = lambda*10^-9; 
d(:,1) = d(:,1)*10^-9; 
  
% Find the number of layers we're dealing with 
numlayers = size(d); 
numlayers = numlayers(1); 
  
% Find the number of wavelengths we're scanning 
numwaves = size(lambda); 
numwaves = numwaves(1); 
  
% Find min and max lambda 
  
lami = lambda(1); 
lamf = lambda(numwaves); 
  
%this section converts constant entries (for the refractive indices) into 
vectors 
size_n0 = size(n0); 
size_n0 = size_n0(1); 
if size_n0 == 1 
    n0 = n0 * ones(numwaves,1); 
end 
  
size_ns = size(ns); 
size_ns = size_ns(1); 
if size_ns == 1 
    ns = ns * ones(numwaves,1); 
end 
  
size_n = size(n); 
dec_n = size_n(1); 
num_n = size_n(2); 
if dec_n == 1 
    for I = 1 : num_n, 
        new_n(:,I) = n(1,I) * ones(numwaves,1); 
    end 
    n = new_n; 
end   
  
% Begin creating a matrix of entry angles of light into each layer 
% based on Snell's Law.  Each column represents a layer-- each row 
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% the angles at a given wavelength 
  
theta = asin( n0 .* sin(theta0) ./ n(:,d(1,2)) ); 
  
if numlayers > 1 
   for I = 2 : numlayers, 
      theta(:,I)= asin( (n0).*sin(theta0)./n(:,d(I,2)) ); 
   end 
end 
  
  
% Now create thetas as the transmitted angles 
thetas = asin( n0.*sin(theta0)./ns ); 
  
  
% Loop over wavelengths and create and multiply transfer matrices 
% for TE polarization case 
  
for I = 1 : numwaves, 
   % Create unity matrix M1 
   M1 = [1 0;0 1]; 
   k0 = 2*pi/lambda(I); 
   Y0 = emu * n0(I) * cos(theta0); 
   Ys = emu * ns(I) * cos(thetas(I)); 
       
   for J = 1 : numlayers, 
      h = n(I,d(J,2))*d(J,1) * cos(theta(I,J))  ;
      Y = emu * n(I,d(J,2)) * cos(theta(I,J)); 
      M2 = M1 * [cos(k0*h) i*sin(k0*h)/Y; Y*i*sin(k0*h) cos(k0*h)]; 
      M1 = M2; 
  end 
    
   %Calculate amplitude reflection and transmission coefficients 
   r_TE(I,1) = (Y0*M1(1,1) + Y0*Ys*M1(1,2) - M1(2,1) - 
Ys*M1(2,2))/(Y0*M1(1,1) + Y0*Ys*M1(1,2) + M1(2,1) + Ys*M1(2,2)); 
    
   t_TE(I,1) = 2*Y0/(Y0*M1(1,1) + Y0*Ys*M1(1,2) + M1(2,1) + Ys*M1(2,2)); 
   if substrate_account 
       %Calculate reverse amplitude reflection and transmission 
coefficients (M1(1,1)-> M1(2,2) and vice versa for reverse stack) 
       rRev_TE(I,1) = (Ys*M1(2,2) + Ys*Y0*M1(1,2) - M1(2,1) - 
Y0*M1(1,1))/(Ys*M1(2,2) + Ys*Y0*M1(1,2) + M1(2,1) + Y0*M1(1,1)); 
        
       tRev_TE(I,1) = 2*Ys/(Ys*M1(2,2) + Ys*Y0*M1(1,2) + M1(2,1) + 
Y0*M1(1,1)); 
   d en
end 
  
% Loop over wavelengths and create and multiply transfer matrices 
% for TM polarization case 
  
for I = 1 : numwaves, 
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   % Create unity matrix M1 
   M1 = [1 0;0 1]; 
   k0 = 2*pi/lambda(I); 
   Y0 = emu * n0(I) / cos(theta0); 
   Ys = emu * ns(I) / cos(thetas(I)); 
       
   for J = 1 : numlayers, 
      h = n(I,d(J,2))*d(J,1) * cos(theta(I,J))  ;
      Y = emu * n(I,d(J,2)) / cos(theta(I,J)); 
      M2 = M1 * [cos(k0*h) i*sin(k0*h)/Y; Y*i*sin(k0*h) cos(k0*h)]; 
      M1 = M2; 
   end 
    
   %Calculate amplitude reflection and transmission coefficients 
   %Note: these equations are different from the TE case 
   r_TM(I,1) = -(Y0*M1(1,1) + Y0*Ys*M1(1,2) - M1(2,1) - 
Ys*M1(2,2))/(Y0*M1(1,1) + Y0*Ys*M1(1,2) + M1(2,1) + Ys*M1(2,2)); 
    
   t_TM(I,1) = 2*Y0*(cos(theta0)/cos(thetas(I)))/(Y0*M1(1,1) + 
Y0*Ys*M1(1,2) + M1(2,1) + Ys*M1(2,2)); 
    
   if substrate_account 
       %Calculate reverse amplitude reflection and transmission 
coefficients (M1(1,1)-> M1(2,2) and vice versa for reverse stack) 
       rRev_TM(I,1) = -(Ys*M1(2,2) + Ys*Y0*M1(1,2) - M1(2,1) - 
Y0*M1(1,1))/(Ys*M1(2,2) + Ys*Y0*M1(1,2) + M1(2,1) + Y0*M1(1,1)); 
        
       tRev_TM(I,1) = 2*Ys*(cos(thetas(I))/cos(theta0))/(Ys*M1(2,2) + 
Ys*Y0*M1(1,2) + M1(2,1) + Y0*M1(1,1)); 
   end 
    
end 
  
% Find reflectance (R), transmittance (T), and absorptance (A) 
% for each polarization case 
  
  
R_TE = r_TE .* conj(r_TE); 
T_TE = ((real(ns) .* cos(real(thetas)))./(real(n0) .* cos(real(theta0)))) 
.* t_TE .* conj(t_TE); 
A_TE = 1 - R_TE - T_TE; 
  
R_TM = r_TM .* conj(r_TM); 
T_TM = ((real(ns) .* cos(real(thetas)))./(real(n0) .* cos(real(theta0)))) 
.* t_TM .* conj(t_TM); 
A_TM = 1 - R_TM - T_TM; 
  
if substrate_account 
    % Find rev reflectance/transmittanc  e
    Rrev_TE = rRev_TE .* conj(rRev_TE); 
    Trev_TE = ((n0 .* cos(theta0))./(ns .* cos(thetas))) .* tRev_TE .* 
conj(tRev_TE); 
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    Arev_TE =  1 - Rrev_TE - Trev_TE; 
  
    Rrev_TM = rRev_TM .* conj(rRev_TM); 
    Trev_TM = ((n0 .* cos(theta0))./(ns .* cos(thetas))) .* tRev_TM .* 
conj(tRev_TM); 
    Arev_TM =  1 - Rrev_TM - Trev_TM; 
     
    % Find Reflectance of back-surface interface with Fresnel equations-- 
    % either air or reverse film 
    if substrate_account == 1; 
        psi_TE = ((ns.*cos(thetas)-
n0.*cos(theta0))./(ns.*cos(thetas)+n0.*cos(theta0))) .* 
conj((ns.*cos(thetas)-
n0.*cos(theta0))./(ns.*cos(thetas)+n0.*cos(theta0))); 
        psi_TM = ((n0.*cos(thetas)-
ns.*cos(theta0))./(ns.*cos(theta0)+n0.*cos(thetas))) .* 
conj((n0.*cos(thetas)-
ns.*cos(theta0))./(ns.*cos(theta0)+n0.*cos(thetas))); 
        phi_TE = 1 - psi_TE; 
        phi_TM = 1 - psi_TM;   
        abs_TE = phi_TE * 0; 
        abs_TM = phi_TM * 0; 
    elseif substrate_account == 2; 
        psi_TE = Rrev_TE; 
        psi_TM = Rrev_TM; 
        phi_TE = Trev_TE; 
        phi_TM = Trev_TM; 
        abs_TE = Arev_TE; 
        abs_TM = Arev_TM; 
    end 
     
    % Recalculate reflectance/transmittance/absorptance with substrate 
effect.  R+T+A no longer = 1 with absorbing substrate! 
    % This assumes imaginary RI, no matter what the sign convention, are 
meant to assume absorption. 
     
    for I = 1 : numwaves, 
        R_TEn(I,1) = R_TE(I,1) + (T_TE(I,1) * Trev_TE(I,1) * psi_TE(I,1) * 
exp(-2*4*pi*abs(imag(ns(I,1)))*sub_thick/lambda(I)))/(1-
Rrev_TE(I,1)*psi_TE(I,1)*exp(-
2*4*pi*abs(imag(ns(I,1)))*sub_thick/lambda(I))); 
        R_TMn(I,1) = R_TM(I,1) + (T_TM(I,1) * Trev_TM(I,1) * psi_TM(I,1) * 
exp(-2*4*pi*abs(imag(ns(I,1)))*sub_thick/lambda(I)))/(1-
Rrev_TM(I,1)*psi_TM(I,1)*exp(-
2*4*pi*abs(imag(ns(I,1)))*sub_thick/lambda(I))); 
         
        T_TEn(I,1) = (phi_TE(I,1) * T_TE(I,1) * exp(-
4*pi*abs(imag(ns(I,1)))*sub_thick/lambda(I)))/(1-
Rrev_TE(I,1)*psi_TE(I,1)*exp(-
2*4*pi*abs(imag(ns(I,1)))*sub_thick/lambda(I))); 
        T_TMn(I,1) = (phi_TM(I,1) * T_TM(I,1) * exp(-
4*pi*abs(imag(ns(I,1)))*sub_thick/lambda(I)))/(1-
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Rrev_TM(I,1)*psi_TM(I,1)*exp(-
2*4*pi*abs(imag(ns(I,1)))*sub_thick/lambda(I))); 
         
        A_TEn(I,1) = A_TE(I,1) + (T_TE(I,1) * exp(-
4*pi*abs(imag(ns(I,1)))*sub_thick/lambda(I)) * (abs_TE(I,1) + psi_TE(I,1) 
* exp(-4*pi*abs(imag(ns(I,1)))*sub_thick/lambda(I)) * Arev_TE(I,1))/(1-
Rrev_TE(I,1)*psi_TE(I,1)*exp(-
2*4*pi*abs(imag(ns(I,1)))*sub_thick/lambda(I)))); 
        A_TMn(I,1) = A_TM(I,1) + (T_TM(I,1) * exp(-
4*pi*abs(imag(ns(I,1)))*sub_thick/lambda(I)) * (abs_TM(I,1) + psi_TM(I,1) 
* exp(-4*pi*abs(imag(ns(I,1)))*sub_thick/lambda(I)) * Arev_TM(I,1))/(1-
Rrev_TM(I,1)*psi_TM(I,1)*exp(-
2*4*pi*abs(imag(ns(I,1)))*sub_thick/lambda(I))));    
         
    end 
     
    R_TE = R_TEn; 
    R_TM = R_TMn; 
    T_TE = T_TEn; 
    T_TM = T_TMn; 
    A_TE = A_TEn; 
    A_TM = A_TMn; 
end 
  
% Create R, T, and A given the polarization of the light 
R = (1-P)*R_TE + P*R_TM; 
T = (1-P)*T_TE + P*T_TM; 
A = (1-P)*A_TE + P*A_TM; 
  
  
R=real(R); 
T=real(T); 
A=real(A); 
  
%Convert lambda back to nm 
lambda = lambda * 10^9; 
  
%toc; 
  
% Plot R, T, and A 
if plot_choice 
     
if Rplot == 1 
   figure('color','white'); 
   plot(lambda,100*R); 
   title(strcat('Reflectance vs. Wavelength',' (theta=',angle0,')')); 
   xlabel('Wavelength (nm)'); 
   ylabel('Reflectance (%)'); 
    
   if graph_limitx 
       xlim(xlimits); 
   end 



 

  202

    
   if graph_limity 
       ylim(ylimits); 
   end  
end 
  
if Tplot == 1 
   figure('color','white'); 
   plot(lambda,100*T); 
   title(strcat('Transmittance vs. Wavelength',' (theta = ',angle0,')')); 
   xlabel('Wavelength (nm)'); 
   ylabel('Transmission (%)'); 
    
   if graph_limitx 
       xlim(xlimits); 
   end 
    
   if graph_limity 
       ylim(ylimits); 
   end 
   
end 
  
if Aplot == 1 
   figure('color','white'); 
   plot(lambda,100*A); 
   title(strcat('Absorptance vs. Wavelength',' (theta = ',angle0,')')); 
   xlabel('Wavelength (nm)'); 
   ylabel('Absorbance (%)'); 
    
   if graph_limitx 
       xlim(xlimits); 
   end 
    
   if graph_limity 
       ylim(ylimits); 
   end 
   
end 
  
else 
     
   if Rplot == 1 
   figure('color','white'); 
   plot(omega0/omega0_center,100*R); 
   title(strcat('Reflectance vs. Dimensionless Wavenumber',' 
(theta=',angle0,')')); 
   xlabel(strcat('k/k0, lambda0=',cen_wave,' nm')); 
   ylabel('Reflectance (%)'); 
    
   if graph_limitx 
       xlim(xlimits); 
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   end 
    
   if graph_limity 
       ylim(ylimits); 
   end 
   
end 
  
if Tplot == 1 
   figure('color','white'); 
   plot(omega0/omega0_center,100*T); 
   title(strcat('Transmittance vs. vs. Dimensionless Wavenumber',' (theta 
= ',angle0,')')); 
   xlabel(strcat('k/k0, lambda0=',cen_wave,' nm')); 
   ylabel('Transmission (%)'); 
    
   if graph_limitx 
       xlim(xlimits); 
   end 
    
   if graph_limity 
       ylim(ylimits); 
   end 
   
end 
  
if Aplot == 1 
   figure('color','white'); 
   plot(omega0/omega0_center,100*A); 
   title(strcat('Absorptance vs. vs. Dimensionless Wavenumber',' (theta = 
',angle0,')')); 
   xlabel(strcat('k/k0, lambda0=',cen_wave,' nm')); 
   ylabel('Absorbance (%)'); 
    
   if graph_limitx 
       xlim(xlimits); 
   end 
    
   if graph_limity 
       ylim(ylimits); 
   end 
   
end 
  
end 
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E.1.2 Apodized Rugate Function: odefun() 

This function defines the apodized rugate profile given in Figure 2.5a.  It was called by an 

initial-value differential equation solver in MATLAB® to solve the Riccati equation 

governing reflection from a film with a continuously varying refractive index profile (see 

Section A.2).  Wavelengths and distances are measured in nm. 

function dydx = odefun(x,y); 
  
global LAMBDA; 
  
nh=2; 
nl=1.55; 
na=(nh+nl)/2; 
lambda0 = 1000; 
T = lambda0/(2*na); 
A = 1;  %Linear apodization constant 
  
if x < A*T; 
    n = na + .5*(nh-nl)*sin(2*pi*x/T)*x/(2.5*T);  %Note:  This 2.5 was 
kept as 2.5 for RUG2.  Better behavior if it had been "A" 
    dndx = (.2/T)*(nh-nl)*(sin(2*pi*x/T)+(2*pi*x/T)*cos(2*pi*x/T)); 
elseif x > A*T & x <= 3.25*T; 
    n = na + .5*(nh-nl)*sin(2*pi*x/T); 
    dndx = (pi/T)*(nh-nl)*cos(2*pi*x/T); 
else 
    n = na + .5*(nh-nl)*sin(2*pi*(6.5*T-x)/(2.5*T)); 
    dndx = -(.2/T)*(nh-nl)*(sin(2*pi*(6.5*T-x)/T)+(2*pi*(6.5*T-
x)/T)*cos(2*pi*(6.5*T-x)/T)); 
end 
  
%n = na + .5*(nh-nl)*sin(2*pi*x/T); 
%dndx = (nh-nl)*pi/T*cos(2*pi*x/T); 
  
%nl = 1; 
%nh = 1.5; 
%na = (nh+nl)/2; 
%n = na + .5*(nh-nl)*tanh((x-500)/5); 
%dndx = .5*(nh-nl)/5*(sech((x-500)/5))^2; 
  
  
dydx = .5*(1/n)*dndx*(1-y.^2)-4*pi*n*y*i./LAMBDA; 
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E.2  Fourier Transform Functions 

The following two functions were used to compute fast Fourier transforms (FFTs) on 

optical microscopy images.  The first function, imageFFT(), is the “engine”.  The second 

function uses the first to take the FFT of every file in a specified directory. 

E.2.1 Fast Fourier Transform Engine: imageFFT() 

 

function imageFFT(filename); 
  
%USAGE: imageFFT('path\filename') 
% 
%This function saves the fft image of 
%the 1024 x 1024 black and white .tif image with name "filename" in the 
%same directory as "filenameF" 
  
%July 6th, 2005.  AJN. 
  
filename = strrep(filename,'.tif',''); 
  
rawimage = imread(filename,'tif'); 
  
fftimage = fft2(single(rawimage)); 
  
power = abs(fftimage); 
  
R = max(max(power)); 
  
oldmatrix = 255 - uint8(255/log(1+R)*log(1+power)); 
  
newmatrix(1:512,1:512) = oldmatrix(513:1024,513:1024); 
newmatrix(513:1024,1:512) = oldmatrix(1:512,513:1024); 
newmatrix(1:512,513:1024) = oldmatrix(513:1024,1:512); 
newmatrix(513:1024,513:1024) = oldmatrix(1:512,1:512); 
  
newfilename = strcat(filename,'F','.tif'); 
  
imwrite(newmatrix,newfilename,'tif'); 
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E.2.2 Directory Tool for Fourier Transforms: dirFFT() 

 

%dirFFT program 
%Author: Adam Nolte 
%Fall 2005 
  
function dirFFT(path); 
  
%USAGE: dirFFT('path\directory_name') 
% 
%dirFFT attempts to take the FFT of every file with a .tif extension in 
the directory named 
%"directory_name" and take its FFT, adding an "F" to the end of the 
%filename.  It calls the the function imageFFT. 
  
%July 7th, 2005.  AJN. 
  
files = dir(strcat(path,'\*.tif')); 
numfiles = size(files); 
  
for I = 1:numfiles(1), 
     
    disp(strcat(path,'\',files(I).name)) 
     
    imageFFT(strcat(path,'\',files(I).name)); 
     
end 
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