
Abstract 
Prevo, Brian.  Engineered Deposition of Functional Coatings from Micro-and Nanoparticles 
Using Convective Assembly. (Under the Direction of Dr. Orlin D. Velev.) 
 

The potential technological applications of micro- and nanoparticle coatings 

necessitate the development of rapid, inexpensive and easily controlled deposition 

procedures.  We have developed a technique for making structured thin films from micro- 

and nanoparticles by dragging on a substrate a liquid meniscus at constant velocity.  The 

advantages of this technique are improved process speed, efficiency and reduced material 

consumption relative to standard dip coating techniques.  The governing mechanism of the 

deposition process was found to be convective assembly at high volume fractions. Uniform, 

large area coatings (square centimeters in area) can be deposited in minutes at rates 

approaching 100 µm/s from microliters of suspension.  Operational ‘phase’ diagrams were 

constructed from coating data, relating the coating layer thickness and particle packing 

symmetry to the process parameters: deposition speed, particle volume fraction, and solvent 

evaporation rate.  Varying these parameters provided the means to control and tune the 

coating structure and properties. We found the most potent parameter to be the deposition 

speed. The deposition process was well modeled by a simple macroscopic species balance 

taken around the thin film drying site. We have successfully applied this deposition technique 

to a wide variety of colloidal systems including: latex and silica microspheres, gold 

nanoparticles, and ferritin proteins.  Conductive coatings from metal nanoparticles exhibited 

tunable optical and electronic properties simply by virtue of the adjusting deposition speed. 

The antireflective (AR) capabilities of silica nanoparticle coatings on glass and silicon 

substrates can also be facilely tuned using this deposition process. These AR coatings 

demonstrably improved the photovoltaic efficiency of solar cells. We have also investigated 

the use of compressed carbon dioxide as a replacement solvent for colloidal coating 

deposition.  We achieved rapid sedimentation of uniform, conformal nanoparticle coatings 

using liquid and supercritical carbon dioxide (primarily as an antisolvent).  These results 

show potential for fabricating conformal coatings of self cleaning, technologically relevant 

materials by simple self-assembly techniques.  
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Chapter 1.  General introduction to colloids and their uses  

 This dissertation is about the use of small particles, or colloids, as a building block, or 

architecture from which larger, macroscopic coatings and materials can be fabricated for 

various end uses.  The primary focus of my research was to develop and implement a process 

for exploring evaporation based deposition and assembly of colloidal particle coatings.  The 

goal was to develop a rapid and robust deposition process, universally applicable to a wide 

variety of particles and substrates. The main body of the thesis, based on peer reviewed 

journal articles, covers the fundamental and applied research conducted during my graduate 

career. Prior to presenting these results, I would like to set the stage and provide a historical 

perspective on colloids.  This overview covers an abridged history of colloidal science, 

provides a brief review of colloid and intermolecular forces, and lastly, discusses the 

motivation for my research. 

 

1.1 Historical overview and background  
 “Colloids are ubiquitous”1 in every sense of the word.  They have been around for 

billions of years in various naturally occurring systems like aerosols in the sky (fogs, clouds, 

and dust dispersions) and naturally occurring mineral sols, which can form geologic deposits 

of silica sediment such as opal gemstones (Figure 1.1).  More recently, albeit unintentionally, 

colloids have played a consistent role in human development, from the formulation of inks 

and paints and the use of milk solids for various dairy products, to the use of clays and 

mixtures for construction materials.2      

 

a)  b)  

Figure 1.1.  Examples of naturally occurring colloids.  (a) An Australian opal gemstone, whose microstructure 
would look something like (b) the SEM shown (scale bar = 1 micron)3. (b).  The pearlescence of the gemstone 
is caused by the crystalline microstructure that is on the order of the wavelength of light. 
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 The word colloid (from the Greek for glue, ‘kolla’) was introduced in circa 1860 by 

Thomas Graham in reference to the slower diffusivity of glue-like aqueous solutions through 

filters as compared to molecular or ionic solutions (e.g. sugars or salts).2  Today, the term 

colloid refers to “small” (10 nm -  10 µm) particles that can be stably dispersed in a 

continuous phase.  The disperse or particle phase can be virtually any type of small liquid 

droplets, bubbles, amorphous or crystalline solids, or macromolecules (or collections of small 

molecules, e.g. micelles) to name a few.  Likewise, the continuous phase can be polymers, 

solids, liquids, gases and etc.   

A well known example of the inadvertent early use of colloids is the so called ruby 

glass or Purple of Cassius glass, which is a vibrantly purple-red colored glass filled with 

dispersed gold nanoparticles.4-7  Glassworkers and alchemists found that when certain 

components were added to glass prior to firing, glasses of beautiful coloring could be made.   

Production of such materials dates back to ancient Roman and Greek times; however, it was 

not until the 1850s that the first successful explanation, given by Faraday, was provided for 

the glass-coloring phenomena.5-7 Based on his study of aqueous gold sols Faraday deduced 

that the coloration phenomena of gold sols was due to the  interaction between discrete, 

dispersed metallic gold particles and the incident light from their surroundings.5,7,8  In the 

wake of Faraday’s work and Rayleigh’s efforts in light scattering by small particles, Mie and 

Langevin independently presented the first rigorous mathematical explanation for the 

coloration of small metallic nanoparticle suspensions.5,9 Since then, the interplay of surface 

to volume effects in colloidal particles has been the focus of an enormous body of scientific 

research. 

Colloidal science and engineering as discipline of study did not emerge until the early 

1900s, although it can trace its beginnings to the early 1800s and the discovery of Brownian 

motion.10 The cause of Brownian motion was central to the debate on the atomistic or 

continuum nature of matter.  Many argued that the motion was not due to the random, 

stochastic collisions based on solvent-particle interactions, but rather that the motion was 

intrinsically due to fluid flow caused by local temperature and energy gradients.  One of the 

more prominent scientists from early 1900s, Jean Perrin (1926 Nobel prize in physics), is 

credited with some of the first experimental evidence of the discontinuous structure of 
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matter.10,11  His intuitively simple and elegant experiments were done largely with naturally 

occurring colloids and helped confirm the theoretical concepts presented by Gouy, Stokes, 

Einstein, and Smoluchowski.10,11  As such, he became one of the founding fathers of 

colloidal science, influencing the work of generations of scientists to come.10-13 

The last century has seen tremendous expansion in the understanding of colloid 

syntheses, physico-chemical interactions, and their applications.  Nowadays, colloids are 

used in detergents, food additives, lubricants, adhesives, paper production, paints, functional 

coatings,1,14-16 optical filters,17,18 drug delivery,1,19-23 biomedical engineering and sensor 

design,15,24,25 responsive magnetorheological fluids,26-30 optoelectronic devices,31-34 lithium 

battery designs,35-37 and many other applications.  From this perspective, colloids have 

become truly “ubiquitous.” 1 Their many uses have lead to the evolution of colloidal science 

and engineering into a multidisciplinary field with players from nearly every branch of 

materials science, physics, chemistry, biology, and engineering. 

Generally speaking, colloidal assembly offers two primary advantages.  First, it 

typically does not require energy intensive, high technology deposition processes (like 

vacuum chambers, electron beams, ion beams…).38  Secondly, the forces which govern 

colloidal assembly (described above) are all naturally occurring physical phenomena; that is 

we need only to supply the directions and Mother Nature can be made to work for us.39  For 

this reason the next section will briefly review intermolecular and surface forces which 

dominate on colloidal length scales. 

 

1.2 The forces guiding colloidal assembly 
One of the advantages of colloidal materials is that their size scale bridges the 

molecular and macroscopic worlds (Figure 1.2). Such small sizes often yield novel physical 

properties relative to their bulk materials.  Thus, colloids offer vast potential as sensors, 

delivery vectors, catalysts, and many other specific functionalities that take advantage of 

nano- and microscopic sizes. However, to facilitate the use of these properties towards some 

end result, specific architectures or assemblies of colloids are required.  The forces operating 

at the colloidal length scale have been well studied.40,41  Scientists and engineers presently 

seek to employ these forces and interactions to tailor the assembly of colloids into usable 

architectures. 
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Figure 1.2. Illustration depicting the size scale for colloids, and the materials that can be fabricated from them 
using the alternative “Bottom up” self assembly technique.  Lithography is limited to ~< 100nm, while chemical 
synthesis can build films up to several nanometers.  Colloids overlap both length scales.  Adapted from 
Shipway, A., et al. (1999).31 

 

1.2.1 Electrostatics and van der Waal forces – DLVO theory 
Two of the more prominent aspects of interparticle interactions are electrostatic 

repulsion and van der Waals (VDW) attraction.  VDW attraction between materials, which 

can be estimated using their frequency dependent dielectric constants and refractive indexes, 

is the primary cause for particle aggregation and/or adhesion to substrate surfaces.15,41  

Electrostatic repulsion arises between any two similar surfaces within an aqueous 

environment that develop a specific surface charge, or zeta potential.  This surface charge 

leads to the development of counterionic layers in the adjacent solvent surrounding each 

particle which become mutually repulsive as they overlap (upon particle approach).41 With 

few exceptions, electrostatic repulsion serves to stabilize colloidal dispersions, counteracting 
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the VDW attraction between particles. The scientists Derjaguin and Landau, Verwei and 

Overbeek simultaneously proposed this delicate interplay and ever since the theory behind 

the balance of these forces has been known as the DLVO theory.41   

1.2.2 Steric repulsion  
In certain cases, electrostatic repulsion is incapable of stabilizing dispersions because 

either the double layer is compressed by excess electrolyte or the electrical conductivity of 

the nonaqueous solvents is such that surfaces cannot develop ionic doublelayers.  In order to 

overcome VDW attraction, chain-like molecules or surfactants which are reasonably soluble 

in the solvent (oligomers or polymers) are either physisorbed onto the particle surfaces or 

covalently attached at one end.42,43  The presence of these chains or ligands serves to stabilize 

neighboring particles by steric repulsion.  Solvent quality can dictate the strength of repulsion 

and the separation distance between closely packed particles.  The repulsion has two root 

causes: the onset of entropic effects (or increasing order) amongst the chains situated 

between the particle surfaces, and osmotic effects due to the increasing local ligand 

concentration between the particles.24,41  Particles covered by such ligands are said to be 

sterically stabilized.  Steric repulsion can be very strong, overcoming even VDW attraction 

upon close approach.  The presence of the steric ligands allows the particles to pack closely 

and reversibly (e.g. they can be redispersed) much like hard spheres.42,44-48    Judicious 

selection of the ligand moieties can allow covalent linkage (via chemical reaction or bio-

specific interactions) between closely situated neighboring particles, locking in their 

architecture.49-52   

1.2.3 Depletion forces 
 In mixtures containing either particles with multimodal size distributions or mixtures 

of particles and polymers in solution, forces can arise due to local differences in species 

concentrations.  Geometric exclusion of the smaller species from the interstitial spaces 

between larger particles causes an osmotic pressure that results in an attractive force between 

the larger particles which scales as ~ kT per polymer molecule (referring to the thermal 

energy, k being Boltzman’s constant and T being the absolute temperature).41,53  Thus, the 

larger particles are drawn together by the maximization of entropy between the smaller 

species.  In this way, size selective segregation and aggregation can be reversibly controlled 
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by addition of these smaller species (polymers or particles).15,24,54  Yodh, et al. have shown 

that depletion interactions between binary mixtures of large and small colloidal microspheres 

can be used to assemble colloids into crystalline lattice structures.55,56  The small depth of the 

potential well ( ~ kT ) make this process reversible.  Dilution of the smaller species removes 

the driving force for assembly and these aggregate structures redisperse into separate 

colloids.15 

1.2.4 Hydrogen bonding, hydrophobic forces, and bio-specific interactions 
 The term “H-bond” comes from that fact that these interactions only involve 

hydrogen atoms, which by their tendency to be positively polarized will orient themselves 

between their covalently bonded atom and electronegative atoms in close proximity.41  

Hydrogen bonds are not specific to water, and can occur between electronegative atoms 

(such as O, N, F, Cl,…) and H atoms covalently linked to other similarly electronegative 

atoms.  The H-bond interaction strength is approximately ~20 kJ/mole, which is less than 

ionic or covalent interactions (~ 500 kJ/mole), but sufficiently greater than kT to mediate 

intra- and intermolecular assemblies.41  

Hydrophobic interactions are actually due to entropic contributions which seek to 

minimize the entropy drop which occurs during the formation of molecular complexes near 

hydrophobic surfaces.41  The so called hydrophobic interaction can be quite strong, often 

stronger (particularly in water) than purely VDW attractions (~1 kJ/mole).41  The combined 

action of hydrophobic interactions and hydrogen bonding serves as the foundation for any 

bio-specific forces or interactions and dictates the structure of folded proteins, strands of 

DNA or RNA, and/or antibody-antigen complexes.  

1.2.5 Capillary forces 
 When particles are protruding through either a liquid-liquid interface or a vapor-

liquid interface, the curvature of the meniscus between the particles can induce strongly 

attractive or repulsive forces as the liquids involved minimize their surface free energy.15,41,57 

These forces are commonly known as capillary forces.  Capillary immersion forces also 

occur in thin liquid films when particles protrude through the meniscus of a thin liquid 

film.15,57  For similar species of particles, capillary forces are always attractive, packing 

particles together at the liquid meniscus.41  As they pack together, the particles (if they are 
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monodisperse) can close pack into crystalline ordered arrays.12,58-61 Incidentally, Perrin 

published one of the first recorded images of such structures in 1909 when introducing a new 

technique for sizing colloids.12,62 

1.2.6 Hydrodynamic forces 
 Colloid assembly from liquid dispersions involves mobile particles.  Stokes drag 

plays an important role in this process.  In the case of solvent flow, the dispersed particles are 

entrained within the flow fields if they are sufficiently small.  Liquid convection can be 

induced by many different causes ranging from evaporation or temperature gradients (e.g. 

Maragoni flow), forced filtration or pressure driven flow, electroosmotic flow in aqueous 

systems, etc.  Additional complexities arise at higher concentrations of colloids, where the 

rheology and fluid properties of suspensions become quite complex.63  The flow fields are 

equally complex in compact, close packed colloidal systems.64,65  Alternatively, if the 

particles are moving due to the presence of an external field (electrical, magnetic, gravity, 

etc.), it is important to account for the interaction of the particles with the surrounding 

medium (e.g. diffusion, settling, etc.).66   

 

1.3 “Top-down” versus “bottom-up” assembly of micro- and nanostructures 
There is growing interest in the reproducible fabrication of periodic nano- and- 

microscale structures for use in photonic crystals, information technologies, optoelectronic 

devices and coatings, telecom applications, light emitting materials, sensors and more.65,67-74  

Most of these materials involve materials requiring feature sizes on the order of the 

wavelengths of light or smaller (typically between near UV - near IR).  A variety of “top-

down” techniques involving deposition or lithographic etching in vacuum have been 

developed to make such materials such as chemical and electrochemical etching,75 chemical 

vapor deposition (CVD) and plasma enhanced CVD,76-78 E-beam lithography,79,80 focused 

ion beam (FIB) milling,81-83 laser ablatation,84 and x-ray interference lithography.69,85,86  

These techniques can be very precise with nanoscale precision or better.  However, one thing 

they all have in common (to paraphrase Wade and Wegerow) is the use of very big, energy 

intensive machinery (vacuum chambers, electron guns, ion sources, electromagnets, high 

voltage, and etc.) in order to make very small scale things (e.g. Figure 1.3).38  Additionally, 
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these are primarily 2-D techniques, which can be implemented sequentially to accumulate 

pseudo 3-D structures.87-90  

 

 

Figure 1.3. Examples of top down techniques for fabricating nanoscale periodic structures. (a) x-ray 
interferometry, (b) SEM image of structure etched into silicon via x-ray interferometry, (c) cubic “woodpile” 
formation via selective lithographic development and 90° rotational stacking of etched ridges, (d) actual SEM 
image of a woodpile structure (Steve Johonson MIT).90 

 

  Modern technology does not hold the exclusive rights to complex micro- or 

nanoscale fabrication.  In fact, the world as we know it, and life as we know it, are full of 

naturally assembled microscopic structures. This is the primary argument for self assembly – 

build things from the “bottom up” by using the aforementioned intermolecular forces.  This 

point is exactly what Feynman had in mind when he famously uttered, “there’s plenty of 

room at the bottom,” during his Caltech lectures.  Many examples of periodic structures 

which could be appropriated for various uses (if they could be reproduced at larger scales) 

abound in natural organisms (e.g. Figure 1.4).91  One route to these types of materials 

employs the use of biomolecules for biospecific self-assembly.92 Another route is 

biomineralization, which attempts to mimic the way living organisms manipulate inorganic 

precursors to form rigid, hierarchical structures (e.g., sea urchin spines, sea shells, sea worm 

setae, etc.).93-98  This is a grandiose and complex concept with much potential, but working 
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with living systems is always difficult, and isolating the correct pathways and processes to 

replicate biomineralization remains a challenge. 

 

 

Figure 1.4. Examples of naturally occurring photonic crystal structures (typically located in fibrous or sheet-
like cuticle structures) which cause bright colors to be reflected over broad angles, and are commonly 
responsible for the brilliant coloration of various flora and fauna. (a) The green spot on the wings of Parides 
sesostris is due to the specific reflection of green light from a photonic crystal structure located within the wing.  
(b) A cross sectional scanning electron micrograph of a portion of the green wing spot found on P. sesostris.  (c) 
An SEM of a cross sectional slice from a sea worm setae (cuticle fiber) which extends from it’s body like a 
short rigid hair (figure from adapted from Vukusic et al.99,100). 

 
 

An equally diverse, yet arguably less complex route for self assembly is the use of 

naturally occurring or synthetic colloids as the building blocks for various architectures (e.g. 

Figure 1.5).71,101-104 These objects can be colloids themselves, or other materials which 

naturally develop nanoscopic periodic structures, such as phase separated polymer blends or 

block copolymer materials.105-107  The main challenge lies in successfully manipulating or 

arranging the materials into the desired end product. Hence, the following section will briefly 

review different techniques for manipulation and assembly of colloidal particles.   

 

Figure 1.5. Colloid crystal of 1 micron silica microspheres formed via dip-coating.65 

 9



1.4 Techniques of colloidal deposition and assembly 
One of the chief issues facing the use of colloid-based materials, is the fact that they 

are dispersed in a continuous phase, usually liquid.  For many applications (e.g. sensors, 

opto-electronic materials, etc.) it is more desirable to have the organized colloidal systems 

immobilized on solid supports, or other portable objects. A large body of work devoted to 

studying colloidal assembly and deposition exists.  Many of these assembly techniques are 

limited by long time scales.  Much of my work was devoted to designing rapid colloidal 

deposition processes.  A brief overview of some of the more prominent colloidal assembly 

techniques (including a brief description of my own work) follows.   

1.4.1  Sedimentation  
Sedimentation of colloidal particles is one of the simplest and earliest known 

techniques for producing colloidal crystal phases.  Provided sufficient size and density 

mismatch with the solvent, gravity will overcome Brownian motion and the particles will 

settle out.66  If the particles are sufficiently monodisperse, well ordered crystals from 

polymer latexes, silica sols, and other dispersions can be formed.  These sediments mimic 

naturally occurring structures like the opal gemstone, which is composed of ordered silica 

spheres that have settled from a concentrated dispersion and crystallized in a condensed 

phase over geologic timescales.3,108 In the early 1950s, Alfrey and Bradford, et al. published 

electron microscopy images offering some of the first evidence for such synthetic 

structures.109-111 The main drawback to sedimentation is the deposition time scale, which can 

be weeks to months.15,112  

Epitaxial control over the settling colloids can direct the structure formed, enable long 

range ordering, and improve the ability to successfully dry the colloidal superstructure;113,114 

however, there still remains the unfavorably long time scale for assembly.  Additionally, a 

lithographically patterned master substrate is required.  The settling time scale can be 

improved to less than a few days by sedimentation coupled with oscillatory shear, which was 

derived from a granular bed packing process known as vibratory compacting.115 Alternatively, 

accelerated sedimentation has been demonstrated by either forced filtration or 

centrifugation.15,116  Both techniques improve the timescales involved, but still subject the 

colloidal crystal to strong capillary forces during drying, which often causes cracks and 

defects in the colloidal crystal structure.117,118  This provides the impetus for the use of 
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liquids with extremely low surface free energies like compressed gases and supercritical 

fluids (e.g. liquid or supercritical CO2) where drying defects can be minimized or 

avoided.46,47,119-121  Such fluids have very low viscosity, and thus offer the additional benefit 

of extremely rapid settling speeds (see Chp 6 for more details).122   

1.4.2 Directed assembly via applied external fields 
Much of the early work for these techniques was done in the realm of biological 

sciences for cell sorting and counting, protein purification, etc.; however, because cells are 

essentially living colloids and proteins are small charged colloids, all of these techniques can 

be translated easily to any colloidal system.  In recent years, many articles have been 

published demonstrating the use of optical trapping, direct current (DC) electric fields, 

alternating current (AC) electric fields, or combinations of these techniques (commonly 

termed electrokinetic effects) to move and assemble particles.  Some of the major techniques 

for field-assisted assembly are overviewed below (see Figure 1.6). 

 

 

 
 
 
Figure 1.6. Different techniques and electrode geometries for electrically driven colloidal assembly.  (a) 
Electrophoretic deposition, (b) Electrophoretic or electrohydrodynamic deposition, (c, d) Dielectrophoretic 
deposition and assembly.1 
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1.4.2.1 Optical manipulation and assembly 
The use of optical tweezers and optical traps began in microbiology as an alternative, 

noninvasive means of manipulating cells and subcellular matter.123-126  The high energy 

delivered by the lasers can damage biologic species, so recent efforts have been devoted to 

lower energy techniques.127  Optical trapping operates on the basis of two primary forces, 

which interact with the particle near the focal point of the beam.  First, the gradient force 

draws the particle into the optical potential well at the center of the gaussian beam (in the 

focal plain).  Once the laser beam and the particle interact directly, the radiation pressure will 

either ‘trap’ the particle at the focal point (if np > nm) or expel it (if np < nm) where n is the 

refractive index (subscripts p and m refer to particle and its surrounding medium, 

respectively).128  Trapped particles will follow the optical well(s), and thus can be sorted or 

positioned into varying geometries based on the nature of the incoming light source.128  The 

development and improvement of scanning confocal microscopy in the past decade has 

greatly enhanced the use of optical tweezers and optical traps as tools for rapidly 

manipulating many colloidal scale objects simultaneously.129,130   With such control over 

individual particles, larger architectures can be engineered like short chains of particles,129-132 

or ordered colloidal crystals.133  

1.4.2.2 Electrophoretic manipulation and deposition 
Colloidal particles are typically electrostatically stabilized, and thus, can be directed 

to assemble by virtue of their intrinsic surface charge, or zeta potential. Application of direct 

current (DC) fields drives the particles to the oppositely charged electrode, where the 

particles begin to pack closely and assemble into an ordered structure on the substrate (Figure 

1.6a,b).134-136  Patterned substrates can be used to deposit novel structural arrangements of 

colloids.137,138  This technique can also be used to grow thick (3-D) colloidal crystals.139  DC 

fields can generate electroosmotic flow based on the migration of the ionic double layer 

species situated close to the chamber walls, which can be problematic if such flows are not 

desired. In some cases (e.g. microfluidics) solutions or suspensions are transported in 

channels microfluidics via electrosmotic pumping.140-143   

1.4.2.3 Dielectrophoretic assembly 
Application of inhomogeneous AC electric fields to a suspension of colloids can repel 

or attract particles to regions of high field strength depending on their relative 
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polarizability.144,145  Dielectrophoresis (DEP) can be used to induce colloidal assembly by 

virtue of these dipoles to make pearl chains, colloidal crystals,146-148 microwires,149,150 and 

other aggregates (Figure 1.6).  In recent years, microdroplets,151-153 living cells,154  and other 

colloids155 have been transported using DEP.  The speed of assembly and manipulation of 

colloidal scale objects by DEP can exceed cm/s.144,156  At each half cycle of the field, an 

induced dipole forms within the particles (not unlike the locally induced dipole formation at 

the molecular scale which drives the dispersion component of VDW attraction41), which 

leads to interparticle attraction and alignment along these field lines.  Electroosmotic flow 

can become a problem at frequencies approaching the counterionic diffusion time scale.144,156  

However, these opposing flows are typically offsetting as they cancel each other out at each 

opposing half cycle.156,157  Additionally, for a given field strength, DEP is governed by the 

dielectric contrast between the particles and their surroundings, and not by their conductivity; 

hence, nonaqueous systems can also be used. 

1.4.2.4 Magnetic manipulation and assembly 
The effect of applied magnetic fields on magnetic colloidal dispersions is analogous 

to electric field application.  Magnetic particles can be maneuvered using spatial control over 

magnetic fields.19,158 Induced magnetic dipoles within colloidal particles can align and orient 

the particles into chains and other larger aggregate structures.159  In the case of monodisperse 

particles situated at or near a solid or liquid surface, the orientation of the magnetic poles 

parallel or perpendicular the surface can cause local close packing or long range repulsion 

amongst the particles depending on the induced magnetic dipoles of the particles.160 The 

appeal of assemblies of magnetic nanoparticles is the possibility of controlled arrangement of 

magnetically addressable information storage devices.161 For instance, ferritin, a globular 

protein with a mineral core has potential for use with magnetic manipulation because it is 

essentially a naturally occurring sterically stabilized iron oxide nanoparticle.162   

In some cases, transient control over the particle assemblies within the fluid state is 

desired. Ferrofluids or magnetorheological (MR) fluids are dispersions of magnetic or 

paramagnetic particles that exhibit tunable rheology (based on the local behavior of the 

dispersed particle under applied fields) to the extent that they can even develop yield stresses 

at high field strengths.26-29,163  MR fluids have seen use in shock absorbers for vehicles, 

structural supports and vibration suppressors for buildings in seismically active regions, and 
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recently in the biomedical industry as components in responsive prosthetics.27,28,30,164,165  

Beyond simple ferrofluid systems, the use of magnetic particles as enablers or guides for 

motion control and assembly of other nonmagnetic colloidal scale materials (proteins, cells, 

drugs, and etc.) could provide access to a new range of materials 166 and transport 

techniques.167,168 

1.4.3 Adsorption on a surface 
Non-specific or physical adsorption of particles onto a surface can occur during 

solvent casting or by substrate immersion into dilute suspensions.24  The deposition occurs on 

the basis of hydrophobic interactions or VDW attraction.15,41  Modifying the substrate or 

particle surfaces for covalent or covalent-like attraction causes irreversible chemisorption of 

the particles.24  A variety of approaches are available for tethering the particles to the surface 

such as: forming bifunctional self assembling monolayers (SAMS) on the substrate169 and 

exposing them to suitable colloids,24,170 using coulombic attractions between the particles and 

the charged SAMs on the substrate surface (typically modified with silanes, siloxane 

surfactants, or polyelectrolytes),31,171-174 or capping metal nanoparticles with dithiol ligands 

that bind to the substrate.48,50,51,175  Alternative routes to particle tethering incorporate the use 

of Biospecific attractions via DNA complementarity,52 or immunospecific interactions176 that 

are the basis for many types of currently employed bioassays.  Regardless of the binding 

procedure, the process can be repeated as desired by immersion in various chemical or 

suspension baths to build up structures layer by layer (LBL) using oppositely charged 

colloids, polyelectrolytes/surfactants, or mixtures thereof.1,51,177-182   

1.4.4 Langmuir-Blodgett deposition 
 Particles adsorbed onto liquid-liquid or liquid-vapor interfaces can be condensed into 

various 2D phases via lateral compression by using a Langmuir trough,61,183,184 or by 

reducing the interparticle electrostatic repulsion via the addition of electrolyte.185  When the 

particles are closely packed on a liquid-vapor interface, they can be transferred to a solid 

support by the Languimr-Blodgett (LB) technique.183,186  In the mid-1990s, Fendler’s 

research group demonstrated the viability of the LB technique for assembling various crystals 

and superstructures from a variety of different sizes of colloidal particles such as surfactant 

stabilized latex microspheres, semiconducting quantum dots, and ferroelectric PbZn titanate 
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nanoparticles.187-192  So long as the particles remain unaggregated and are stably adsorbed to 

the interface, literally any type of colloidal material can be assembled using this technique, 

including proteins.193-195 

In general, the particle coatings reproduce the structures formed on the liquid surface; 

however, the fidelity upon transfer to the solid support is not perfect, which can be attributed 

to capillary forces upon drying.  A recent study has shown that the fidelity of the coating 

transfer can be improved by the presence of additional polyelectrolytes or surfactants, which 

likely mediate the capillary forces by reducing the surface tension and adding a depletion 

interaction component.196  Such transfer processes can be repeated in a LBL fashion to create 

multilayer colloidal crystal structures.197,198 

1.4.5 Assembly in thin liquid films 
An alternative technique for colloidal assembly is to collect the particles in a thin 

liquid film (e.g. Figure 7).  Generally speaking, this requires particles to move parallel to the 

film interfaces over relatively long distances (compared to particle diameters).  

Hydrodynamic and capillary forces often facilitate such transport.15  Pansu and Pieranski, et 

al.199,200 have shown that when a liquid enters a gap between two solid surfaces (via either 

hydrostatic pressure or capillary wetting pressure), particles suspended in that liquid will 

eventually diffuse into the gap and by geometric confinement they condense into a crystalline 

array of particles trapped between the two rigid surfaces (Figure 1.7a).  In water, the 

electrostatic repulsion prevents irreversible aggregation, while reduction of free volume via 

Alder-phase transitions collects the particles into a condensed crystalline phase (dictated by 

gap thickness which governs their geometric confinement). This provided a novel way of 

studying condensed phases using colloidal crystals as model systems, but for a usable 

technology platform the drawback of removing the solvent remains.  Forced flow through 

parallel plate confinement showed that colloidal crystals could be fabricated quickly and 

easily.116  Similar geometries were used to compress a monolayer of monodisperse latex in 

order to study the effect of crack formation in drying films.118  A photopolymerizable liquid 

dispersing phase and sterically stabilized silica microspheres were used so that it was 

possible to extract the colloidal crystal intact.201,202   The dielectric contrast between the 

polymer and silica was quite low; thus, rendering such materials inadequate for use as 

diffraction gratings, optical filters, or sensors.203  
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Figure 1.7. Illustration depicting the various types of colloidal assembly that can occur in different types of thin 
liquid films. Figure adapted from reference 15.   

 

 

Another technique for colloidal assembly employs the spreading of liquid films of 

colloidal suspensions or protein solutions onto more dense phases such as immiscible liquid 

phases194,204-207 or onto solid substrates.12,59,205,208  The assembly mechanism is evaporation 

driven. This process, referred to as “convective assembly”12,59,203 or “evaporation induced 

self assembly,”209 takes place near the meniscus of evaporating liquid films.  The particles 

dispersed in the liquid are transported to the edge of the growing crystal by the flux of the 

liquid compensating for evaporation from the crystal surface (Figure 1.7b,c, Figure 1.8).  The 

particles concentrated and confined in the thin film are ordered into a colloidal crystal by 

reduction of free volume and capillary immersion forces.57  For thin films of spherical 
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particles, the predominant microstructure formed is hexagonal close-packed crystals with the 

(111) plane oriented parallel to the substrate.  These films are typically polycrystalline due to 

multiple nucleation sites along the drying region.  

 

 

Figure 1.8. Top-down optical micrograph showing a snapshot of convective assembly.  The liquid is flowing 
towards the colloidal crystal in the same direction the arrow is pointing.  Notice the contrails which are the 
dispersed particles being dragged to drying site faster than the camera shutter speed could capture them.  The 
head of the arrow is adjacent to the order/disorder region where the particles can diffuse and find their optimal 
position (taken from reference 12).  

 

  

For the case of a liquid lower phase, the surface was flexible and molecularly smooth; 

ideal for assembling small nanoparticles or protein crystals (Figure 1.7c).  The main 

requirement for a liquid lower phase is a high density, hence, common solvents were 

fluorinated liquids or liquid mercury.  Both of these solvents are relatively expensive, and in 

the case of liquid mercury, the feasibility and safety of larger scale production of colloidal 

assemblies could be a major health issue.   
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By far the most common technique for assembly and deposition of colloidal particles 

came about by using solid substrate for the lower phase (e.g. Figure 1.7b and Figure 1.8), 

which is effectively colloidal assembly via a coating process.  The physics of assembly are 

exactly the same as described above for convective assembly, but a wide variety of substrates 

from common polymers, glass, silicon, or mica could be used. While Denkov, et al. were the 

first to introduce the concept of convective assembly,12,59 Dimitrov and Nagayama were the 

first to turn it into a continuous process.208,210  Based on their simple experiments, they 

proposed a simple model for controlling the coating process.  This model was based on a 

basic macroscopic species balance (derived in the dilute limit) for the particles and the 

solvent.  Prevo and Velev recently showed that the model holds for higher volume fractions 

as well (see Chp 2 for more detailed discussion).211  Others have gone on to develop more 

complex models from the Navier-Stokes equations, employing the lubrication 

approximation.212-215  It remains to be seen whether such complex analyses can be 

implemented into larger scale understanding and use. 

 Convective assembly of dispersed materials occurs whenever solvent evaporation is 

present in an assembly process.  Drying droplets on surfaces are a simple, yet demonstrative 

example, and a large body of research has been devoted to investigating this phenomenon.  

For instance, Parisse and Alain studied the profiles of drying sessile droplets of various 

colloidal suspensions and reported dimpled or ring-like deposits.216,217  Shortly thereafter, 

Deegan, et al. elucidated the cause of this phenomenon and presented an independent 

confirmation of convectively assembly in drying droplets.218,219  Their results showed that the 

edge of the droplet exhibits the highest rate of evaporation, which induces a net liquid flow 

radially outward, leading to a ring-like deposit at the droplet periphery.  This phenomenon 

has come to be known as the “coffee stain effect.” The analysis of this effect has since been 

further improved by accounting for circulation flow and Marangoni effects.220,221  

In the field of biotechnology, scientists working on DNA microarrays have had 

difficulties with nonuniform deposits of hybridized DNA strands immobilized on the 

substrate.222,223  These nonuniform spots are commonly referred to  “DNA doughnuts,” which 

are nothing more than ring-like deposits of DNA, which form as the deposited microdroplet 

dries.222,223  Clearly, convective assembly plays a particularly significant role in droplet based 

technologies, examples of which include DNA microarrays, ink jet printing, and spray 
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coating.223 Understanding the process of convective assembly is vital to a wide variety of 

different technologies and technical fields. 

 

 

Figure 1.9. Different techniques for implementing colloidal deposition via convective assembly.  Note that the 
spin coating schematic is showing the accelerating spin-up stage prior to the film attaining uniform thickness at 
constant angular momentum.    

 

The basic technique of Nagayama, et al. for continuous colloidal deposition (Figure 

1.9) has been implemented in two approaches: (1) vertical deposition (similar to classic dip 

coating224) and (2) horizontal deposition (Figure 1.9).225  While relatively large scale ordering 

in colloidal particle films can be attained using approach (1),203,226-228  there are several 

caveats to convective assembly via this route.  First, in order to immerse the entire substrate, 

relatively large volumes are required, which preclude the use of high concentrations  

(typically φ < 1% vol.) and necessitates long deposition timescales (many hours to 

days).203,226 Second, depletion of particles near the drying film at the meniscus can occur due 
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to sedimentation (particularly a problem for large or dense colloids).39,225,229,230  Several 

solutions to these problems have been proposed from uniquely proportioned immersion 

chambers,229  elevated temperatures to accelerate evaporation,231 to the use of more volatile 

solvents than water (such as ethanol or other organic solvents).230 

 The second approach, horizontal deposition (or laterally spreading the liquid film on 

the substrate), was itself implemented in two strategies: coating a continuous flow of liquid 

suspension onto a horizontally translating substrate (dragcoating) or spin coating (Figure 1.9).  

The first strategy, dragcoating, operates via viscous drag and solvent evaporation on a well 

wetted substrate, and still requires a relatively large volume of material.229  Recent efforts 

have reduced the quantities required by working with small volumes of higher particle-

volume fractions, which allows faster rates of deposition.211,232  Spin coating has also been 

used to assemble colloidal crystals.233-237  Spin coating, however, is not a true convective 

assembly process and consists of a nontrivial, multistage process that employs a combination 

of viscous drag, centripetal force, and evaporation.238-240 Decoupling these stages of assembly 

are difficult.  Additionally, while spin coating can accelerate the deposition speeds, it does so 

at the cost of materials, since there is always spin off waste.  It is possible to recycle spin-off 

waste streams, but this is difficult for concentrated colloidal suspensions as they tend to flow 

poorly.63  In either case, the horizontal deposition techniques alleviate the problem of 

sedimentation,225 however, they do not address the issue of large scale volumes, dilute 

dispersions, or slow speeds of deposition.  

Improvements in the long range ordering of colloidal crystals has been demonstrated 

using template directed evaporative assembly on patterned substrates with lithographically 

etched ridges.236,241,242  As the liquid meniscus dries, surface tension forces the particles 

against the edifice, inducing a crystalline orientation.  Drying thin films of suspensions on 

substrates with lithographically etched holes can force the particles into the holes, and for 

commensurate hole sizes can lead to the formation of various multimer aggregates.243 These 

aggregates can be used to study the onset of aggregation and cluster formation in addition to 

making novel materials by sintering or polymerization.243  Beyond purely photonic uses, the 

use of convective assembly has been demonstrated for the fabrication of cell adhesion 

substrates,244,245 sensor substrates,72,74,246-248 periodically nanostructured lithographic 
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masks,249-251 antireflective films,252 conductive coatings,253 as well as for thin films of 

DNA,254,255  carbon nanotubes,256 and proteins.162,194,195  

 

1.5 General concluding remarks 
In recent years, a merging of the top-down and bottom-up approaches has arisen, 

primarily to benefit from the advantages offered by both techniques.257  In all likelihood this 

is probably the best route to large-scale production of materials with highly controlled spatial 

arrangement of colloidal scale features.  A common route is to use E-beam lithography to 

pattern a substrate for either surface affinity control or directed assembly via epitaxial growth.  

For example, such patterned substrates can be used to obtain high fidelity registration of 

block-copolymer films for uniform pore fabrication106 or to direct the growth of colloidal 

sedimentation.113  The limiting step in such cases is the E-beam lithography, which is 

temporally, energetically, and fiscally expensive. 

In the past decade, researchers using modern laser technologies and more bench scale 

approaches have demonstrated top-down selective 3-D multiphoton polymerization (e.g. 

polymer writing)258,259  and holographic polymerization.260-262  In this way, photonic 

materials or other microstructures can be quickly and reproducibly fabricated.  Additionally, 

colloidal crystal arrays can be used to build up the prerequisite periodic microstructure into 

which selected defects can be controllably introduced for use in photonic structures and 

waveguides.263 

Alternatively, a variety of different colloidal and molecular scale structures have been 

assembled using soft lithography264, a pseudo top-down technique, to deposit polymers, 

colloids, and to replicate molds of lithographically made master designs.  A related approach 

termed “dip-pen nanolithography” has employed the use of atomic force microscopes 

(AFMs) to “write” more arbitrary structures of polymers, proteins, surfactants and etc. onto 

surfaces.265,266  Various authors have suggested highly parallelized AFM tips for writing 

multiple structures simultaneously.267  While the AFM technique can be more arbitrary and 

access smaller size scales, soft lithography is arguably more scalable and robust.  Recently, 

the Grzybowski group have demonstrated that inorganic surfaces can be etched and patterned 

using soft lithographic stamping of the surfaces with agarose gels swollen with etching 

solution.268-270 The process is analogous to photolithography where the complex steps of 

 21



photoresist deposition, pattern exposure and subsequent etching are essentially combined into 

one.  This could have tremendous impact on reducing the costs associated with epitaxial 

colloidal assembly; however, the feature sizes (several microns) are currently limited by the 

spreading of the stamped gel.  Recently, the DeSimone group has extended soft lithography 

from the conventional PDMS elastomer stamps to perflouoro-elastomers.271,272 Such 

materials provide two nonwetting surfaces during the stamping process permitting high 

fidelity feature reproduction, which has been demonstrated by fabricating highly 

monodisperse anisotropic microparticles. 272,273  The current limit of the feature size is ~ 

100nm.  Again, the time-limiting, expensive step is the fabrication of the master using E-

beam lithography. 

Less expensive, alternative routes to such materials that employ colloidal crystals as 

masters or lithographic masks have recently been developed. High vacuum lithographic 

techniques are not initially required. Convective assembly can be used to fabricate the 

colloidal crystal mask relatively quickly and economically.  The void spaces can then be 

either partially filled with material (using top-down techniques)232,235 or used to etch 

selectively into the substrate via reactive ion etching (Figure 1.10).249-251  If materials are 

deposited into the voids they can subsequently be harvested as anisotropic “microparticles” 

after the colloidal crystal mask is removed (typically via sonication).  This process, which 

Van Duyne has termed “nanosphere lithography,” allows for small, reproducible feature sizes, 

which can be made into sensor substrates, or be used to form masters from which more 

particles can be made (Figure 1.10).  Ultimately, however, the development of these and 

other types of materials point out the need for controlled deposition and assembly of colloidal 

structures, specifically, coatings or thin films of colloidal particles.   
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Figure 1.10. Different techniques for nanosphere lithography: (a) metal evaporation through the colloidal 
crystal mask to make tetrahedral metallic nanoparticles (adapted from reference 246) and (b) reactive ion etching 
through the colloidal crystal mask to pattern the substrate (adapted from 251).  In each case, brief sonication is 
sufficient to remove the colloidal microsphere mask. 

 
 
The potential technological applications of micro- and nanoparticle coatings 

necessitate the development of rapid, inexpensive and easily controlled deposition 

procedures.  Hence, my research efforts focused on two main phases.  The first phase was a 

fundamental exploration of convective assembly, focusing on improving both the deposition 

timescales and material scales, and on correlating the coating structure to the deposition 

process parameters.  Our research has shown that convective assembly at high volume 

fractions provides a simple, relatively rapid process by which colloidal scale materials can be 

deposited.211  Additionally, significantly less solvent waste is incurred by operating at higher 

volume fractions.  The deposition process is well modeled by a simple macroscopic species 

balance (ignoring thermal and hydrodynamic complexities), which nonetheless accurately 

captures the physics of convective assembly.  The model can be used as a tool for predicting 

the colloidal coating microstructure.  The second phase of my research consisted of exploring 

the deposition of different colloidal systems and served to emphasize the broad applicability 

of convective assembly. We have demonstrated the use of convective assembly for the 

fabrication of conductive metallic nanoparticle coatings,253 antireflective silica nanoparticle 

coatings,252 ferritin protein films (in collaboration with the University of New Mexico),162 

and for the use of colloidal crystals as reactive ion etching masks for silicon substrates (in 
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collaboration with the Department of Chemistry at North Carolina State Universty).251  

Others in the Velev group have gone on to use this technique for making a variety of other 

colloidal coatings.  Ultimately, we have shown convective assembly to be an easily 

implemented, scalable and materials general technique.  The remainder of this dissertation 

will present in more detail the fundamental and applied research conducted during my 

graduate career. 
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Chapter 2.  Controlled, rapid deposition of structured coatings from 
polymer microspheres using convective assembly 

 

2.1 Introduction 
 Colloidal crystals are self-assembled materials with periodically varying dielectric 

constant on the sub-micrometer length scale. Crystalline macroporous materials have 

potential for a wide variety of applications, such as photonic band gap materials for light 

filters, waveguides, and antireflective coatings.1-6 Colloidal crystals may be converted into 

such "photonic crystals"7,8 by backfilling the void space of  colloidal crystals with inorganic 

oxides, or metallic or semiconducting nanoparticles ("inverse opals") to achieve sufficient 

dielectric contrast.9-12 Periodically porous metallic films also exhibit enhanced 

electromagnetic transmission by way of surface plasmon resonance,13 which may find 

application in novel lithographic and optical applications.14,15 These periodically roughened 

metallic surfaces could generate strong surface enhanced Raman scattering intensities for 

chemical sensors (SERS).16-19 Various metal nanoparticles have demonstrated catalytic 

potential,20,21 and structured porous metallic films could be used for catalytic supports.22 Thin 

nanoparticle coatings can also impart decorative functions to surfaces, modify their wetting 

and tribological properties, or change their hardness or conductivity.  

The potential technological applications of micro- and nanoparticle coatings require 

the development of rapid, inexpensive and easily controlled deposition procedures. The 

mechanism of self-assembly of colloidal particle suspensions in thin evaporating films has 

been identified as "convective assembly".23,24 Ordering and assembling of colloidal particles 

by solvent evaporation has been investigated for various systems ranging from ring formation 

in drying droplets,25-29 to ordered deposits on the periphery of holes from dewetting films,30 

to colloidal crystal formation in thin wetting films.23,24,31-36  Thick colloidal crystals have 

been made by slowly withdrawing the substrate from the immersion vessel (akin to dip-

coating),33,36 sedimentation,37 and forced filtration.38 In related work, Brinker et al.39 have 

shown good corollary between the dip-coating ‘evaporation induced self assembly’ process 

and the structures of MCM-surfactant coatings.  

The process of convective deposition of structured coatings has yet to be rationalized 

theoretically and scaled up into a practically usable technology. The relation between the 
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operating parameters and the number and structure of deposited layers has not been well 

understood. The symmetry of the two-dimensional (2D) colloidal crystals obtained by 

convective assembly in thin liquid films has been found to be similar to the one established 

from earlier studies of particle assembly in slits between solid plates.23  Confinement of 

monodisperse spheres in thin films leads to free volume Alder phase transitions and 

crystallization.40  Pansu et al.41,42 and others,43,44 have classified the two dimensional crystal 

phases of microspheres confined in the thin gap between solid plates. Extensive molecular 

dynamics and lattice Monte Carlo simulations have confirmed this phase behavior in 

confined geometries.45,46 The thickness of films with free liquid surfaces, however, is not a 

directly controllable parameter.  

Another problem in the present state of the art in the convective assembly of 

crystalline coatings is that the methods used require long times and large volumes of 

suspensions. The most common method, dipping of the substrates in a cuvette or beaker of 

suspension, and then slowly withdrawing them, or decreasing the level by evaporation takes 

hours to weeks and several mL or more of liquid suspension. The relatively small volume 

fractions of the particles, on the order of a few percent or less, means that large volumes of 

solvent have to be evaporated, potentially at a relatively high energy consumption. The 

microspheres in such a dip-coating process will deposit not only on the substrate, but also on 

the walls of the vessel, leading to waste of (usually expensive) material.  

In this study, thin structured micro- and nanoparticle particle layers were deposited by 

dragging with constant velocity the meniscus of microliter suspension droplets trapped 

between two plates (Figure 2.1).47 This technique offers precise control and reduced material 

consumption relative to standard dip coating. Two different systems were studied: latex 

colloidal crystals and thin metallic nanoparticle layers. To achieve rapid deposition, we used 

pre-concentrated suspensions of high volume fraction, so the crystals could be assembled at 

speeds as high as 90 µm/s. Coatings were deposited at different relative humidities to test the 

effect of solvent evaporation on the mechanism of particle deposition. We formulated 

operational ‘phase’ diagrams to relate coating thickness and structure to the deposition 

process parameters. These diagrams are based on the volumetric flux balance of the 

evaporating solvent film and the assembling particles. This balance and the process 

parameters involved are briefly presented below.   
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Figure 2.1. Schematic of the coating apparatus.  The inset above illustrates the process of convective assembly 
driven by the evaporation flux, JE. 

 

2.2 Volumetric flux balance over the drying region 
The mechanism by which the dispersed particles are brought together and crystallized 

in the thin wetting films is convective assembly. The particles are transported to the edge of 

the growing crystal by the flux of the liquid compensating for the evaporation from the 

crystal surface. A detailed transient mass transport analysis of the drying film region has 

been developed,48 however, for steady-state assembly a simpler equation balancing the 

volumetric fluxes of the solvent and the accumulation of particles in the drying region has 

been proposed by Dimitrov and Nagayama34 

 

    
)1)(1( φε

φβ
−−

=
h

lj
v e

C ,      (1) 

where ε and h are the porosity and the height of the deposited colloidal crystal, φ is the 

volume fraction of the particles in suspension, and β is an interaction parameter that relates 

the mean solvent velocity to the mean particle speed before entering the drying region. β is 

difficult to obtain experimentally, and for sufficiently small particle sizes one may assume 

complete entrainment, such that β ≈1.31,32 Eq (1) has been applied to colloidal crystals made 

by slowly withdrawing a substrate from suspension of particles (akin to dip-coating).  
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The material fluxes considered in eq (1) are the entrant flux of the carrier solvent (JS), 

the resulting hydrodynamic flux of the particles (JP), the evaporation flux of the solvent 

leaving the drying region (JE), and the accumulation of particles in the dried film (Figure 

2.2).  The steady state flux balance is taken over a control volume that moves at the rate of 

accumulation of drying particles, which is equal to the rate of colloidal crystal formation, vC. 

 

 
Figure 2.2. Schematic of the drying region of a thin wetting film. The colloidal crystal of thickness h is 
deposited at a growth rate, vC.  The volumetric fluxes, JP, JS, and JE are the particle flux, the solvent flux, and 
the solvent evaporation flux, respectively.  Note that the deposition speed or meniscus withdrawal speed, vw , is 
not necessarily equal to vC . 

 

Evaporation is not constant over the drying region and is a function of proximity to 

the bulk suspension meniscus. Measuring JE experimentally during the process of depositing 

a colloidal crystal film is difficult.49  It has been assumed 31,32,34 that JE is the rate of 

evaporation averaged over the drying length, l , i.e., lxjJ eE )(= . The rate of evaporation 

at any point in the drying region, je(x), is assumed to be constant and equivalent to the rate of 

evaporation of pure water, je. Hydrodynamic complexities50 and thermal gradients due to 

evaporation51 are ignored in this simple model, but it has been shown to accurately describe 

the formation of hexagonally close packed monolayers for a range of microsphere 

diameters.32   

Since the evaporative flux, je, the drying length, l, and the hydrodynamic parameter β 

in eq (1) are not available experimentally, and likely do not account for all evaporation and 

hydrodynamic effects in the process, we have found it convenient to lump the term jeβ l from 

eq (1) into a single parameter, K.  Then eq (1) simplifies to  

    
)1)(1( φε

φ
−−

=
h

KvC .      (2) 
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The parameter K may depend upon the rate of evaporation, but it should remain constant as 

long as constant temperature and relative humidity are maintained in the experiment.  For a 

more detailed derivation of this species balance refer to Appendix 4. 

 

2.3 Materials and Methods 

2.3.1 Colloidal particles 
Dispersions of surfactant-free sulfate-stabilized 1.1 µm polystyrene latex 

microspheres in water were purchased from Interfacial Dynamics Corp. (OR). The 

microspheres were washed and concentrated by centrifugation with a Fisher Marathon micro 

A centrifuge (1700g for 3 minutes). The dense latex phases after centrifugation were 

resuspended by sonication. The suspensions were diluted with DI water obtained from 

Millipore RiOs 16 reverse osmosis water purification systems (Bedford, MA). The range of 

latex concentrations studied was 0.9% to 35% vol. The precise concentrations of the latex 

suspensions were determined via gravimetric analysis.  

2.3.2 Substrate preparation 
Glass microscope slides from Fisher Scientific (PA) were used as substrates and 

deposition plates (25x75 mm2 with plain or frosted end). Thorough cleaning and oxidation 

was used to ensure clean hydrophilic surfaces. The slides were washed with Sparkleen 

detergent (Fisher Scientific), rinsed with DI water, dried in an oven at 60-70°C, and 

immersed in a Nochromix solution (Godax Labs, Tacoma Park, MD) for a minimum of 2 

hours. The slides were then thoroughly rinsed with DI water and dried again before coating.  

2.3.3 Coating procedure 
The schematics of the setup constructed are given in Figure 2.1. A droplet of liquid 

suspension was injected between two glass slides, a sample substrate and a deposition plate 

meeting at an angle of θ = 23 ± 1°.  Capillarity holds the bulk of the droplet in the wedge 

while the drop meniscus stretches out behind as the linear motor pushes the deposition plate 

and drags the droplet across the substrate. The linear motor speeds investigated ranged from 

0.1 to 212 µm/s. Droplet volumes ranged from 5-30 µL. Coatings were deposited at ambient 

lab temperature of 22 ± 2.5°C. A closed plastic chamber was used to maintain a relative 
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humidity (RH) of either 30 ± 2% or 50 ± 2%. The humidity was measured with a Fisher 

Scientific digital hygrometer.   

2.3.4 Coating characterization 
Particle coatings were inspected visually for crystallinity by colored diffraction with 

low angle transmitted white light, normal incidence diffraction with a 100 mW 532 nm 

wavelength laser, as well as by optical microscopy.  Optical micrographs were acquired by a 

digital camera (Toshiba PDR M81), using an Olympus BX61 optical microscope in 

transmitted white light (objective magnifications ranged from 4x to 50x). Scanning electron 

microscopy (SEM) of both metallic nanoparticle coatings and of latex colloidal crystals was 

performed with a JEOL F64 FESEM at the following operating parameters: 5-10 kV, 4-8 CL, 

10-17 mm WD. For improved sample conductivity, 80-100Å of gold were sputtered onto the 

latex coatings.  UV/Vis spectroscopy (Jasco V550 with a custom-made plate holder) was 

used to analyze the reflectance and transmission spectra of the particle films for pseudo band 

gap behavior in colloidal crystals and surface plasmon resonance in metallic films.  

Reflectance was measured with an integrating sphere attachment for the spectrophotometer.   

 

2.4 Results and Discussion 
 The motivation for this project was to improve the time and material scales of 

conventional colloidal deposition or coating processes which are typically relying upon 

convective assembly implemented via dip coating.  Using the model system of monodisperse 

latex, we studied the effect of the different deposition process parameters on coating structure 

and properties.  From an engineering perspective, we were interested in demonstrating 

control over the deposition process using the basic relationships discussed above   

2.4.1 Effect of deposition speed 

The first goal in the experiments was to identify conditions leading to formation of 

uniform crystalline monolayers. When the deposition speed, vw, of latex suspensions was 

decreased at constant particle volume fraction φ, the thickness of the crystal coating 

increased, until a complete and uniform hexagonal crystalline monolayer was formed at 

certain velocity. We will denote this velocity as vC,1∆ and will refer to it as "natural assembly 
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speed of a monolayer". When this velocity was sustained, uniform crystalline coatings up to 

tens of cm2 were formed (Figures 2.3 and 2.4c). This velocity is described by eq (2), which 

predicts that at fixed evaporation rate and particle volume fraction, there is only one specific 

speed at which a crystal monolayer will form. Our set-up, however, makes possible to 

deposit coatings at any speed, and we performed a systematic investigation of the effect of 

the meniscus withdrawal velocity, vw, on the structure of the coatings deposited, ranging from 

speeds much too fast to sustain hcp monolayer crystal growth (vw > vC,1∆),  to speeds slower 

than vC,1∆ where coatings thicker than a monolayer formed.  Notice the uniform coverage of 

the film formed during the deposition process in Figure 2.3a.  The deposition speed is 

commensurate with the particle concentration.  There is a clear line of demarcation between 

the liquid-like and solid-like transitions of particle ordering in the drying film.23,52,53  Notice 

the opacity to the right of the line and the sparkling colored region to the right of the line 

(Figure 2.3a).  These are clear indicators of incoherent scattering (milky white color) intrinsic 

to colloidal dispersions, and the coherent scattering of ordered mesophases.   The dry 

coatings appeared translucent and opaque due to scattering when viewed in diffuse, ambient 

light (Figure 2.3b), but (c) the crystalline order leading to bright diffraction is clearly 

revealed when the sample is illuminated with a white light source from behind. 

 
Figure 2.3. Examples of colloidal crystal monolayer coatings (a) during deposition, (b) after deposition in 
ambient lighting, and (c) after deposition and illuminated with an obliquely incident white light source.   All 
samples were coatings of 1.1 µm polystyrene latex deposited at 30% RH and 84.5 µm/s.  Images (b) and (c) are 
of the same sample and the scale is the same for both.  
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Figure 2.4. Examples of polystyrene latex coatings deposited at decreasing velocities: (a) dilute submonolayer, 
(b) submonolayer stripes, (c) monolayer at natural assembly speed, (d) monolayer and hexagonal bilayer 
striping (the bilayers appear brown, and monolayers appear beige due to optical interference). Scale bars for 
(a,c) = 50 µm and for (b,d) = 250 µm. The right hand column contains high magnification images of the 
structure to the left (all scale bars = 5 µm).   

 

 

Exceeding the monolayer assembly speed by more than 20 µm/s resulted in 

incompletely filled coatings referred to here as "submonolayers". Examples of such 

submonolayers are presented in Figure 2.4a and 2.4b. At speeds where vw >> vC,1∆, the 
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coatings consisted of small islands of 5-50 microspheres randomly scattered across the 

substrate (Figure 2.4a). The particles in these islands exhibited chaining and short-ranged 

hexagonal ordering. This structure is likely to form when the particles in the drying film are 

attracted to each other by capillary immersion and bridging forces.54  Further decrease of the 

deposition speed for a given φ increased substrate coverage as the islands began to 

interconnect in thin strips of hexagonally ordered particles (Figure 2.4b).29,31 Thus, the 

structure of non-connected islands of particles is converted into two-dimensional particle 

"foam". The empty areas in the coating are formed when the evaporation ruptures the film, 

dewetting occurs, and the particles are pulled together by the retracting film edges.30   

When the deposition speed was equal to the natural monolayer assembly speed, 

vw= vC,1∆ , the crystal covered uniformly the whole area of the plate (Figure 2.3a and 2.4c). 

The whole coating is made of hexagonal crystal domains of different orientation. The domain 

size of the typical crystals in the monolayer determined by optical microscopy was in the 

range of 100-250 µm.  The coating looks uniformly translucent when illuminated and 

observed perpendicularly to the surface (Figure 2.3a). When illuminated at a shallow angle 

with white light, however, the crystalline coating lights up in a variety of intensive colors 

(Figure 2.3b). Each of the crystal domains acts as a diffraction grating refracting light of a 

certain wavelength depending on the angle of incidence and lattice orientation.  

The structure of the 2D crystal monolayers could also be conveniently studied by 

laser diffraction in transmitted mode.55 When illuminated with a beam of large spot size (4 

mm in diameter) the diffraction pattern of the monolayers was typically a sharp circle 

(Figure 2.5a). These rings are 2D optical analogues of the common x-ray diffraction from 3D 

samples of crystalline powders (Debye-Scherrer method). They point to a well structured, but 

multicrystalline layer, every individual crystal of which is significantly smaller than the beam 

diameter. The diffraction pattern changed to six distinct spots set within a diffuse ring when 

the size of the laser beam spot was reduced with a pinhole of diameter 0.25 mm 

(Figure 2.5b). This pattern with six-fold symmetry corresponds to diffraction from a single 

close-packed hexagonal crystal. It confirms the microscopy observations that the sizes of the 

larger domains in the monolayer samples were ≈ 250 µm.   
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Figure 2.5. Diffraction of normally incident laser beam transmitted through a uniform hexagonal latex 
monolayer.  (a) Ring diffraction pattern from a 4 mm diameter beam spot (crystal powder diffraction).  (b) 
Reducing the beam spot to 0.25 mm changes the diffraction pattern to six symmetrical spots within a diffuse 
ring (single hexagonal crystal diffraction).  

 

The angle of diffraction for the six-spot and sharp ring pattern for a monolayer of 

1.1 µm spheres was measured to be 34.5°. This angle was corrected for refraction on exiting 

the composite layer by using Snell’s law. The coherent scattering length could be calculated 

from the von Laue relation56 (note that this formula is different from the common Bragg 

diffraction, which does not occur in crystal monolayers) 

 

   
Cn

h 0sin λθ =        (3) 

 

where h is the lattice constant, θ  is the scattering angle, λ0 is the laser wavelength, and nC is 

the effective refractive index of the latex coating that is mixture of air (nA = 1.0) and 

polystyrene (nPS = 1.583).57  We determined nC to be 1.382, and calculated h to be 939 nm. 

The corresponding lattice constant for an hcp monolayer of 1.1 µm microspheres is 

0.866DP = 953 nm. Thus the experimental value was just 2 % lower than the expected lattice 

constant, proving that von Laue laser diffraction precisely reveals the structure and lattice 

dimensions of 2D crystal monolayers.  This lower value was anticipated, as polymer 

microspheres are known to shrink or contract upon drying (from their dispersing solvent) 

since air is effectively an even worse solvent than water. 
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Decreasing the deposition speed below the natural assembly speed for a monolayer, 

or equivalently, increasing the volume fraction of the suspended particles, resulted in thicker 

coatings. Meniscus withdrawal speeds slightly slower than the monolayer assembly speed 

resulted in incomplete bilayers with structure similar to the sample shown in Figure 2.4d. 

Further decreases of the deposition speed lead to the formation of complete polycrystalline 

bilayers, incomplete trilayers, complete trilayers, etc. Optical microscopy was used to 

classify the number of layers, and the particle packing type in the crystals (Figure 2.6). The 

symmetry of the multilayer crystals was not always hexagonal, but alternated between 

hexagonal (∆) and square ( ) as the coating thickness changed. In all cases we observed the 

previously reported23,41,42 2D packing transitions in the order n∆  n+1  n+1∆ 

corresponding to maximized packing density as thickness increases (Figure 2.6), where n is 

the number of layers.  

 

 

 

Table 2.1. Relation between number of layers, microsphere packing type (hexagonal ∆ or square ), film 
thickness, h, and packing fraction, 1–ε.  Film thicknesses and packing fractions were calculated using the results 
of Pansu et al.42  n = integer number of particle layers, DP = particle diameter. 

n Film thickness, h (1 − ε) 
1∆ DP 0.6046 
2  1.707 DP 0.6134 
2∆ 1.817 DP 0.6657 
3  2.414 DP 0.6506 
3∆ 2.633 DP 0.6889 
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Figure 2.6. Layering transition schematic for monodisperse spheres confined in a small steadily increasing gap 
between solid surfaces41,42 or when the top surface has been replaced with a liquid-air interface. The 
experimental micrographs from this study superimposed on the bottom are from 1.1 µm polystyrene latex 
coatings.  The different colors of each layer are due to optical interference of the transmitted light. The polygons 
are to aid the eye. 

 

 

 The submonolayer, monolayer and multilayer coating data were used to construct 

plots of the crystal thickness and structure as a function of varying deposition speed and 

microsphere volume fraction. Such data for coatings of different thicknesses at two different 

relative humidities (RH), 30% and 50%, are shown in Figure 2.7. In order to interpret the 

results, the volumetric flux model, eq. 2, was applied to calculate the natural assembly speeds 

of multilayers. This equation has been derived for hexagonal monolayers, at fixed particle 

packing fraction of (1-ε) = 0.605.33  However, in our coating process we could adjust the 

speed of meniscus withdrawal (equivalent here to vw) and the particle volume fraction to a 

wide range of values, including natural formation speeds of multilayers (vC,n). In such films, 

the packing fraction, (1-ε), is larger than 0.605, but lower than 0.74, the limit for 3D close 

packed spheres.  The packing fractions (1-ε) and thicknesses h for crystals with different 

number of particle layers and symmetry, corresponding to the sequence described by Pansu, 

et al.41,42 are given in Table 2.1. These parameters were used in Eq. 2 in predicting the 
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natural assembly speed of multilayers and comparing to data obtained at large particle 

concentrations, φ, and low deposition speeds, vw.  

 

 
Figure 2.7. Operational ‘phase’ diagrams in which the coating data (number and type of layers) are plotted as 
function of suspension volume fraction, φ , and deposition speed, vw.  The curves delineate the natural assembly 
speeds for layers of various type calculated from eq (2).  One fitting parameter K is used for all curves at a 
relative humidity of (a) 30% RH, or (b) 50% RH.  The assembly curves are labeled using the same 
nomenclature as in Figure 6 and in Table 1. 

 

All curves for the natural assembly speeds, vC(h,φ,ε), for layers of different thickness 

and symmetry (1∆, 2 , 2∆ …) overlying the data in Figure 2.7 were calculated using only 

one fitting parameter, K, from eq. (2). Hexagonal close packed monolayers were easiest to 

make and to observe, and exhibited the least number of defects, so their measured natural 

assembly velocities were used for fitting K (by the least squares method). Colloidal crystal 

thickness was assumed to have a negligible effect on the local rate of evaporation because 

porous 2D thin films offer low resistance to evaporation.48 For constant φ and K, the shift in 

the calculated vC,n towards the φ-axis for thicker coatings (n > 1) is governed solely by the 

increase in the term,  h(1-ε), from eq (2) as shown by Table 2.1.   

The top left region above the monolayer curve for Figure 2.7a,b corresponds to 

incomplete monolayer (submonolayer) coatings. The lower right region (high volume 

fraction, low deposition speed) corresponds to multilayer coatings. When the deposition 

speed is equal to the natural assembly speed of the nth layer, the growth of that layer is 
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sustained and kinetically stable. The solid data points in Figure 2.7 represent visually 

confirmed coatings in which that particular phase, n∆, dominated. Intermediate velocities 

between two calculated vC,n are too rapid to sustain the growth of the thicker crystal, yet too 

slow to prevent any formation of the thicker crystal phase. The resulting coatings deposited 

at such speeds that are incommensurate with a specific vC,n form stripe-like patterns of the 

two phases perpendicular to the direction of coating (cf. Figure 2.4d). The hollow polygons 

in the operational diagrams of Figure 2.7 represent coatings that were oscillatory mixtures or 

striped coatings of n∆ and n+1∆.  The presence of an n+1  layer is implicit as an 

intermediary phase between the neighboring hexagonal regions, but was never observed over 

ranges longer than a few microspheres. Because of the absence of long range square packing 

regions no square data points are plotted on the operation diagrams. This issue is discussed in 

detail below. 

In general, the coating data for all multilayers coincided very well with their predicted 

natural assembly curves, even though these curves were drawn from a single fitting 

parameter for monolayers. Eq (2), though only based on a simple balance of fluxes, 

accurately predicts the coating structure and thickness dependencies on the controlling 

parameters, vw and φ.  This agreement of curves and data demonstrate how by using the 

operational ‘phase’ diagrams the coating process can be predicted and controlled to obtain 

hexagonal multilayers of specified thickness.  

Square packed layers are of interest for photonic crystals as they can be precursors for 

bcc phases. In principle, following the operational diagrams of Figure 2.7, judicious 

deposition speed selection should eventually yield large areas of square layers if the correct 

balance between volume fraction and deposition speed is maintained. We, however, rarely 

observed long range strips of square packing, confirming earlier work23 describing the square 

layers as intermediate phases between large hexagonal layers (e.g. Figure 2.4). The rarity of 

square ordering can be attributed to two reasons. First, it may be a result of the flexibility of 

the liquid/air interface, permitting particle protrusion.23 Hence, the particles, preferring to 

maximize the packing density, may push through the meniscus to form hexagonal, rather 

than square arrays. Second, the operational phase diagrams of Figure 2.7 show that the 

natural assembly curves of the square arrays are always close to the ones for the 

 52



corresponding hexagonal layer. Thus, the window of opportunity for stable growth of any 2D 

phase is much more restricted than for the corresponding hexagonal layers.  

2.4.2 Effect of evaporation rate 

The above results prove that as long as the evaporation rate is kept constant it is 

possible to relate the speed of meniscus withdrawal to the structure of the crystal coatings 

deposited. Only a single parameter from eq (2), K = jeβ l, is used to fit all data at certain 

humidity. It was expected that the parameter K will vary with the evaporation flux je as 

humidity changes. The rate of evaporation is faster at lower relative humidity. The 

evaporation rate of thin films of pure water on hydrophilized glass substrates was measured 

to be 0.08 ± 0.02 µm/s at 30% RH, and 0.043 ± 0.009 µm/s at 48% RH. Thus the evaporation 

flux at 30% RH is approximately twice the evaporation flux at 50% RH.  

The values of K fitted from coating data, however, did not show a significant 

dependence on the humidity. The fitting procedure for monolayers coated at 30% and at 50% 

RH yielded K values of 109 ± 9 µm2/s and 113 ± 11 µm2/s, respectively. These values are not 

statistically different and coincide within the boundaries of the experimental error. This 

surprising result is confirmed by the approximately equal assembly speeds for the coatings at 

30% and 50% RH (cf. Figures 7a and b).  

Thus, there must be an effect that balances the evaporation rate, and maintains a 

constant value of the K parameter. This balancing effect is most probably related to the 

drying length, l, over which the liquid film penetrates into the porous colloidal crystal before 

it is completely evaporated. At low humidity, fast-drying films should have correspondingly 

shorter drying lengths, l ≈ je
-1: as the liquid film dries faster, the water does not penetrate as 

far as at high humidity. Assuming that the hydrodynamic drag parameter β ≈ 1, the ratio K/je 

yields drying lengths of 2600 µm for 50% RH, and 1400 µm for 30% RH. Interestingly, 

studies of soft latex film formation for paint and other applications have shown that 

evaporation rate of the carrier solvent only plays a role in film formation when the latex 

temperature exceeds its glass transition temperature (Tg).58  

The increase of the drying length upon increasing the relative humidity from 30% to 

50% agreed with previous experimental findings for colloidal coating drying lengths.31,34 

Additionally, an inverse dependence for the drying length on the drying rate (RH) is in 
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keeping with the relationship reported for dip-coated liquid films and agrees with classical 

thin liquid film theory.59 Qu, et al found that increasing the pulling speed (deposition speed) 

of their dip coating apparatus resulted in longer films.59  We observed similar behavior in our 

latex films.  By conservation of material, increasing the deposition speed increased the 

overall area of coverage, while decreasing the final particle packing fraction in the coatings 

(e.g. Figure 2.4).  Drying length estimates for comparable systems (dip-coating monolayers 

of 870 nm colloidal microspheres) are only available for 50% RH, and the reported drying 

lengths are on the order of 2000 µm.31,34  Our 50% RH drying length of 2600 µm exceeded 

this previously reported value by 30%. The difference in the two drying lengths may be due 

to the difference in particle diameter. The prior study31 used 814 nm microspheres and we 

used 1.1 µm microspheres, which are 35% larger. The drying length may or may not scale 

linearly with particle diameter, but a qualitative 30% difference in the drying lengths 

suggests a relationship between drying length and particle diameter.   

Our data are not conclusive as to whether K remains constant in the whole RH region, 

as there are only two points for comparison (even though each of these K values is 

determined as a fit of large number of independent experiments). It appears, however, that 

the parameter K will remain approximately constant within at least a certain range of 

humidities, which suggests that the humidity does not need to be controlled precisely in order 

to produce uniform coatings.  Similar findings have been reported for thick colloidal crystals 

formed via dip coating.33  The only parameters that strongly affect the process outcome are 

the deposition rate and particle volume fraction. In a deposition process as the one described 

in this study, the volume fraction remains approximately constant, as the evaporation flux 

from the meniscus with suspension is much smaller than the one from the deposited crystal. 

In more complex implementations of the technique, the suspension may be continuously 

supplied (via inline injection) to the meniscus, keeping the volume fraction exactly constant. 

Coatings of desired thickness and symmetry can be deposited by precisely controlling only 

the speed of deposition. This promises easy technological implementation of the method, as 

it is very easy to vary (or keep constant) the deposition speed via the electronic motor 

control.   
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2.4.3 Optical properties of colloidal crystal monolayers 
 The figure below (left) shows the normal incidence UV/Vis transmittance spectra of 

PS colloidal crystal monolayers with varying particle diameters.  The spectra all exhibit the 

similar profiles that are shifted due to the differences in particle diameters.  The depth of the 

primary minima (right hand most dip in transmission in Figure 2.8a) and the starting point of 

the spectra reveal the quality of the colloidal crystal.  Film with more drying cracks and less 

complete monolayer structures have more scattering losses, and hence have lower than 90% 

transmission even long wavelengths (560 nm adn 720 nm particle coatings, Figure 2.8a).  

The decreasing trend in the spectra (with decreasing wavelength) is due primarily to the 

increasing absorption of light by polystyrene.   

 
 

 
 

Figure 2.8. Normal incidence transmission spectra of (a) different sized PS latex hcp monolayers on glass 
substrates and (b) the same spectra plotted as a function of reduced frequency scaled by eq (4).  Calculated 
spectra from reference for a monolayer of hcp PS spheres is overlaid for comparison. 

 
 The spectra can also be adjusted by normalizing the scan-wavelength (or frequency) 

by the particle diameter, using the following relationship 

 
λ

ω
2

3pd
=      (4) 

where λ is the wavelength of light in free space and dp is the diameter of the particles.60  

When this occurs, the spectra from different particles roughly collapse into a single master 

profile, which is indicative of a primarily hexagonal lattice structure within the samples 
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(Figure 2.8b).  The difference between the spectra can be attributed to the defects within each 

different sample.  However, for these hcp ordered structures, all of the diffraction peaks 

should occur at the same reduced frequency, ω, as this scaling is a fundamental property of 

photonic crystals.8,55 

The general profile of the spectral transmission from a monolayer (normal incidence) 

exhibit the primary minima, or pseudo band-gap at ω ~ 0.71 (due to the hcp ordering), a 

secondary gap at ~ 0.86, a drop off in transmission at ~ 1.0, and a small dip at ω ~ 1.35.60,61  

Since there is only one layer of particles comprising the film, the patterns in the transmission 

spectra are not due to Bragg scattering, which is caused by multilayer diffraction and 

interference. Rather, the observed 2-D photonic bands in latex monolayers are due to light 

scattering between the spheres composing the array.60 Experimental evidence of light 

propagation along a colloidal crystal monolayer from normally incident light was 

demonstrated using films of mixed fluorescent and non-fluorescent latex.6  When an isolated 

fluorescent microsphere surrounded by non-fluorescent microspheres was excited, the 

emitted light was observed to propagate along the points of sphere-sphere in the colloidal 

crystal.  Thus, for hcp lattices, the fluorescent emission followed the six fold symmetry.  The 

patterns and behavior of this in-plane scattering was shown to be a function of sphere size 

and dielectric, substrate dielectric, and wavelength.6 

Calculations involving the interaction electromagnetic radiation and a single 

dielectric sphere have shown similar less pronounced transmission minima near ω ~ 0.7 and 

ω ~ 0.9, which indicate that so called whispering gallery modes, or intrasphere internal 

reflections (Mie scattering) are also contributing to the scattering phenomenon within the 

monolayers.61 Calculations with an infinite monolayer array (shown overlaying the 

experimental data, Figure 2.8b) exhibit the same frequency dependent minima in the 

transmittance, although the minima are significantly sharper in the calculation.   The relative 

breadth of the experimental minima (Figure 2.8b) are attributed to several factors: (i) the 

finite nature of the 2-D array, (ii) particle polydispersity, (iii) particle-substrate interactions, 

and (iv) film defects (e.g. cracks, grain boundaries, etc.).61-63 

Our spectrophotometer has an operating range of 200 nm to 900nm.  Thus, the lower 

frequency cut off at approximately ω ~ 0.6 for the data, while the calculation from Miyazaki 

et al. is for the entire spectral range shown.  On these axes, the spectra of 1.1 micron latex 
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monolayers scanned from 900-300nm covers the region ω ∈ [1.058, 1.2] are not shown.  A 

near-IR spectrophotometer is required to probe monolayers of such large sized microspheres.  

The calculated spectra has a broad minima near ω ~ 0.6 (which was accompanied by another 

similarly shaped one, off graph, near ω ~ 0.25) which resembles interference fringes seen in 

thin films spectra, and it is attributed to such behavior (Figure 2.8b.).60  The calculation61 

uses the εPS ~ 1.6 for polystyrene in this spectral range.  In reality, the dielectric constant of 

PS is a wavelength dependent over this spectral range, and the incorporation of a minute 

imaginary component accounting for the absorption losses at low λ or high ω would provide 

even better agreement between the general spectral profile of the calculation and the actual 

data.  

The Laue relation, eq (3), was used to analyze the primary minima (or pseuo-band 

gap) in the transmission spectra.  Recall that h is the lattice constant, θ  is the scattering 

angle, λ0 is the laser wavelength, and nC is the effective refractive index of the latex coating 

that is a mixture of air (nA = 1.0) and polystyrene (nPS = 1.583).  For a monolayer of hcp 

spheres, φp = 0.605, and thus, nC = 1.382 by volume averaging.57  When the scattering angle 

is 90°, the transmission minima will occur.  This is in accordance with other researchers who 

have shown that colloidal crystals can propagate light along their crystalline planes normal to 

the angle of incidence.6  

A parity plot shown in Figure 2.9 shows the degree of agreement be the measured and 

the predicted transmission minima using the von Laue relation.  The vertical error stems from 

the breadth of the experimentally measured primary minima, while the horizontal error 

comes from the manufacturer’s stated standard deviation in particle diameter, which was 

incorporated into the von Laue calculation.  The diameter, dp, dictates the lattice constant, h, 

that is h = 0.866 dp (for an hcp arrangement of spheres).  There is no fitting.  The agreement 

between experiment and theory is quite good.   
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Figure 2.9. Parity plot of the measured transmission minimum versus the predicted transmission minimum for 
three different monolayers made with three different diameter microspheres, dp.  

 
 

2.5 Applications 

In previous convective assembly experiments colloidal crystals have been deposited 

over periods of many hours or even days. The reasons for such slow assembly speeds are 

made clear by the operational process diagrams in Figure 2.7a,b. The very slow deposition 

speeds (10 nm/s - 1 µm/s) have been necessitated by the low particle concentrations used 

(0.1 - 3% by vol.).23,33,35 Much more rapid colloidal coating processes are needed for 

industrial scale viability. The experiments reported here prove that faster colloidal crystal 

deposition speeds are possible at high particle volume fractions. Large uniform crystal 

coatings were deposited in a few minutes.  

The deposition process, however, can not be speeded indefinitely by increasing the 

volume fraction of the particles. The operational diagrams constructed here (Figure 2.7) also 

provide an estimate of the highest speed at which it is possible to assemble films ranging 

from submonolayers up to hexagonal trilayers. The highest concentration where the 

suspension can flow and spread is (the jamming limit) at a particle volume fraction of ~0.55, 

so the corresponding deposition velocity, vC, on the vertical axis is the highest one attainable 
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in such coating process. Similar diagrams can be constructed for the deposition of thicker 

coatings, although as seen in the plots this will require much slower and better controlled 

deposition speeds because of the small difference in growth rates for different layers. The 

most uniform colloidal crystal coatings in the experiments were the ones made at the higher 

volume fractions (0.15 - 0.35) with speeds ranging from 10 - 90 µm/s. The operational 

diagrams suggest a reason for this uniformity as the spread between the curves for different 

layers increases with the volume fraction. The type of crystal being deposited may be easier 

to control at higher volume fractions. 

These colloidal crystal coatings could hardly be considered as precursors for the 

elusive 3D photonic crystals with a complete band gap. Even though they produce sharp 

diffraction peaks, like most crystals deposited by convective assembly, they are 

polycrystalline, with some degree of defects such as vacancies and dislocations. This 

polycrystallinity  stems from competing nucleation and growth of the crystal domains,34 and 

to a lesser extent from particle-substrate adhesion (because the surfaces were hydrophilized 

negatively charged glass plates, the negatively stabilized latex was strongly repelled from the 

substrate surfaces).  The thicker crystals also exhibited cracks due to the surface tension 

forces present during the drying phase.  Nevertheless, such rapidly and inexpensively 

deposited materials have a range of potential applications, from light filters and decorative 

coatings, to modification of wetting properties and surface functionality, to catalysis and 

filtration.  

 

2.6 Conclusions 
The rapid coating experiments with latex crystals and described here provide a 

glimpse at the wide range of applications for which convective assembly can be used. 

Maintaining control over the structure and number of particle layers is a major step towards 

large scale applicability. Out of the three controlling parameters of our system (deposition 

speed, particle concentration, and solvent evaporative flux), the deposition speed is the most 

potent and easily varied parameter. In principle, eq (2) should hold for any type of colloidal 

material because it correctly captures the basics of convective assembly process.  Even 

though it was originally derived in the dilute limit for single layers of monodisperse spheres, 

we demonstrated that this equation holds for high volume fractions and accurately predicts 
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the formation of coatings from submonolayers to multilayers.  Thus, we constructed 

operational phase diagrams for a wide range of suspension volume fractions, and used those 

as a predictive tool for obtaining a desired coating structure. 

Working at higher volume fractions permitted faster deposition rates, as predicted by 

the operational diagrams constructed. The K parameter remained constant for at least two 

different relative humidities, which implies that the evaporation rate of the solvent does not 

have much influence on the deposited coating structure. This raises the intriguing and 

important possibility that humidity does not need to be controlled precisely in order to 

produce uniform structured coatings. 

These coating experiments also showed how time and material consumption can be 

drastically decreased in comparison to conventional dip-coating. Depositing micro-and 

nanoparticle coatings from a small meniscus of concentrated suspension reduces material 

waste by coating only a single surface of the substrate (as opposed to both sides of the 

substrate and the walls of the immersion vessel in dip-coating). The coating timescale is 

reduced from hours or days to minutes. Coatings of tens of cm2 were deposited onto 

microscope slides from microliter volumes in just minutes. This process has the potential for 

scale-up and for moving from batch operation as used in this study, to continuous coating 

technology by injection of a continuous supply of liquid suspension in the moving meniscus.  
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Chapter 3.  Controlled deposition and modification of gold nanoparticle 
films with controlled structure by convective assembly 

 

3.1 Introduction 
Metallic nanoparticles possess unique size-dependent properties due to their 

enormous surface to volume ratio, electron plasmon resonance and quantum confinement 

effects. Thin films of such nanoparticles could be used in applications such as reflective 

coatings, sensors,1-3 platforms for molecular electronics and plasmonics,1-3  substrates for 

surface-enhanced Raman spectroscopy,4 and materials with high catalytic activity and 

specificity.5,6 Two main approaches have been used for making metallic films from 

nanoparticles: (1) top down via deposition of evaporated or sputtered metal from vacuum to a 

substrate7,8 or to a polymer matrix,9 or (2) bottom up via “soft” lithography stamping,10 self-

assembly of sterically protected nanoparticles,11,12 sol-gel coating,13,14 or adsorption of 

nanoparticles onto oppositely charged substrates.15,16  Approaches (1) and (2) can be 

combined to make dispersed metal island films.17  These techniques have been much 

investigated,18  but are relatively complicated and inflexible. Vacuum metal deposition 

requires high energy input and high cleanliness. The self-assembly methods deposit one layer 

at a time and to date use either particles that are chemically modified, typically by coating 

with an organic ligand to prevent aggregation, or they use chemically functionalized 

substrates to adsorb the particles. Multiple layers can be made via layer by layer adsorption, 

but this requires covering of the particles and the substrates with polyelectrolytes, multiple 

steps, and results in organic-metallic composites.  

We demonstrate how multilayer coatings from gold nanoparticles can be fabricated in 

one step by convective assembly from an evaporating meniscus of aqueous suspension. The 

convective assembly has been shown to be a simple and facile route for deposition of two 

dimensional crystals from polystyrene latex and silica microspheres.19-22 The method can also 

be applied for making coatings from sterically protected,23 or silica encapsulated24 

nanoparticles.  Similar mesoscopically ordered films can be deposited from surfactant 

stabilized nanoparticles dispersed within silica sols.25  Convective assembly of films from 

“naked” (chemically unprotected) metallic nanoparticles on unfunctionalized substrates 

requires preparing concentrated nanoparticle suspensions, which had been difficult because 
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of the propensity of unprotected metal nanoparticles to aggregate upon concentration due to 

van der Waals attraction. We developed procedures for nanoparticle concentration by 

membrane filtration (via centrifugation), and an apparatus for convective assembly at high 

volume fractions that allows efficient deposition of nanoparticle coatings from droplet-sized 

volumes of suspension.26 The combination of these two techniques allowed controlled 

efficient assembly of a wide variety of structures from as-synthesized gold nanoparticles 

without any functionalization of the substrates. The first systematic data on the structure, 

optical and electronic properties of such multilayer nanocoatings are reported here. We show 

how the properties of these coatings can be correlated to their structure, and modified in a 

wide range via controllable fusion at temperatures much below the melting point of the bulk 

metal.  

The unusual optical and electrical properties of the thin metal nanoparticle films are a 

strong function of the size, shape, and proximity of the particles.9,27 Dispersed or 

unaggregated particles exhibit surface plasmon resonance (SPR) absorption bands due to free 

electron oscillation at a specific frequency of incident light.28 The structure of a thin film of 

separated nanoparticles can be approximated by homogeneously distributed spheres, and 

their spectral characteristics can be modeled by effective medium approximations such as the 

Maxwell-Garnett theory.24  Particle aggregation, however, leads to multipolar electronic 

interactions and increasingly complex effective media approximations are required to model 

the coating optical properties.9,29 Larger domains exhibit increasingly broad absorbance 

peaks at progressively longer wavelengths (red shifted), and are marked by a macroscopic 

change in coloration from reddish to bluish.30 When the aggregated metallic domains exceed 

several hundred nanometers bulk metallic properties are observed. Microscopy techniques 

including SEM, SPM, and TEM have been used to provide microstructural information 

required for improved model accuracy in the effective media theories.9 

The electrical conductivity of metal nanocoatings can vary over many orders of 

magnitude ranging from metallic at very high particle filling fractions (conductivity ~105 – 

106 Ω-1 cm-1 ), to insulating (conductivity ~10-14 – 10-16 Ω-1 cm-1) at low filling fractions.9 

Near the percolation threshold (filling fraction of ~ 0.5 for most metals), a sharp transition 

between metallic and insulating behavior occurs.9  In thin metallic films of this type, non-

ohmic “switching” between low and high conductivities has been widely reported,9,11,31 and 
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studies have shown that this phenomenon can be reversible and cyclic.7  The switching 

phenomenon occurs at threshold voltages that overcome the energy barrier to conduction 

between metal-insulator-metal regions. Such a process has been described as “self forming” 

conduction pathways.32,33  The sensitivity of these conductivity changes to adsorbed or 

deposited organics has potential for making gas phase chemical sensors.23,34,35  

Nanoparticle metallic films are also sensitive to temperature treatment due to the 

melting point depression (MPD) inherent to small particles.9,31  MPD becomes significant for 

sub-100 nm particles.36-38 It is dependent on the inverse particle diameter, 1/d, and can be 

well approximated by a Taylor series expansion of the Kelvin equation.39-42 The melting 

point decreases rapidly for d < 30 nm, and shape anisotropy and even moderate size 

polydispersities of ± 10% can cause large broadening of the observed melting point.40 For 

low to moderate temperatures, the electrical conductivities of metal nanocoatings have shown 

an Arhenius dependence on temperature.23 At temperatures approaching the depressed 

melting point, however, the conductivities decrease sharply and the films become insular due 

to structural changes.  Such sensitivity to temperatures suggests that discontinuous metallic 

coatings of well controlled particle sizes could be used as temperature sensitive thin film 

fuses.31  

 

3.2 Experimental methodology 

3.2.1 Materials 
Gold nanoparticles used for depositing metallic films were synthesized by reduction 

of HAuCl4 with sodium citrate and tannic acid that yielded suspensions of ~ 15 nm gold 

nanoparticles.43 All chemicals were used as purchased from Fisher (Pittsburg, PA) or Aldrich 

(Milwaukee, WI). The nanoparticle suspensions were concentrated ≈100-fold via 

centrifugation (1500g for 10 min) in Millipore Biomax 5 centrifuge filters. Residual salts 

were washed by centrifuging DI water through the filters (1500g for 10 min). The 

concentrated nanoparticles were collected by inverting the filters and centrifuging at 750g for 

5 min. The gold nanoparticles could be further concentrated another 10-fold using the 

Marathon micro A microcentrifuge at 8500g for 15 minutes. 
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The final concentration of gold nanoparticles in the water suspensions studied was in 

the range of 0.01 – 0.3% vol. The precise nanoparticle concentrations were measured by 

UV/Vis spectrophotometry at the gold nanoparticle surface plasmon resonance (SPR) peak. 

The position of the SPR peak for all samples remained constant at 523±3 nm, which is 

consistent with stable, unaggregated suspensions of 10-20 nm size particles.30,44,45 

Transmission electron microscopy was used to determine an average particle diameter of 

16.3 ± 3 nm from a statistical population of over one hundred particles (Figure 3.1), which 

was in good agreement with the observed UV/vis plasmon resonance band. 

 
Figure 3.1(a) Schematics of multilayer nanoparticle coating via convective assembly. (b) Images of actual 
nanocoatings deposited at 5.3 µm/s on glass prior to and after flame annealing (each image shows an area of 2.5 
x 1.7 cm2), the upper left inset is a TEM micrograph of the as synthesized gold hydrosol (scale bar = 100 nm). 

 

The substrates for the nanocoatings were either glass microscope slides (frosted, from 

Fisher Scientific, PA) or polystyrene (PS) microscope slides (sterile PS, EMS, Washington, 

PA; Tg ~ 105°C, TM ~ 230°C). The glass slides were cleaned and hydrophilized by 

immersion in Nochromix (Godax labs).26 The PS slides were used as purchased, but 0.1-

0.2 % wt. of nonionic surfactant (Tween 20 obtained from Acros Organics, New Jersey) were 

added to the water suspensions to facilitate PS wetting.  
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3.2.2 Nanoparticle deposition 
The set-up and the process for deposition by convective assembly at high volume 

fraction were described previously.26  Droplets (10 - 30 µL) of pre-concentrated gold 

nanoparticles (2 - 3 % wt) dispersed in water were injected into the wedge between a 

substrate slide, and a coating slide meeting at an angle of 23 deg. The droplet was held in the 

wedge between the surfaces by capillarity. When the top slide is translated across the 

substrate, a thin wetting film is formed as the meniscus stretches behind the moving slide. 

The evaporation of the water from within the thin wetting film is the driving force for the 

convective assembly of the particles comprising the coating (Figure 3.1a). The surface 

coverage of the nanoparticles is conveniently controlled by the deposition speed26 and ranged 

from less than a complete monolayer to uniform multilayers.  

3.2.3 Post deposition annealing 
Simultaneous tuning of the structure, optical spectra and the electronic conductivity 

of the films was performed by gradual fusion of the particles upon heating at temperatures of 

50 – 400 °C, well below the bulk melting temperature of gold (1064 °C). Coatings were 

reproducibly flash heated by flaming (glass substrates only) or microwaving ranging from 10 

seconds to 10 minutes.  Flame heating was performed by positioning the sample horizontally 

(gold side up) 12 cm above a Bunsen burner.  The gas flow and air inlet were adjusted so that 

the top of the flame was just beneath the underside of the glass substrate. Other samples were 

exposed to microwave irradiation in a General Electric 1100 Watt microwave oven (2.45 

GHz magnetron source).  The heat released by microwave radiation is concentrated in the 

metal film because of its high attenuation by metals versus near complete transmission by 

amorphous polymers and glasses.46 Microwave radiation has been used for localized heating 

in metallic and inorganic materials.47,48 A Raytek Raynger ST contactless infrared thermal 

probe (Santa Cruz, CA) was used to measure the temperature of the coatings during heating. 

These flash heating techniques were proven reproducible and were commensurate with the 

innate simplicity and speed of the film deposition.   

3.2.4 Characterization 
The optical properties of the coatings were characterized by ultraviolet (UV)/visible 

(vis) absorbance spectrophotometry (Jasco V550, Jasco Corp.). A custom plate holder was 
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used and the substrate backgrounds were subtracted in the reference beam. The 

microstructure of the films was observed by SEM (JEOL 6400F operating at 4-5kV). The 

electrical conductance of the films was measured by connecting the sample to a direct current 

(DC) circuit via a two-point probe. Conductive copper tape (3M, St. Paul, MN) was placed at 

the edges of the coating to which “alligator” clips were attached. The current-voltage, I(V), 

response was recorded while incrementally varying the applied DC voltage between 0 and 12 

V. The resistance, R, was calculated by linear regression of the I(V) data.49  

Changes in nanocoating adhesion due to heating were investigated using a custom 

made “scratch” test set-up. A 3 mm copper sphere was attached to a slip of flexible plastic 

sheet. The combined weight was recorded, and then it was attached to the deposition device 

and dragged across the gold nanoparticle coatings at a constant speed of 100 µm/s. The 

normal weight of the sphere (3 mN) provided the scratching force as it was translated 

laterally across the coatings. The use of the comparatively large stylus (the copper sphere) 

distributed the scratching force so that a lower surface pressure was exerted (compared to the 

fine styluses used commercially) and allowed resolution of the subtle annealing effects. 

Scratch testing was performed at ambient conditions, after the coatings had cooled. Substrate 

surfaces were assumed to be uniform in all cases. The scratch widths were measured using 

optical microscopy (Olympus BX 61) and a CCD camera (Olympus DP 70). 

 

3.3 Results and Discussion 
 One of the preliminary goals of this series of experiments was to verify the findings 

from chapter 2 (that is the process parameter dependence) for our convective assembly 

technique (at high volume fractions) using colloids which were several orders of magnitude 

smaller than the polymer microspheres used previously.  Gold nanoparticles proved to be an 

excellent tool for these studies. 

3.3.1 Effect of deposition speed on coating microstructure 
Nanocoatings with different thickness were deposited from the concentrated gold 

nanoparticle suspension by varying the meniscus withdrawal velocity vw.  As we have 

demonstrated earlier, vw allows convenient and easy control of the film thickness in 

convective assembly.26 All gold nanoparticle coatings had the characteristic yellow "golden" 
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appearance when viewed in reflected light. They were also semi-transparent and their 

appearance in transmitted light ranged from blue tinted, for thin, rapidly deposited films, to 

darker blue/gold coloration, for thicker, more slowly deposited coatings (Figure 3.1b, 3.2). 

The same technique and concepts can easily be extended to a variety of coatings. We studied 

the effect of the operation parameters on the structure, optical and electronic properties of 

coatings from gold nanoparticles.  Suspensions of nanoparticles of diameter ~12 nm were 

deposited by a procedure similar to latex colloidal crystals. The concentrations of the gold 

suspensions were at least an order of magnitude lower (0.01 – 0.3% vol.) than the latex ones. 

As the operational ‘phase’ diagrams in chapter 2 indicate, lower volume fractions require 

slower speeds. Indeed, the deposition of nanoparticles required slower assembly speed than 

the latex crystals formed from microspheres. The deposition speeds studied ranged from 0.5 

to 40 µm/s. At speeds below about 10 µm/s uniform continuous layers that appeared 

homogeneous to the naked eye were formed (Figure 2a, 2% vmax region). When deposition 

speeds exceeded ca. 10 µm/s the nanoparticle films exhibited striping behavior qualitatively 

similar to the submonolayer striping of latex coatings (e.g. Chp 2, Figure 2.8b,c). 

 
 
Figure 3.2 (a) Gold nanoparticle coatings deposited on the same substrate at decreasing deposition speeds from 
right to left leading to increasing surface coverage (listed as % of vmax = 211.2µm/s). The concentration of the 
suspension was 0.3% vol.  (b) Optical micrograph of the 20% region.  (c) Optical micrograph of the 10% region. 
(d) SEM of the 2% region. 

 

71



 

SEM observations proved that the nanoparticles in these coatings did not order in 

organized lattice formations like the latex microspheres during the deposition process.  

Instead, they tended to form aggregated structures with micrometer sized features 

(Figure 3.2d). The lack of well-crystallized structure can be attributed to a variety of factors. 

First, the nanoparticles (referred to by other scientists as "nanocrystals") are not as 

monodisperse and spherical as the latexes. Second, the repulsive interactions between the 

gold nanoparticles are relatively weak due to the low surface concentration of charged groups, 

and the attractive van der Waals interactions are strong because of the large Hamaker 

constant. These particles are not sterically protected by polymer chains adsorbed or grafted 

on the surface. Thus the nanoparticles may begin to aggregate when concentrated in the 

meniscus. Third, it is also possible that the equilibrium thickness of the film is relatively 

large compared to the nanoparticle diameter, so it does not provide the same strong 

confinement as in the case with the large latex microspheres.  

A major feature of these coatings is the remarkable uniformity of the stripes forming 

at submonolayer deposition speeds. The striping can be conceptually related to ring 

formation by evaporating droplets of particle suspensions.50,51  Each stripe represents an 

attempt by the drying system to begin depositing a continuous layer in the film meniscus 

pinned down by the already deposited particles. However, as the withdrawal velocities are 

too rapid to sustain this growth, the meniscus suddenly jumps to a new position, and so on. 

One reason this occurs is that a pinned contact line of the particle suspension drop institutes a 

low, but finite nonzero contact angle.  Thus as the droplet is spread a situation will arise 

where the contact line jumps due in part to surface tension instabilities induced by 

unbalanced pulling force.  Additionally, as the film becomes distorted and decreases in 

thickness with increasing vw, it becomes more succeptible to instabilities and dewetting 

phenomena.  This (“stick-jump”) effect is closely related to the fundamental research in 

Langmuir-Blodgett surfactant films, which has shown a strong correlation between the 

deposited film structure and the deposition speed, the film contact angle, the equilibrium film 

thickness and the film capillary pressure.52-54 At the optimum conditions, periodic patterns 

can be deposited much like our own gold stripes.54 
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Figure 3.3. Figure 3. Schematic illustrating the dependence of ‘stripe’ formation on withdrawal rate 
(withdrawal speeds increasing from left to right). 

 

 Each stripe of aggregated gold nanoparticles was ca. 150 µm thick (Figure 3.2). The 

spacing between these stripes decreased in direct proportion to the decrease in the deposition 

speed (Figure 3.3). Halving the deposition speed approximately halved the stripe spacing (cf. 

Figure 3.2b and 3.2c).  The stripes corresponding to 20% vmax had a spacing of ≈ 600 µm and 

the gold stripes deposited at 10% vmax had a spacing of  ≈ 300 µm. The striping length was 

found to scale with the deposition speed as  

    
C
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v
v

l
l

∝        (4) 

where lS  is the distance between stripes of particles, lC is the stripe width (equivalent to the 

spacing at which the stripes overlap and a uniform layer with no stripes results, Figure 3.2d), 

and vw and vC have the same respective definitions as before. Over several periods of striping 

the fraction of surface coverage can be approximated as lC /(lS + lC).  For the regions of gold 

deposited at 20% and 10% vmax the surface coverage fraction can be estimated as 0.2 and 

0.33, respectively. We predicted the speed for which the onset of uniform layers occurs as, 

vW (for which lS = 0) ~ 5% vmax, or about 10 µm/s, which coincided with the experimentally 

determined natural monolayer assembly speed. Thus, eq (4) provides another means for rapid 

estimation and setting of the natural assembly speed.  
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3.3.2 Effect of deposition speed on optical and electronic properties 
The interrelation between coating deposition speed and the measured UV/vis 

absorbance spectra is shown in Figure 3.4a. Qualitatively, the spectra for unmodified 

coatings were the same, save that the absorbance (or optical density) increased with 

decreasing deposition speed, proving that slower speeds yield thicker coatings of aggregated 

gold nanoparticles.23,55  Within experimental error the absorbance maximum, A, was 

inversely proportional to the deposition speed, A ~ 1/vw (Figure 3.4b).  A single fitting 

parameter of 0.74 obtained by the least squares method was used to generate the curve in 

Figure 3.4b. The A ~ 1/vw dependence is in good agreement with our previously reported 

observations that the surface coverage measured via optical microscopy scaled inversely with 

deposition speed, vw.26 

 
Figure 3.4 (a) Absorbance spectra of gold nanocoatings on glass deposited at different deposition speeds, vw 
(all other deposition parameters being constant). (b) Absorbance maximum, A, (open circles) and DC electrical 
resistance, R, (solid circles) of the same samples plotted as a function of deposition speed.  Solid line is a least 
squares fit to A = k / vw.  The dotted line through the resistance data is to guide the eye. 

 

 

Spectrophotometry of the red-colored gold sols prior to deposition showed the 

characteristic SPR peak at ~ 520 nm indicative of stable dispersions of 10-20 nm particles. 

The peak in the absorbance spectra of the as-deposited nanoparticle films (Figure 3.4a) was 

strongly red shifted to about 750-850 nm and quite broad compared to the SPR peak for gold 

nanoparticle dispersions.  This large shift indicates that the coatings are comprised of large 

domains of highly aggregated particles, which provide an effectively infinite conduction path 

to the free electrons (similarly to bulk metal). The gold coatings deposited on PS substrates 

followed the same behavior, but their initial average SPR wavelength was ~ 700 nm, or 

 

74



slightly smaller than for glass based coatings. This blue shift for PS based coatings implies a 

reduced degree of aggregation, which may be attributed to the stabilizing effect of the dilute 

surfactant used to improve the wetting of the polymer substrate.   

The electronic properties of the self-assembled films also depended strongly on the 

deposition speed (Figure 3.4b). At speeds vw ≤ 2 µm/s the coatings were very conductive and 

showed little dependence on the rate of deposition. The resistances of these coatings were 

≈ 50 Ω (R = 45 ± 16 Ω for coatings deposited at 1.05 µm/s and R = 54 ± 17 Ω for those 

deposited at 1.48 µm/s).  The uniform films deposited at such slow speeds were of typical 

dimensions 0.5 cm long (l), 2.5 cm wide (w), and approximately 400 nm thick (t). The 

average coating conductivity,56 σ = l /(R t w), is thus estimated to be 2000 Ω-1 cm-1. These 

data are comparable to literature values for semi-continuous metallic films of intermediately 

high coverage fractions, f > 0.5, made from either co-sputtered metal/polymer composites or 

evaporated metal on polymer films, which exhibit conductivities in the range of 0.01 – 

100 Ω−1 cm-1.9 The reduced conductivity of such discontinuous metallic films compared to 

bulk gold (4.26 × 105 Ω-1 cm-1)56 can be attributed to their high porosity, and small 

constitutive particle size which results in electron mean free path limitation due to electron 

reflection at nanoparticle/insulator barriers and intraparticle grain boundaries.9,57   

Coatings deposited at fast deposition speeds (vw ≥ 8.45 µm/s) were effectively 

insulating, as the resistance of the films was so high that the meter did not register any 

current; RS  > 2 × 109 Ω. This result correlates with the low spectrophotometric absorbance of 

these coatings. The total surface coverage fraction is much below the percolation threshold, 

the interparticle separations are too large for any direct conduction or tunneling charge 

transfer, and the coatings are insulating.  The convective assembly process, which drives 

particles into the drying liquid film, can create discontinuous “stripe”-like coatings when the 

meniscus withdrawal speed exceeds the rate of particle influx required to form a continuous 

aggregated coating (as discussed above).26 These stripes of aggregated nanoparticles extend 

the length of the meniscus, can be several hundred microns wide, and are highly aggregated 

(Figure 3.2).  At faster deposition speeds, the packing density within the "stripes" does not 

change appreciably, but the spacing between them increases.26 The effective concentration of 

particles per area of the thin film decreases, which corresponds to the observed decrease in 

coating absorbance spectra (without significant spectral shifts). As the stripes become thinner 
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and get farther apart, the number of percolated networks available for electrical conductance 

decreases.  

The most interesting electric behavior was observed with coatings deposited at 

intermediate deposition speeds (2 µm/s < vw ≤ 8 µm/s). The resistance rapidly increased to 

2480 ± 1460 Ω at 2.1 µm/s  and jumped to RS = 106,400 ± 25,900 Ω at 4.2 µm/s. This 

suggests that the structure of these films approached the percolation threshold, where the 

discontinuous aggregate microstructures quickly become insulating.9 The plunge in electrical 

conductance correlates well to the optical absorbance data, as it occurred at the end of the 

rapid decrease of the optical density of the substrate (Figure 3.4). The conductivities for these 

coatings were measured with some instability and fluctuations during the measurements. At 

threshold voltages that varied between 3 and 12 V, the measured current would jump rapidly 

2 to 5 fold. The increased conductance would then hold out during the voltage ramp down to 

0 volts. Such jumps or non-ohmic ‘switching’ effects are intrinsically characteristic of any 

type of metallic nanoparticle films having structures that are near the percolation region.9,31 

The non-uniform response of these films can be attributed to the limited and variable 

conduction pathways between the nanoparticles. Cycling and consistency studies were not 

performed in this study. As the experiments were performed at ambient conditions, and the 

coatings themselves were formed from an evaporating aqueous suspension, it is possible that 

adsorbed exogenics or traces of water in the nanoparticle matrix are also responsible for the 

switching effects.7,31  

3.3.3 Effect of annealing 
The annealing by flash heating lead to a rapid and strong blue shift in the optical 

spectra of the coatings. The evolution of coating UV/vis absorbance spectra with time (of 

flame exposure) is shown in Figure 3.5. Several minutes of flame exposure were sufficient to 

shift the plasmon absorbance band from ~ 800 nm to a final wavelength of ~ 565 nm (Figure 

3.5, Figure 3.6a). This change in the spectra upon heating was accompanied by a change in 

the macroscopic color of the films in transmitted illumination from bluish to purple and 

finally to reddish (while remaining semitransparent at all stages, see also Figure 3.1b). 

Similar color transitions upon heating have been reported for evaporated, discontinuous 

silver and gold films.8,58  Plasmon peak blue shifts due to heating have previously been 

reported in thin polymer films with embedded silver nanoparticles,9 and have long been 
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known to occur for gold “ruby” glasses.59  In related work, pulsed laser irradiation of 

anisotropic metallic nanoparticles in free suspension60,61 or deposited on substrates62 has led 

to melting and reformation of the nanoparticles into more thermodynamically favorable 

shapes (e.g. spheroids), which can be monitored in situ spectroscopically61 or ex situ 

sequentially via electron microscopy.62  

 

 

 

Figure 3.5. Absorbance spectra of gold coatings deposited at vw = 4.2 µm/s after different durations of flame 
annealing. 

 
 

No further blue shifting was observed for additional annealing times greater than 2 to 

3 minutes. During this shift the SPR absorbance band became much narrower, and the overall 

absorbance of the film decreased by ca. 20% (Figure 3.6b).  The change in coating coloration 

and the spectral blue shift of the SPR absorbance to lower wavelengths (~ 565 nm) after 

heating indicate a decrease in the average domain size of the metal microstructure. Based on 

the SPR at ~ 565 nm, the heated gold nanocoatings behaved as if they were composed of 

isolated particle-like objects about ≈ 90 nm in size.45  Such conclusions about the coating 

microstructure correlate with the changes observed in electrical conductance of the 

nanocoatings after annealing. Flame annealing for less than 20 seconds of coatings deposited 

at vw ≤ 2.1 µm/s increased their conductance by up to an order of magnitude, similar to the 
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behavior of vacuum deposited discontinuous metallic films.9 All coatings became insulating 

(RS > 2 × 109 Ω) after being flame heated for longer than 30 seconds, which coincides with 

the amount of heat exposure time it took to strongly blue shift the SPR absorbance of the 

coatings.   

 
 

Figure 3.6 (a) Evolution of the SPR peak wavelength compared to the approximate temperature as a function of 
exposure time.  (b)  Decrease in the SPR absorbance peak for increasing heating durations.  The lines are to 
guide the eye.  

 

The UV/vis spectra and electrical conductance data imply that short annealing 

durations sintered neighboring nanoparticles and improved electrical connections, while 

longer durations of annealing ruptured the coating into an electrically insulating, 

discontinuous film of isolated nanoscale particles.  The changes in the absorbance spectra 

and electrical conductance after thermal annealing could be directly correlated to the coating 

microstructure observed by scanning electron microscopy (SEM). The untreated gold 

nanocoatings exhibited a uniform, multilayer aggregated nanoparticle structure (Figure 3.7a). 

Short durations of ~ 10-20 sec of flame heating were sufficient to fuse the microstructure by 

sintering the particles together (Figure 3.7b). The elimination of the intraparticle grain 

boundaries and interparticle point contacts is the likely reason for the reduced resistance 

imparted by the short-term heating. The same structure as in Figure 3.7b could be achieved 

by one minute or more of microwaving.   

Flame annealing for durations in excess of 30 seconds changed the coating 

morphology from highly aggregated nanoparticles to discrete “droplets” or islands 

approximately 50 – 200 nm in size (Figure 3.7c). This change in the microstructure, from 
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thin films of aggregated gold nanoparticles to discrete, discontinuous nanosized “droplets” is 

irreversible, and is akin to formation of Rayleigh instabilities in thin liquid films. In fact, 

because the gold is in a molten state, this is an example of spinodal dewetting, which has 

been observed in thin metal films on solid surfaces.63  The phenomena of spinodal dewetting, 

however, is common to all thin non-wetting liquid films.  A deformation of the surface can 

result in a pressure gradient (known as the disjoining pressure, Π) that can be expressed as  

 

dhhdP )(−=Π     (5) 

 

 where P(h) is the internal pressure (or potential energy) of the film.  P(h) depends primarily 

on van der Waals contributions such that  

 
212/)( hAhP π−=     (6) 

 

where A is the Hamaker constant and h is the film thickness.64  The disjoining pressure can 

intensify the thermally excited capillary waves in the film; and subsequently, Π(h) 

destabilizes films when A > 0, and stabilizes them when A < 0.64  Evidence of spinodal 

dewetting can be seen in the regular distribution of material (see Figure 3.7b) as the film 

destabilizes.  The average spacing or “wavelength” of the film as it breaks up is expressed by 

q/2πλ = , where q is the wavevector.64  Quantification of the spacing can be done by fast 

fourier transform (FFT) of the images.  For example, the spacing shown in the briefly heated 

film in Figure 3.7b can be estimated by visual inspection (of the SEMs), while the average 

value for such films can be more accurately determined by FFT.  Using FFT allows for 

probing the sample behavior during dewetting with greater sensitivity than optical 

investigation alone, and it can be done sequentially as a function of annealing time.  

The observed size of the final consolidated nanoparticle islands after extensive 

heating corresponds well to optical spectra data, where ~ 90 nm effective domain size was 

deduced from the final SPR position of 565 nm.51 Similar gold island films made via “flame 

annealing” were reported some years ago as novel ways to reorient gold crystalline lattices 

for electrochemical measurement purposes.65,66 We observed that the surface coverage 

fraction of the gold coating, f, decreased as the coatings were heated for longer times.  This 
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effect is clearly seen in Figure 3.7, as the visible fraction of the glass substrate (black) 

decreased from about ~ 0.8  to ~ 0.6 for coatings subjected to brief heating (10 – 30 seconds) 

and to ~ 0.4 for coatings subjected to long heating (t > 2 minutes).  These observations help 

to explain the decrease in the measured absorbance magnitude after heating shown in Figure 

3.6b. This post heating effect is analogous to the reduced absorbance intensity seen for 

unheated coatings deposited at more rapid deposition speeds (Figure 3.4a).   

In addition to the decrease in surface coverage fraction upon heating, the local 

nanostructure became significantly smoother and the porosity decreased as the particles fused 

together upon heating, reducing the interstitial void space between particles (see insets of 

Figure 3.7).  This microstructural rearrangement is also likely to change the extinction 

coefficient of the coatings by the effective change in average particle size.  Additionally, the 

poor wetting of the gold on the glass may induce a beading effect that may raise the effective 

height of the gold droplets from their previous aggregate film thickness.  Other researchers 

observed similar increases in the height of metallic nanoparticles on solid supports when they 

were heated and melted via laser irradiation.  Upon melting, these particles assumed a more 

thermodynamically favored spheroidal conformation having a higher profile.62  For our fused 

gold films, BET porosimetry could arguably help decouple these structural factors by 

measuring the change in the total available pore volume before and after heating. BET, 

however, may not be reliable due to the sensitivity of the coatings to temperatures exceeding 

several hundred degrees centigrade (required for accurate degassing and calibration).  In 

contrast to flame heating, even at long exposure times, microwave radiation never effectively 

disrupted the coating microstructure beyond that of the image shown in Figure 3.7b. Thus 

microwave treatment provided only enough energy to sinter the aggregate particles together, 

which could be because the microwave-transparent substrates acted as a heat sink.  

The results prove that the heat treatment allows easy control of the nanocoating 

structure, which is directly correlated to the resulting change in their optical and electric 

properties. The data complement literature results obtained with gold nanostructures made by 

alternative methods. In previously reported systems of sputtered Au or Ag nanoparticles 

embedded in plasma polymer films (instead of an air matrix on a glass substrate), cross-

sectional TEM has shown that a decrease in filling fraction has been accompanied by growth 

of the nanoparticles in the vertical dimension perpendicular to the substrate.9  
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Figure 3.7 Scanning electron micrographs of gold nanocoatings deposited at vw = 2.1 um/s, heated for 
increasing time durations: (a) Initial aggregated nanoparticle multilayers as deposited (no heat treatment), (b) 
Flame annealed for 20 sec, and (c) Flame annealed for 2 minutes. The insets are high magnification images; 
large image scale bar = 1 µm, inset scale bar = 100 nm. 
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3.3.4 Coating adhesion and cohesion 
The adhesive and cohesive properties of the nanoparticle coatings are of interest in 

view of their stability and durability in practical applications. Pure gold adheres poorly to 

glass surfaces, which necessitates the deposition of an underlying chromium layer in vacuum 

evaporation processes. The commonly used sterically protected gold nanoparticles do not 

adhere well to each other, and to most substrates, and after deposition are readily redispersed 

by sonication in suitable organic solvents. Unprotected gold nanoparticles adhere well to 

each other because of the strong van der Waals attraction between metals, and the gold-glass 

adhesion is stronger than the adhesion between sterically protected nanoparticles and glass. 

We believe that this increased cohesion and adhesion of "naked" particles, was the major 

reason why the as-deposited films would not redisperse when immersed in water or acetone 

(and subjected to sonication).   

 

Figure 3.8. Evaluation of coating adhesion before and after heating by scratch testing.   
(a) Experimental parameters. (b) Comparison of scratch widths for unheated, flame annealed, and microwaved 
coatings.   
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The nanocoatings could relatively easily be removed mechanically. The custom 

designed "scratch" test revealed the poor adhesion of the unmodified nanocoatings to the 

substrates (the parameters of the scratch test are shown in Figure 3.8a). In every sample, the 

films in the path of the ball were removed, leaving no gold behind. Scratch width universally 

increased from the unmodified control coatings to the flash heated coatings (Figure 3.8b). 

The same effect was observed when the substrates were PS microscope slides heated by 

microwaving, however, the widths of the scratches on the PS slides were consistently wider 

than on glass (Figure 3.8b). Thus, within the precision of this test, neither thermal nor 

microwave heating improved the (generally weak) gold-substrate adhesion. The increase in 

scratch width upon heating, however, suggests that heat treatment improved the cohesion of 

the gold coating. The stronger cohesion results from the nanoparticles becoming fused 

together in the region of the interparticle contacts, and then being removed collectively by 

the “scratching” ball. This was corroborated by the SEM evidence showing fused 

nanoparticles in the heat treated coatings, and discrete aggregated nanoparticles in the 

unmodified coatings (Figure 3.7). Thus, while neither heating technique measurably 

improved the gold coating adhesion, they both yielded a stronger, more cohesive coating.  

 In general, the convective deposition technique has several key parameters for 

adjusting the coating coverage: the meniscus withdrawal speed, vw, the concentration of the 

particles, and the rate of the carrier solvent evaporation.26  Gold sol concentrations below 2-

3 % wt are too low to yield complete uniform coverage and are not of concern in this study. 

The rate of solvent evaporation was previously shown to have little effect in the range of 

deposition speeds studied (0.5 – 20 µm/s).26 Thus, vw, remains the most potent variable for 

controlling the coating properties and can be adjusted easily to deposit films of desired 

thickness. The coating thickness and the surface concentration of nanoparticles directly affect 

the absorbance intensity and electrical conductivity (see Figure 3.2b). 

The degree of particle aggregation or the average gold domain size cannot be 

controlled by the deposition process (see Figures 3.4a, 3.7a). There were no adsorbed 

polymer layers on the substrate, nor were there any steric ligands on the particles to prevent 

aggregation when the solvent is removed. The SEM, conductance, and UV/vis 

spectrophotometric data prove that the nanoparticles are in direct electric contact. The 

convective assembly process drives the particles together into an aggregated film that has a 
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percolated structure at the lower rates of meniscus withdrawal, and an increasingly 

discontinuous, insulating structure at higher withdrawal rates. Post-deposition heat treatment 

provided a convenient means to tune the nanocoatings microstructure from aggregated gold 

domains larger than micrometers to discrete, discontinuous ~ 50 - 200 nm gold islands 

(Figure 3.7c). These heat-induced structural changes are irreversible, but can be instituted 

incrementally by varying the annealing time. The optical properties, which are shown to 

directly depend on the coating microstructure, can be efficiently tuned. This method is the 

first to permit deposition of multilayers from unfunctionalized nanoparticles. The increased 

number of layers should provide more electronic conductance pathways and improved film 

properties. Gold nanocoatings with dense, near percolated structures could make temperature 

sensitive devices (e.g. fuses) or other sensors based on their optical or electrical responses to 

external stimuli. 

 

3.4 Conclusions 
Films formed from unprotected metallic nanoparticles were deposited directly from 

water suspensions. Such multilayer films can not be fabricated by the vacuum deposition and 

electrostatic or chemical self-assembly methods used to date. Convective assembly is shown 

to be an efficient technique for controllable deposition of films from nanoparticles in 

suspension.  It is simple, inexpensive, easily scalable and works on virtually any type of 

substrate without need for preliminary chemical functionalization. The method allows facile 

tuning of the thickness of the deposited material from submonolayers to thick multilayers. 

While the nanoparticles in these films are not ordered per se, the structure of the coating 

could be controllably varied above and below the percolation threshold by either adjusting 

the deposition speed or by annealing the coatings for brief durations after deposition at 

temperatures well below the bulk gold melting point. Gold nanoparticles can be arranged into 

a periodically mesoporous film structures via simultaneous convective assembly of 

nanoparticles and colloidal microspheres.4,67,68  For the unordered films studied here the 

coating plasmon resonance could be tuned from 800 nm to 565 nm and the electrical 

conductivities ranged from 2000 Ω-1 cm-1 to less than 10-5 Ω-1 cm-1. Controlling and tuning 

the optical and electric properties of these nanocoatings may allow their use in conductive 

and semitransparent films, heat fuses, or planar catalytic substrates. Additional chemical 
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functionalization of the particles, before or after film assembly, could lead to applications 

such as elements with non-linear electronic or photonic properties, substrates for quantum 

electronic devices, catalytic surfaces, and chemical/bio sensors.  
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Chapter 4.  Convective assembly of antireflective silica coatings with 
controlled thickness and refractive index 

 
 

4.1 Introduction 
Antireflective coatings on glass substrates were first discovered in 1817 by 

Fraunhofer, and a few years later, Poisson and Fresnel defined the phenomenon as 

destructive interference between the light reflected from a substrate and the light reflected 

from a thin film coating that substrate.1 Today, thin film technologies comprise a multibillion 

dollar industry, and coatings (or multiple coating stacks) for improved light transmission (or 

reduced reflectance) provide benefits to a wide variety of technological applications from 

optical filters and photovoltaics (solar cells, photodetectors) to windows, eye-wear, and 

display screens, and myriad other materials.1,2 

An ideal homogeneous antireflective (AR) coating achieves effectively 0 % reflection 

at a specific wavelength when its refractive index, nc, meets the condition of nc = (na ns)1/2 , 

where na and ns are the refractive indices of the air and the substrate, respectively.3 A glass 

substrate (ns = 1.52) requires nc = 1.23. Natural or synthetic materials having such low 

refractive indexes are either rare and expensive to obtain or synthesize, or difficult to 

manipulate in thin film form.4 However, porous or microscopically layered dielectric 

materials can easily achieve an effective volume-averaged refractive index approaching 1.23, 

provided that the pore size is much smaller than the electromagnetic wavelengths of interest. 

The AR materials applications listed above require deposition of coatings on a wide variety 

of substrates, and the optimal nc required by these substrates can be adjusted by tuning the 

degree of porosity in the coating.  

There are a variety of top-down and bottom-up techniques for making thin coatings 

with tunable porosity. One approach, used by Fraunhofer himself,1 is to roughen the substrate 

by leaching out material from its surface via chemical etching to produce small pores; similar 

processes are presently used in solar cells.5-7 The main disadvantages of chemical etching are 

the length of etching time required and the use of highly hazardous acid etchants like HF or 

H2SiF6·SiF4. Improvements in vacuum diffusion pumps and laser technologies have made 

laser ablation a popular, albeit expensive, alternative route for etching of a substrate to create 

a roughened, porous surface layer.8 Rather than etching, porous layers can also be produced 
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by depositing particulate materials onto the substrate. Sputtering can be used to deposit thin 

layers on many kinds of substrates.9 It is a well developed process for deposition of AR 

coatings on thermochromic windows,10-12 display devices like CRTs,1 and a variety of other 

substrates including plastics.13,14 Sputtering requires only moderate vacuum for deposition, 

and a variety of transparent dielectrics like inorganic oxides (SiO2, TiO2, Al2O3, and ITO) or 

MgF2 are commonly used. Physical vapor deposition (PVD) can also be used, and the angle 

of deposition can be varied to make graded index materials, but the scratch resistance of 

these coatings is relatively poor.15 Alternatively, plasma-enhanced chemical vapor deposition 

(PECVD) can be used to selectively build up coatings on substrates.2,16 Here the coating 

quality can be specifically tuned to make even graded layers, but the downsides are use of 

costly metal-ogranic precursors and high vacuum required for deposition.  

Self-assembled AR materials have shown promise from the bottom up perspective. 

Phase separated block copolymer or polymer blend films cast on the substrate can be solvent 

etched to leave behind a microscopically porous film, which can have good AR properties.17 

Silica sol-gel layers produced via spin coating or dip-coating processes have been intensively 

investigated since the late 1970s,18-20 and are currently implemented in AR film 

production.21-25 Porous silica sol-gel coatings can potentially be made from self-assembled 

"inverse opals".26 Monolayers of silica microspheres were found to substantially reduce the 

reflectance of bare glass substrate.27 Electrostatic layer by layer (LBL) deposition of 

oppositely charged polyelectrolytes,28 and silica particles with polyelectrolytes4,29 have 

demonstrated consistent and tunable AR behavior. AR coatings have also been made using 

soft lithography stamping of oppositely charged colloidal microspheres and 

polyelectrolytes.30  

From the standpoint practical applicability, rapid, simple, scalable and controlled 

deposition of AR coatings coupled with minimal substrate preparation is desired. Satisfying 

all these requirements is still a challenge for the present self-assembly methods. We report 

here a technique for single step deposition of AR silica nanocoatings by controlled 

convective assembly that requires no substrate pretreatment, no chemical agents, and takes 

place at ambient laboratory conditions. This is a proven technique for rapidly depositing 

colloidal coatings from nanoparticles to microparticles.31,32 Uniform coatings of several 

square centimeters in size can be obtained in minutes from only 10 – 30 microliters of silica 
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microsphere suspension. We demonstrate AR coatings with tunable microstructure on both 

glass and silicon substrates, and show how the AR behavior can be optimized by deposition 

of particle mixtures.  

 

 

4.2 Theoretical background 
Convective assembly is governed by solvent evaporation from a thin liquid film 

wetting a substrate. A replacement solvent flux from the bulk suspension pulls dispersed 

particles to the drying region (on the substrate).33 A simple volumetric flux balance on the 

drying region shows that the rate of particle assembly in the coating depends on the particle 

concentration (or volume fraction) in the original suspension, φp, a lumped parameter, K, 

which incorporates the rate of solvent evaporation, and on the size of the particles.32 In our 

technique, the coating thickness, l, can be related to the deposition speed, vw, by the 

following formula based on volumetric balance:  
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where ε is the void space in the coating. The void space, ε, for thin quasi 2-D coatings of 

particles is dependent on the number of particle layers, and thus depends on l.34 In this study, 

the volume fractions of the suspensions used for coatings were maintained at about 2.5%, and 

relative humidity was remained at an average of 55%. Thus, the main control parameter was 

vw, which was used to adjust the thickness and the porosity of the silica nanocoatings. 

Here, we briefly review the basic theory behind AR coatings used to interpret our 

results. The Fresnel coefficient of reflection, r, for a thin film coating (of thickness l and 

refractive index nc) on a semi-infinite transparent slab substrate (ns) is given as follows,3 
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where the ambient medium is usually air, na = 1, k is the reciprocal space wave number, 

k = 2π/λnc and λ is the wavelength of light. The actual reflectance, R, of the coating/substrate 

system is equal to |r|2. If, however, the thickness of the coating is equivalent to a quarter 
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wavelength of the incident light, i.e. kl = π/2, then the light reflected from the surface of the 

substrate and from the surface of the coating destructively interfere with each other to 

achieve zero reflectance, or complete transmission. The reflectance, R, for a “quarter wave” 

coating of such thickness (l1/4 = 0.25 λ /nc) simplifies to  
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and as mentioned earlier, for R = 0, nc = ns
1/2. If the coating is a composite made of two or 

more materials dispersed in sub-wavelength domains, such as a porous thin film of particles 

tens of nanometers in diameter, the effective refractive index of the coating, neff, can be 

estimated by a volume average as follows 

 

( )( ) 2/122 1 apppeffc nnnn φφ −+==  ,  for    1<<
λ

pd
,  (4)  

 

where φp is the volume fraction of the particles in the coating, while np and na are the 

refractive indexes of the particles and the ambient medium (air in this case), respectively. 

The restriction on the maximal particle diameter (dp) is to prevent transmission losses due to 

scattering. Eq (4) shows how nc increases monotonically as a function of φp from 1.0 (na) to 

1.46 (np), an established value for the refractive index of silica particles.35,36  Due to 

conservation of energy, R + A + T = 1, where A and T are the transmittance and absorption of 

the system, respectively. Thus, from eqs (2) and (4) the transmittance, T, as a function of 

both φp and l can be calculated as shown in Figure 4.1.  
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Figure 4.1. Transmission, T, calculated for a single-side nonscattering coating on glass using eq (2). The 
calculation was for a wavelength of 555 nm, where ns = 1.52, na = 1.0, and the coating refractive index was 
calculated using eq (4). The optimal l and φp are indicated by highlighted curves.  

 

For a representative wavelength of 555 nm (the best resolved color and most readily 

distinguished wavelength perceived by human eyes37), the optimal conditions for maximal 

transmission through a glass substrate occur at l ~ 112 nm and φp ~ 0.45, which corresponds 

to nc = 1.23 (Figure 4.1). Shorter wavelengths require smaller “quarter wavelength” 

thicknesses (l1/4), and vice versa (e.g., l1/4 ~ 81 nm for λ=400nm and l1/4 ~ 142 nm for 

λ=700nm). Note that the inherent reflective loss for a single glass/air interface is 4.3%, 

corresponding to a transmission of 95.7%. A glass plate with two parallel surfaces in air (e.g., 

a microscope slide) would accrue twice this reflective loss, or R = 8.6%, for normally 

incident light.  

 

4.3 Experimental Methods  

4.3.1 Materials 
Silica nanocoatings were made using dispersions of silica nanoparticles of 74 ± 14 nm 

in diameter (5.67 % solids), 134 ± 25 nm (5.42 % solids), and mixtures of both. Binary 

suspensions of various volume fractions of 74 nm silica and 64 ± 12 nm sulfate stabilized 

polystyrene nanoparticles (2.6 % solids) were also deposited in the mixed particle coating 
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experiments. All particles were obtained from Polysciences, Inc. (PA). The particles sizes 

were measured using a Zetasizer (Malvern Instruments, UK).  

4.3.2 Coating deposition and processing 
Our implementation of the convective assembly process used to deposit the coatings is 

described in detail in an earlier publication.32 In brief, ≈30 µl of silica colloid suspension was 

injected into the wedge formed between two inclined (~23o) surfaces and was entrapped 

there by capillarity. The liquid meniscus was withdrawn horizontally across the substrate by 

translating the upper surface at a controlled rate, vw, ranging from 5 – 40 µm/s. Coatings were 

deposited at ambient conditions in the laboratory: 22 ± 3°C, and 50 – 60% RH. As the silica 

sols aged, the deposition speed for a given coating decreased due to minor increases in 

particle size. The substrates, either glass microscope slides (frosted, Fisher Scientific, PA) or 

silicon wafer chips (Silicon Valley Microelectronics, Inc., CA), were cleaned by immersion 

in a Nochromix solution (Godax Labs, Inc., MD) for a minimum of several hours followed 

by complete rinsing with DI water and drying at 70oC. 

Two methods were used to remove the polystyrene (PS) filler particles used in the 

mixed PS/SiO2 coating experiments. Solvent etching was done by immersing the coated 

substrate in chloroform (Aldrich, WI) for 10-15 minutes, and then removing the substrate and 

rinsing with pure solvent. The coating was then air-dried in a fume hood. Thermal oxidation 

or pyrolytic etching was performed by heating the samples in a Thermolyne FB 1300 muffle 

furnace (Barnstead International, IA) to 200°C for 1 hour, and then ramping the temperature 

up in five minutes to 450°C and holding that temperature for a duration of 0 – 60 minutes. 

4.3.3 Coating characterization 
Coating transmittance and reflectance of normally incident light was measured using a 

UV/vis spectrophotometer (Jasco V550, Jaso Corp., Japan) over the spectral range of 350-

850 nm. A custom sample holder was used. An integrating sphere attachment was used for 

reflectance mode operation.  

The coating thickness on the glass substrates was measured by profilometry (Alpha Step 

500, Tencor Instruments, CA). Small regions of the coatings were scratched off down to the 

bare substrate to facilitate measuring of the film thickness in the uniform central regions of 

the films. For the silicon substrates, variable angle spectroscopic ellipsometry (V.A.S.E., J.A. 
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Woollam Co., Inc.) was used to characterize the film thickness and porosity. The angle of 

incidence was fixed at 70° (from the normal), and the spectral range probed was 350 – 850 

nm. A multilayer model of air, composite film (air + SiO2), native SiO2 layer, and silicon 

substrate was used to fit the ψ-∆ data using the VASE software (J.A. Woollam Co.) by 

minimizing the mean squared error. The native oxide layer was measured to be 23 Å. An 

effective media approximation using both the Maxwell-Garnett or Bruggeman relations for 

comparison was used for the refractive index (both gave comparable results) of the 

composite silica coatings, so that the entire model had two fitting parameters: the constituent 

particle volume fraction, φp, and the coating thickness, l. 

The microstructure of the coatings was studied with a field-emission scanning electron 

microscope (JEOL, F6400 operating at 4-5 kV) using both top-down and cross-sectional 

secondary electron imaging. For cross-sectional imaging, the samples were fractured in the 

direction of deposition along the centerline of the coated substrate. In all cases, a sputtered 

gold coating of ~ 30 – 60 Å was used to improve sample conductivity.  

 

 

4.4 Results and Discussion 
The optical properties, thickness and structure of coatings deposited from aqueous 

silica nanoparticles were characterized in detail. The reproducible deposition by convective 

assembly requires distinguishing the means for systematic control over coating thickness and 

refractive index (coating porosity) for a given substrate. Both silicon and glass substrates 

were used and several different particle systems were studied in an effort find to the optimal 

deposition conditions for anti-reflective behavior.  

4.4.1 Controlling coating thickness 

4.4.1.1 Silicon substrates 
The smooth surface of silicon wafers allows obtaining additional microstructural 

information by methods such as ellipsometry and cross-sectional SEM measurements. These 

data are difficult to obtain for coatings on glass substrates, because of the strong electrostatic 

charging in the instrument. The initial hypothesis was that the native oxide layer on the 

silicon wafer chips would make silicon substrates behave similarly to glass substrates during 

the deposition process. 
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Convective assembly offers fine control over the coating properties, but the process 

requires that the particles deposited should have sufficient time to reach the drying site prior 

to liquid film rupture.31,32 Eq (1) predicts that the coating thickness should scale inversely 

with deposition speed, l ~ 1/vw. Thick coatings require longer deposition time because they 

comprise more particles per unit coating area. Cross-sectional SEM micrographs of silica 

nanoparticle coatings deposited at different meniscus withdrawal rates are shown in Figure 

4.2. The coatings exhibited decreasing thickness with increasing deposition speed (all other 

conditions being held constant). Uniform coverage was observed until deposition speeds 

exceeded 24 µm/s. Submonolayers with uniformly distributed voids formed at higher speeds. 

The thickness measured from the fracture SEM images is plotted as a function of deposition 

speed, vw, in Figure 4.3.  

The same samples on silicon were characterized by ellipsometry. Film thickness and 

particle packing fraction data consistent with the SEM findings were obtained, even at 

submonolayer coverages, where the measured thicknesses approached 70 nm, the 

approximate single particle diameter (Figure 4.3). The film thickness data were fitted to the 

dependence of α/vw, predicted by eq (1), where α is the constant of proportionality. 

Ellipsometry also showed an increasing porosity approaching 50% for high vw, in good 

agreement with the SEM observations showing voids distributed throughout the 

submonolayer coatings made at high deposition speeds. 

The particle volume fraction in the coatings extracted from the ellipsometry 

measurements increased with increasing coating thickness (Figure 4.3). This trend was 

anticipated because the packing efficiency improves as particle films transition from a 2-D 

system to 3-D system.32,34 The relative error in the measurements of φp and l at low 

deposition speeds was large (Figure 4.3), indicating a comparatively poor fit to the 

ellipsometric model of uniform layers. Additionally there is a deviation between the results 

from SEM measurements and ellipsometric measurements at low vw (below 16 µm/s). When 

the film thickness approaches the spectroscopic wavelength of the ellipsometer, interference 

and scattering may contribute to the error.  
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Figure 4.2. Cross-sectional SEM micrographs of coatings from 74 nm silica spheres deposited at various 
deposition speeds on silicon wafer substrates. 
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Figure 4.3. Comparison data from ellipsometric and SEM measurements of coating film thickness on silicon 
substrates.  The thickness data are fitted to the expected α vw

-1 dependency, where α is a fitting parameter. The 
particle volume fraction fitted to the effective media model for ellipsometry is plotted on the right hand axis. 

 

The silicon substrates do not transmit light in the UV/visible range, so only reflectance 

data were gathered from these samples. The coatings visibly reduced the reflectance of the 

substrate. In Figure 4.4, varying degrees of AR behavior for different silica coatings on 

silicon wafer chips are shown, and compared with the reflectance of a bare wafer (with a 

native oxide layer). Qualitatively, the reflectance spectra for various deposition speeds were 

the same, but the minimum in reflectance shifted to shorter wavelengths for faster deposition 

speeds. Coatings deposited at 16 µm/s were more antireflective in the range of 400 – 500 nm, 

while coatings deposited at 10 µm/s were most antireflective in the range of 500 – 800 nm. 

These measurements correlate well with the visually observed tint of the coatings, which 

tended to be blue-green for faster speeds (in agreement with the shape of the recorded 

spectra), but shifted to a yellowish tint for deposition speeds below 16 µm/s.38  The shift in 

reflectance spectra that occurred between deposition speeds 16 and 10 µm/s, can be 

attributed to a change in film thickness or in refractive index, or more likely a combination of 

both since they are linked to each other.34 The greatest reduction in reflectance, 51% AR, 

occurred near 600 nm for the 10 µm/s coatings, where R decreased from an absolute 

reflectance of ~ 30% to ~ 15%. 
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Because silicon has a complex refractive index with wavelength-dependent real and 

imaginary components in the visible range,39 the Fresnel coefficient in eq (2) changes 

accordingly.40  The dotted line in Figure 4.4 shows the theoretically calculated reflectance of 

the bare silicon surface (with native oxide layer). The smooth curves overlaying the actual 

reflectance data for coatings deposited at different deposition speeds are the result of 

calculations using eq (2), incorporating the known refractive index of the Si substrate,39 and 

the effective refractive index from eq (4). The parameters, l and φp in eq (2), were varied by 

least squared error fitting to match the predicted spectra to the experimental data. The 

agreement between reflectance data and model is quite good (Figure 4.4). The relative trends 

in the values for l and φp obtained from fitting of the reflectance measurements are in good 

agreement with the ellipsometry data. In most cases, the values for the reflectance data and 

the ellipsometry data match within experimental error.  

 
Figure 4.4. Measured and calculated normal incidence reflectance spectra for bare silicon wafer and for Si 
surface coated with silica at various deposition speeds.  Calculations shown as smooth black lines (solid for the 
coatings, dotted for bare substrate) are overlaying the measured spectra shown in grey.  Model curves are fitted 
to the data by varying φp and l. 

 

 

In summary, the SEM, reflectance and ellipsometry data were all mutually supportive, 

showing that we can control the coating thickness and volume fraction via the meniscus 

withdrawal rate. The results for coating thickness showed a definite 1/vw trend, corroborating 

eq (1). Coatings composed of silica particles alone without any additives or substrate 
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modifications reduced the reflectance of silicon by up to 51%. The spectra of the coatings 

were well modeled by eq (2), showing that the homogeneous film assumption holds well as 

long as the particles are smaller than the spectroscopic wavelength. By virtue of the 

deposition process a desired range of the spectrum could be preferentially absorbed by the 

silicon substrate. These results could be important for photovoltaic applications of silicon 

like solar cells, where quantum efficiency must be maximized, and for photodetectors, where 

signal to noise ratios must be as high as possible.  

4.4.1.2 Glass substrates 
The silica nanoparticle coatings deposited via convectively assembly onto glass were 

transparent, i.e., no scattering or opacity was observed due to the small constituent particle 

size. Visually, the silica nanocoatings were also less reflective than their respective bare glass 

substrates. Changes in deposition speed resulted in changes in the coloration of the light 

reflected off of the coating, ranging from a blue tint to a yellowish tint as the deposition 

speed, vw, decreased. The hue of the coatings correlated well with the actual spectra recorded 

for the individual coatings (Figure 4.5). In particular, the transmission maxima for the 

deposition speeds shown in Figure 4.5b ranged from 450 – 650 nm, which roughly 

corresponds to the blue, green and yellow color sequence. The yellowish appearance is partly 

attributed to the higher reflectance in the 600 nm range, while the bluish tint is attributed to 

the higher reflectance for the 400-500 wavelengths relative to the reflectance minima near 

600 nm.38  

The transmission spectra for coatings on glass had a sinusoidal shape with a single 

maximum if the quarter-wave thickness occurred over the range of 400 – 850 nm (Figure 5). 

This behavior is typical and expected of single layer coatings (e.g., eq (2)). Non-optimal 

coatings exhibited minima over this “visible” wavelength range (Figure 4.5a), because they 

were either too thick or too thin in comparison to the desired quarter-wave thickness (see, 

e.g., data for 10 µm/s and 40 µm/s, respectively). The maximum obtainable, and 

reproducible, transmission for a single sided coating on glass was 94.5 – 94.8 % (Figure 4.5), 

which corresponds to ~ 70% AR for a single side of glass. The optimal range of deposition 

speeds for these coatings was centered about ~ 20 µm/s (Figure 4.5b). Data were collected 

for deposition speeds of 16, 18, 20, 22, and 24 µm/s, and showed precise tuning of the 

spectral maxima (for clarity, only three spectra are displayed). The relative difference in 
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spectral behavior for different vw is caused primarily by varying film thicknesses, l, and to a 

lesser extent by the refractive indexes, nc, both of which are controlled by the deposition 

speed. The blue shift in the transmission maxima correlates well with increasing deposition 

speed, proving that the optical properties of the coatings can be controllably varied by the 

deposition process (Figure 4.5b).  

 

 

Figure 4.5. Transmission spectra for silica nanocoatings on glass substrates.  (a) Comparison of broad range of 
deposition speeds; (b) Spectra from the optimal range of deposition speeds.  Note the precise control of the 
maximal AR wavelength via the parameters of the deposition process. 

 

 The structure of the silica nanocoatings on glass was characterized by SEM and 

profilometry to directly measure the coating thickness, l, and to evaluate the packing fraction 

of the silica spheres (determining AR efficiency through neff). The film thickness data 

obtained from profilometry for coatings deposited at various deposition speeds are shown in 

Figure 4.6. The profilometry data closely matched the thicknesses calculated by fitting the 

UV/Vis transmittance spectra using eq (2), assuming negligible absorption. The fitting 

protocol was similar to that used for the silicon substrates. The single side calculation was 

adjusted for the uncoated substrate backside reflectance by subtracting the experimentally 

measured reflectance loss from a single side for a glass slide over the range of 400 – 850 

nm.15 Both the UV/vis and profilometry data showed nearly identical vw
-1 dependencies 

(Figure 4.6), supporting our previous findings on colloidal deposition via convective 

assembly.31,32 
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Figure 4.6. Comparison of coating thicknesses on glass measured via profilometry and obtained by fitting 
UV/vis spectrophotometry data to eq (2). The curve is a fit to the expected α vw

-1 dependency. 

 

In Figure 4.6, both sets of data approached an asymptotic thickness of ~ 65 nm for high 

deposition speeds – the transition from monolayer to submonolayer formation. At high 

speeds of deposition, the films become submonolayers, with increasing amounts of void 

space between regions of locally high packing fractions (~ 0.65), even though profilometry 

consistently measured film thicknesses that coincided with the diameter of the silica 

nanoparticles. Beyond a certain deposition speed, the voids become so large that the 

homogeneous film assumption fails.  

A few coatings deposited at various deposition speeds were investigated using cross-

sectional SEM. These were highly charging samples, yielding relatively poor images, but still 

exhibited increasing film thickness with decreasing deposition speed. The structure of the 

silica coatings on glass was similar to the ones on silicon. The top-down SEM micrographs 

show that for monolayer or thicker, the packing fraction remained relatively uniform, 

consisting of random close packed (rcp) spheres (Figure 4.7). The only deviation in the film 

structure occurred for coatings deposited at high deposition speeds (Figure 4.7a,b), where 

voids several hundred square nanometers or larger were observed because the deposition 

speed was too rapid to sustain a continuous film. Such two dimensional “foam” structures 

have been reported earlier,32,33,41 and are the result of multiple dewetting events in the drying 

liquid film. The onset of submonolayer formation at deposition speeds greater than 24 µm/s 
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correlates to the observed decrease in antireflective efficiency at high deposition speeds 

(Figure 4.5a). If the void size approaches or exceeds the wavelength of incident light, the 

regions of exposed substrate will increase the compound reflectance, and cause scattering 

losses as well. Conversely, if the film is too thick compared to the quarter-wave thickness, 

the coating AR efficiency is also diminished (Figures 4.1, 4.5b).  

The polydispersity of the SiO2 particles (Figure 4.7) resulted in rcp packing with little 

long range ordering (φp ~ 0.65 – 0.75). Size selective segregation between larger and smaller 

particles occurred in some localized areas of the coatings (Figure 4.7b). Microphase 

separation of particles with different sizes in dispersed systems has been reported before;42 

however, for convective assembly in thin evaporating films, size selective segregation is 

considered an artifact from the large particles permitting the small particles to flow in and 

surround them.43,44 While long range crystallinity is essential for self assembled photonic 

crystals, long range-order in colloidal silica particle films is not required for AR.27 Indeed, 

the small size (74 nm) of the particles used in this study makes their ordering irrelevant. 

However, while the coatings are not crystalline, the low magnification SEM images in 

Figures 4.7c and 4.7d demonstrate consistent long-range uniformity of the coating thickness, 

which is essential for this application.  

 
 
Figure 4.7. Microstructure of the silica coatings.  (a) Top-down SEM micrographs of silica nanocoating 
deposited at 22 µm/s (scale = 200 nm), and (b) 24 µm/s (scale = 1 µm).  (c) Multilayer coating deposited at 
16 µm/s (scale = 1 µm, inset scale = 200 nm). (d) Low magnification image of the same coating showing a 
scratch made during sample preparation (scale = 100 µm).   
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The data analysis shows that the silica coatings deposited between 16 – 20 µm/s are of 

the proper quarter-wavelength film thickness for AR in the visible region. However, UV/vis 

transmittance data show that the coatings eliminate only 3% of a possible 4.3% reflectance at 

a single side, which for two-sided coating translates to ≈ 98% absolute T. These coatings will 

remain at 1 – 2 % below the theoretical transmission maximum, which occurs at φp ~ 0.45 

(Figure 4.1). This trend can be seen more clearly in Figure 8a, where we have plotted 

calculated reflectance data, assuming a quarter-wave thickness for the coating. There are two 

possible volume fractions that could cause a reflectance of ~ 1%, but our investigation of the 

coating microstructure proved that φp is centered around ~ 0.7; hence nc ~ 1.34 (Figure 4.8a). 

Further confirmation is shown in Figure 4.8b, where calculated spectra for silica coatings of 

112 nm thickness overlay the actual spectra of a silica nanocoating (deposited at 18 µm/s). 

Using eq (2) as a function of wavelength, for l = 112 nm, φp = 0.745 provided the best fit of 

the calculated spectra to the data. For the same coating thickness (l = 112 nm), complete AR 

at a wavelength of 555 nm is predicted for φp = 0.45 (Figures 4.1, 4.8). Thus, the factor 

limiting the AR efficiency of these particle coatings is not the thickness, but the coating 

porosity which dictates the effective refractive index. The analysis of the data demonstrates 

that a lower φp is required to attain 100% T. 

In summary, using the same controlled deposition procedures for glass and silicon 

substrates, SiO2 nanocoatings provided up to 70% and 51% relative reduction in reflectance 

losses, respectively. Multiple characterization techniques, supported by modeling, show that 

the coatings on both substrates are very similar in structure and properties. The film 

thicknesses measured or fitted follow closely the expected inverse dependence on deposition 

speed. Both substrates were smooth and well wetted by the drying water film and the van der 

Waals attraction between the SiO2 particles and the substrates in a water medium would be 

small.45 The convective deposition driving forces far outweigh any electrostatic and van der 

Waals contributions and the coating thickness can easily be tuned to the desired range. The 

packing fraction in these coatings assembled from a single type of silica particles, however, 

was higher than the optimal one for 100% suppression of reflectance. In order to increase the 

AR efficiency we studied in the second part of this work a few strategies for deposition of 

films of increased porosity.  
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Figure 4.8. (a) Reflectance calculation for single-side quarter-wave thickness silica coating on glass using eq 
(3). The coating’s effective refractive index from eq (4) is plotted on the right axis for reference. The dotted 
arrow shows the position of the typical experimental reflectance measured in terms of the coating volume 
fraction.  The solid arrow shows the optimal φp = 0.45 for maximal antireflectance.  (b) Comparing the best 
single-side experimental spectrum and spectrum calculated using eq (2) fitted with φ = 0.745 and l = 112 nm  
(—–).  For reference, optimum T for φ = 0.45 and l = 112 nm is shown (– —– –).   The slight over prediction of 
the calculation at the extremes of the spectrum is due to NIR absorption and the onset of scattering in the near 
UV.  Additionally, a constant value of the glass refractive index was used, which is a good approximation, but 
not exact if we inspect the actual glass optical properties (a constant  ng would yield wavelength independent 
spectra). 

4.4.2 Controlling coating porosity 
The above analysis shows that silica coatings made from single sized particles are 

limited to relatively high volume fractions (φp > 0.65) due to the close packing of the 

constituent particles. Three different strategies were tried to increase the coating porosity and 

decrease the refractive index while maintaining consistent quarter-wave coating thicknesses 

(Figure 4.9). First, the use of removable organic filler particles was tested using mixed 

particle coatings comprised of silica and polystyrene (PS) deposited from binary suspensions 
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(both ~ 70 nm diameter). Second, larger silica particles of 134 nm were used to lower the 

refractive index while maintaining the thickness near the average quarter-wave thickness for 

the visible region. Lastly, binary mixtures of the large and small silica particles were used to 

break up the close packed structure of the coatings, while maintaining the desired quarter-

wave thickness.  

 
Figure 4.9. Schematic of the three experimental strategies used to increase the porosity of the silica coating 
structure and thus reduce their effective refractive index. 

4.4.2.1 Removable organic filler particles 
Evenly distributed organic particles like PS microspheres could reduce the coating 

porosity once the sacrificial PS spheres were subsequently removed using either calcination 

(pyrolytic etching),46 or dissolution. Since coatings from single sized particles were limited to 

filling fractions of approximately 70 % (see Figure 4.8a), and the target fraction was 45% for 

maximal AR, mixtures of 2:1 and 3:1 silica/polystyrene by volume were made (both particles 

~ 70 nm). The hypothesis was that the PS particles would randomly distribute throughout a 

silica particle matrix, yielding a coating that had the same ratio of silica to PS as the original 

binary mixture. Additionally, the small size of the PS particles would ensure that void space 

generated by their removal would be subwavelength and well distributed. Similar procedures 

have been used before to create more porous colloidal crystals by LBL deposition of silica 

and then PS microspheres,46 by controlled chemical etching of the existing hcp silica 

microsphere array,47 and by back filling a silica sol matrix around an existing sacrificial PS 

colloidal crystal template to make inverse opals.48-50 

Prior to removing the PS, the transmittance spectra of mixed PS/silica coatings were 

very similar to the silica coatings seen earlier, but they were on average slightly lower, 

having average starting point of approximately 93.5% - 94% (maximum) transmittance. This 

was attributed to the relatively high refractive index of the PS component (n = 1.59). The 
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results after applying both techniques of PS latex sphere removal were inconsistent and 

inconclusive. Small improvements in the transmission were observed; the best improvement 

was 95% absolute T (~75% decrease in reflectance for one side). However, in many cases, 

after PS removal the transmission did not change, or even decreased below 93.5%. 

Additionally, after etching, there was often a significant shift in the spectral profile, 

indicating a microsctructural change that could be attributed to collapse of the coating 

structure due to capillary forces for wet etching, or sintering and fusion of the silica particles 

during the pyrolytic etching. One cause for this poor reproducibility could be that the 

polystyrene is microphase segregating into polystyrene-rich domains (for more details see 

Appendix 1).  There is precedent for such segregation behavior based upon even a slight 

difference in size for each species, not to mention different surface charges, densities, and 

dielectrics for each species. 

4.4.2.2 Varying particle size 
 The packing efficiency of a particle coating increases with the number of particle 

layers, and thus, monolayers have the lowest packing fraction. Coatings from larger particles 

equal to quarter-wave thickness (134 nm) would have φp = 0.605. If these larger particles 

could be deposited in a submonolayer coating with uniform small voids, φp would be reduced 

further still, potentially approaching the target 0.45. The deposition of such coatings proved 

elusive, mainly because the transition from monolayer to submonolayer is difficult to control 

microscopically due to capillary immersion forces. Thus, the spectra for a uniform monolayer 

of larger particles was approximately the same as for the multilayer small particle coatings, 

with a max of 94.5 – 94.8% T (Figure 4.10a). The transmission increased slightly with 

increasing deposition speed, maxing out at 95% T. Beyond that critical point the transmission 

dropped very quickly, nearly back to the glass background (8.6% R), which we attribute to 

the large size of the voids occurring in the submonolayer structure. In practice, the reduction 

of φp by using only a single layer of particles (Figure 4.11a) does not give much better results 

than multilayer coatings of small particles.  
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Figure 4.10. (a) Transmission spectra for 130 nm SiO2 coatings deposited at speeds between 10 and 20 µm/s. 
(b) Transmission spectra for coatings made from a mixture of large average diameter (134 nm) and small 
average diameter (74 nm) particles in different ratios.  The stoichiometric ratio of particles in the mixed particle 
coatings is given as LSn. 

 

4.4.2.3 Binary mixtures of different sized particles 
Thin coatings from mixtures containing particles of two mean sizes were deposited 

with the goal of disrupting the close packed structure and decreasing the packing efficiency 

in the coatings. If two types of particles are deposited in a layer by layer fashion (large 

particles first, then smaller ones), the smaller particles fill space selectively around larger 

particles, forming a binary crystal structure that depends on γ, the ratio of the small to large 

particle radii.46,51 In simultaneous single step deposition by convective assembly the particles 

can still pack into binary crystals, but long range ordering becomes less favored as γ exceeds 

0.22 due to electrostatic and entropic effects.51,52  If the particles are slightly polydisperse as 

the ones used, jamming and mutual disruption of array formation are likely to occur.  

For this series of experiments, aqueous binary sols with γ ~ 0.55 were prepared by 

mixing together 74 nm and 134 nm SiO2 suspensions. We sought to deposit only a single 

layer with all particles lying on the basal plane (the substrate), in which case the small ones 

would disrupt the close-packing of the larger particles while maintaining an effective film 

thickness equivalent to the large particle diameter (thus increasing the porosity). When the 

deposition conditions are optimized, a single layer coating of distributed large particles 

locally surrounded by smaller particles can be obtained. Figure 4.10b shows a comparison of 
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spectra from coatings of small particles, large particles, and mixed large/small particle 

coatings. For viewing convenience, the raw spectral data have been smoothed, which also 

serves to more clearly show the average transmission maximum. It is clear, that the best AR 

coatings (with largest porosity) were formed from mixtures of large (L) to small (S) particles 

in stoichiometric ratios of LS1.5 and LS1.2. The maximal absolute transmittance achieved with 

one coated side was 95.2 % T (or effectively 0.5 % R per side) at a wavelength of 575 nm. 

From eq (2), the best fit of the LS1.2 spectra was l = 113.5 nm and φp = 0.665. This coating 

had the highest transmittance and lowest volume fraction in all experiments. 

Coatings composed of either LS1.2 or LS1.5 particle ratios could potentially have 

localized regions of LS and/or LS2 lattice crystals. For γ = 0.55, the calculated particle filling 

fractions in a binary lattice hcp monolayer (with all particles lying on the basal plane) are 

0.49 for an LS2 structure and 0.43 for an LS arrangement. Thus, by geometric arguments, the 

LS ratios yielding the best AR results (LS1.2 and LS1.5) were in the correct range to 

theoretically attain the optimal packing fraction (0.45). SEM showed that while the addition 

of small particles in these ratios did serve to break up the large particle monolayer into a 

more randomized structure, binary crystallization was not observed (Figure 4.11 b,c). 

Locally, there were regions with some ordering, and there were also local cases of size 

selective segregation as well (Figure 4.11b,c). Other researchers have reported random 

arrangement in coatings from binary systems when γ > 0.3.52  
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Figure 4.11. (a) Cross-sectional SEM of 130 nm SiO2 sphere monolayer (scale = 1 µm), (b) cross-sectional 
SEM of a LS1.5 mixture of 130 nm and 70 nm SiO2 particles (scale = 200 nm), and (c) top down image of the 
same LS1.5 coating (scale = 400 nm). 

 
 

The disrupted microstructure and low packing fraction of these binary mixture 

coatings made them the most effective AR materials obtained in this study. A demonstration 

of the efficacy of these AR coatings is shown in Figure 4.12. An uncoated glass slide was 

compared to a glass slide coated on each side with a LS1.5 mixture of the large and small SiO2 

nanoparticles. The image under the uncoated glass is completely obscured by the very bright 

specular reflection. The image below the coated plate can clearly be seen because the 
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coatings on both sides are anti-reflective and transparent. Consequently, single step 

convective assembly of binary mixture of 134 nm and 74 nm particles reliably reduced the 

absolute reflectance for a singled-sided glass from 4.3% to an average 1.4 % over the 400 – 

850 nm range (with a minimum of 0.5% R at 575 nm). This reflectance reduction translates 

to an AR efficiency of 67% on average over this spectrum, and a maximal efficiency of 88% 

at 575 nm. The use of coatings from nanoparticle mixtures appears to be an effective means 

to make improved antireflective coatings. Notably, this improved performance is achieved 

without making the method more complex or costly. 

 

 
 
Figure 4.12. Demonstration of good antireflective coating on a glass microscope slide (both sides coated, right) 
compared to an uncoated plate (left). (a) top-down image (ambient lighting) showing transparency of coating. 
(b) same sample, under conditions of strong specular reflectance. Reflected light photo taken with strong light 
source approximately 20° off normal, and camera approximately -20° off normal. 

 

 

One additional parameter useful for characterizing the optical properties of thin 

particulate films is hazing, which historically has been used to describe polymer thin films.53 

Domains of different density within semicrystalline polymer films may cause scattering that 

lead to losses in direct transmission through a sample. Hazing is defined as the fraction of 

light transmitted through a sample that deviates (by forward scattering) from the beam axis 

by more than 2.5°.53  A specific transmission detector is required to perform this test (ASTM 

1003),53 however, one can estimate the losses from off-axial scattering by analysis of the 

directly reflected and directly transmitted light data. The angle of spatial collection of our 
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spectrometer in transmission mode is less than 2.5°, so the light losses due to hazing will be 

subtracted from the direct transmission data. The average sum of the complimentary 

reflectance and transmittance data for our single layer coatings (either from single particles 

or mixed particles) yielded R + T = 99.67 ± 0.12 %. Thus, on average approximately 0.3% 

was lost due to scattering (or hazing). This is not a large amount of scattering, which explains 

why the coatings appear visibly clear (Figure 4.12).  For the spectral range studied, the losses 

due to hazing were greatest in the near UV/blue region as expected from the theory of 

scattering from small particles. The small size of the particles and the lack of larger-scale 

domains limit the losses due to hazing in our coatings.  

 These coatings adhere relatively well to the substrate, and require some effort to be 

scratched off by a metallic stylus (cf. Figure 4.7d). The relatively good adhesion, compared 

to other types of nanoparticle coatings31 is likely a result of the similar chemical nature of the 

particles and substrates, which maximizes van der Waals attraction. Brief sintering of the 

coating should improve coating cohesion and adhesion without appreciably decreasing the 

AR capabilities.  Samples of silica coatings on glass substrates (annealed at 200, 250, and 

300°C for 1hr, and unheated at same deposition conditions) were sent out to PPG Industries, 

Inc (Pittsburg, PA) after we measured the optical properties before and after heating.  PPG 

measured the hardness of the coatings on glass substrates, and found the unheated samples to 

be softer than those that were heated.  Additionally, the annealed samples all were 

approximately equivalent in hardness to the glass substrate. Single layer coatings as the one 

described here are limited to a single maximum transmission wavelength. The performance 

of our coatings is comparable to commercial single layer antireflective coatings, while 

deposited in a much more rapid and inexpensive technique. Commercial (vacuum-deposited) 

multilayer “stack” coatings of high and low refractive index materials use multiple 

interference, which yields a broad spectral range of suppressed reflectance. The AR 

performance of such multilayer graded optical coatings would be superior to ours, but the 

potential advantage of this method could be in making large-scale inexpensive coatings 

rather than coatings with exceptional optical quality. Further optimization of the coatings and 

scaling up of the technique appear feasible and straightforward.   
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4.5 Conclusions 
 

In this report, we show that convective nanoparticle assembly can provide an efficient 

economic alternative to AR coating deposition by conventional techniques. The AR coatings 

were deposited in a single step from microliter droplets of aqueous colloidal silica 

dispersions. No pretreatment of the particles or the substrate was required. The control over 

film thickness afforded by the deposition technique allowed the reflectance per surface to be 

reduced by up to 51% and by up to 70%, respectively for Si wafers and for glass. The 

limiting factor with this deposition technique turned out to be the silica volume fraction in 

the coatings. We demonstrated that this restriction can be overcome simply by mixing silica 

particles of different sizes, which mutually disrupt their structure to yield more porous 

coatings with lower refractive index. By using binary mixtures of large and small SiO2 

nanoparticles, the coating reflectance was further reduced to yield up to an 88% AR 

efficiency. The process may be optimized further by judicious selection of deposition 

conditions, particle sizes, and particle refractive indexes to provide a near complete AR band 

over a large portion of the spectrum. The main advantages of the process are the use of 

inexpensive commercial silica suspensions without any chemical additives, organic solvents, 

or vacuum technologies. The low cost, scalability and simplicity of the technique could make 

possible applications for which the present methods are too expensive, such as routine large-

scale deposition of coatings on surfaces of windows and solar cells.  
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Chapter 5.  Antireflective Coatings for Photovoltaics 
 

5.1 Introduction 
Materials like solar cells, photodiodes, and etc. operate on the basis of the 

photovoltaic effect, in which incident photos with sufficient energy can excite electrons into 

the conduction band. An electrical current can be generated through the material if the 

electron-hole pairs do not recombine. One of the key issues limiting progress in photovoltaics 

is the device conversion efficiency. Typically, photovoltaic cells are limited to approximately 

5% efficiency, due to the intrinsically low quantum efficiency of the photoelectric effect in 

the semiconductor materials.1 Raising this efficiency has been a major research goal for 

photovoltaic cells.  Improvements in semiconductor device microfabrication and materials 

chemistry have lead to significant improvements in photovoltaic technologies.2-8 The 

antireflective coating (ARC), commonly implemented in solar cells (SCs), can additionally 

raise the device efficiency by reducing the amount of incident flux lost to reflection off of the 

incident surface.  Doped silicon, a common material for photovoltaics, is a highly reflective 

material. ARCs offer an inexpensive means of improving silicon based device efficiency not 

by changing the microelectronics fabrication methods or altering the device chemistry, which 

can be costly, but rather by adding a thin layer of material to the top surface of photovoltaic. 

Plasma enhanced chemical vapor deposition (PECVD) is commonly used to deposit 

ARCs.9  In fact PECVD is the ARC industry standard primarily because it offers its high 

coating conformality and high deposition rates (ca. 25 nm/min).9  The disadvantage of using 

PECVD is the high cost of precursors and the necessity of using vacuum-based processing 

conditions.  Self-assembled AR materials have shown promise for reducing the cost 

associated with PECVD ARCs by using bottom-up approaches. Silica and titania sol-gel 

layers produced via spin-coating or dip-coating processes have been heavily researched and 

are currently implemented in AR film production,10-15  Simple, scalable, and controlled 

deposition, coupled with minimal substrate preparation, is desired from the standpoint of 

practical applicability. Satisfying all these requirements remains a challenge for the present 

self-assembly methods.  Particulate layers have demonstrated potential as an alternative to 

sol-gel ARCs. They can be composed of a variety of colloidal materials and deposited by soft 

lithographic stamping16 or layer by layer assembly of oppositely charged materials.17,18 
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Previously, we reported a technique for single step deposition of AR silica 

nanocoatings on both glass and silicon substrates by controlled convective assembly at high 

volume fraction.19  This method takes place at ambient conditions and does not require 

substrate pretreatment or expensive chemical agents.  It is rapid, scalable and well suited for 

coating applications where perfect microstructures are not required.  Uniform coatings of 

several square centimeters could be deposited in tens of minutes from 10-30 µLs of colloidal 

suspensions.20,21  Similar effects were expected when silicon based photovoltaic cells were 

substituted as the substrate.  In this study, we report the effect of silica nanoparticles as ARCs 

on commercial polycrystalline silicon solar cells.   The main goal was to ascertain the 

function of silica nanoparticle coatings as ARCs for solar cells.  Our previous research 

confirmed an inverse dependence of the silica nanoparticle coating thickness on the 

deposition speed (or meniscus withdrawal rate).  The reduced reflectance of glass and silicon 

substrates correlated well with the deposited silica nanocoating thickness.  For silicon 

substrates we also found that the optimal coating thickness was 125 – 200 nm and occurred at 

deposition rates between 10 and 20 µm/s (using the same colloidal silica sols employed in 

this study).   

 

5.2 Experimental methods 

5.2.1 Materials 
 Silica nanocoatings were deposited from dispersions of silica nanoparticles of 74 ± 14 

nm in diameter (5.67 % solids) obtained from Polysciences, Inc. (PA). The particles sizes 

were measured using a Zetasizer (Malvern Instruments, UK).  Polycrystalline solar cells were 

donated from BP Solar.  Two types of SCs were provided: uncoated and PECVD SiN coated.  

Both types of SCs initially came in 4 x 4 in.2, which were subsequently broken into portions 

measuring approximately 2 x 1 in.2, taking care to ensure that top and bottom electrode 

configurations remained intact.    

5.2.2 Coating deposition and processing 
 The convective assembly process used to deposit the coatings is described in detail in 

an earlier publication.20 In brief, ≈30 µl of silica colloid suspension was injected into the 

wedge formed between a glass microscope slide inclined at ~23o angle to the horizontal 
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surface of the solar cell. The droplet was entrapped there by capillarity and the liquid 

meniscus was withdrawn horizontally across the solar cell surface by translating the upper 

surface at a controlled rate, vw, ranging from 5 – 40 µm/s. Coatings were deposited at 

ambient conditions in the laboratory: 22 ± 3°C, and 40 – 60% RH. In some cases, small 

amounts of nonionic surfactant (~ 0.01% by wt. Tween 20, Aldrich) were used to facilitate 

wetting of the substrate. 

5.2.3 Coating characterization 
 Coating reflectance of normally incident light was measured using a UV/vis 

spectrophotometer (Jasco V550, Jaso Corp., Japan) with an integrating sphere attachment 

over the spectral range of 350-850 nm.  All samples were measured at three or more different 

independent spots to determine an average sample reflectance. 

The microstructure of the coatings was studied with a field-emission scanning electron 

microscope (JEOL, F6400 operating at 4-5 kV) using both top-down and cross-sectional 

secondary electron imaging. For cross-sectional imaging, the samples were fractured in the 

direction of deposition along the centerline of the coated substrate. In all cases, a sputtered 

gold coating of ~ 30 – 60 Å was used to improve sample conductivity.  

 The light source, a Fiberlite 190 fiberoptic lamp (Dolan-Jenner Industries, Inc., 

Lawrence, MA), was positioned 8 cm above the centerpoint of the solar cell samples.  At that 

distance, the source provided a light intensity of ~ 5.3 mW/cm2, which was measured using a 

Laser Q light intensity meter (Coherent, Auburn, CA) placed at the same distance separating 

the solar cell and the light source.  Electrical measurements of the solar cell output current 

and voltage upon illumination were made with digital multimeters connected to circuits 

having a range of resistive loads (10 Ω – 1 MΩ).  Current and voltage readings were taken 

three separate times at each resistance load and averaged per each sample tested.  

 

5.3 Results 

5.3.1 Microstructure of the silica films on polycrystalline silicon 
The multicrystalline silicon solar cells had relatively rough microscale topography as 

viewed by scanning electron microscopy (Figure 5.1) due to misalignment of all the various 

crystalline grains within each solar cell.  Even so, the SCs could be coated using our 
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convective assembly deposition procedure reported earlier.19  Top-down and cross-sectional 

SEM images of silica nanocoatings on a multicrystalline solar cell are shown in Figure 5.1. 

These images reveal the relatively uniform structure of the close packed silica nanoparticles 

in the coating, as well as the rough silicon surface presented by the multicrystalline solar cell. 

The thickness of the coating was relatively constant at ~ 125 - 200 nm (vw ~ 10.5 µm/s); 

however, as shown in Figure5.1, they were less conformal than PECVD deposited SiN 

coatings (on same multicrystalline SCs) which ranged between 90 – 100 nm in thickness (not 

shown).  The particles coatings failed to coat regions of the surface having high aspect ratio 

features such as the ridges and edges of the grain boundaries on the polycrystalline surface 

(Figure 5.1.).  These surface roughness features, while sometimes microns in size, do not 

occupy a large fraction of the total solar cell surface, and thus should not constitute a large 

effect on the optical and electrical properties of the SCs.   

 
 

Figure 5.1. Typical top-down and cross-sectional SEMs of the silica coatingson the PCSCs. (vw = 10.5 µm/s).  
Scale = 1 micron, inset scale = 250 nm.  The cross sectional image was obtained at a tilt angle of 45°.  Cleanly 
fracturing the polycrystalline silicon solar cells was difficult; thus, the inset crosssection image was obtained 
along a jagged edge.    

 

5.3.2 Optical properties of the coated solar cells 
Macroscopically, the coatings visibly reduced the SC reflectance.  In all cases, the 

polycrystallinity of the substrate was clearly visible by the macroscopic grain boundaries 

which yielded local variations in reflectance and color. The uncoated SC exhibited the typical 

silvery mirror like reflectance common for Si covered with a native oxide layer.  The profiles 

 121



of reflectance spectra for the uncoated and SiO2 coated solar cells matched well over the 

entire spectrum, and hence they appeared similarly colored.  The main difference was that the 

SiO2 ARC shifted the spectra down by approximately 11% reflectance (a relative 

improvement of 30%), causing a darker coloration for those samples.  The SiN coated 

substrate was significantly darker than the uncoated and the SiO2 coated SCs, which supports 

the reflectance measurements shown in Figure 5.2.  The blue-ish coloration typical for the 

SiN ARC is due to characteristically high reflectance in the blue region of the spectrum 

relative to longer wavelengths (Figure 5.2.).   

 
Figure 5.2. Averaged normal incidence reflectance spectra taken for coated and uncoated SCs.  The SiO2 
coating data were obtained from samples deposited at 10.5 µm/s.  The standard error bars are of the same size 
of symbols to plot the data.  

 

All of the reflectance spectra shown were well modeled using the Fresnel reflectance 

relations19 and yielded a model coating thicknesses of 91 nm and 125 nm for the SiN and 

SiO2 coatings respectively, which corresponded well with the film thicknesses observed via 

SEM (Figure 5.1). 

The reduction in the reflectance depended on the deposition speed (Figure 5.3), 

supporting our previous findings.19  The lowest reflectance or best antireflective properties 

for the SiO2 coatings were seen with the thickest coatings deposited at the slowest speed 

studied, 6.3 µm/s (Figure 5.3).  As the deposition speed increased, the film thickness 
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decreased, the overall volume fraction of the silica decreased, and correspondingly, the 

reflectance began to increase. For rates exceeding 25 µm/s, the reflectance began to decrease 

again.  From our earlier work, coatings deposited at such speeds were known to yield 

submonolayer coating coverage.19   In convective assembly the particles dispersed in the 

liquid are transported to the edge of the growing particle layer by the flux of the liquid 

compensating for evaporation from the thin liquid wetting film.  The particles concentrated 

and confined in the thin film are packed closely by reduction of free volume and capillary 

immersion forces.  Submonolayer coverage of particle coatings results when the meniscus 

withdrawal rate exceeds the rate of particle assembly within the film. The particles fail to 

assemble into continuous layers as the liquid wetting film dries and dewets.20  These 

discontinuous, submonolayer coatings have micron or larger sized voids.  The surface 

roughness of the solar cells coupled with the voids in the coating indicate that scattering 

losses are the likely cause for the drop in reflectance observed at higher deposition rates.  

This in turn explains why antireflectance capability of the SiO2 coatings passed through a 

maximum (Figure 5.3). 

      
Figure 5.3. A measure of the relative improvement in reflectance as a function of SiO2 coating deposition 
speed. The reference is the average performance of the uncoated solar cell.  The relative decrease in the 
reflectance is obtained by averaging the difference between the coated and uncoated spectra over the entire 
wavelength range, and normalizing that difference to the average uncoated SC spectra.  The curve is to guide 
the eye.  For comparison, the typical SiN coating spectra (Figure 2) provided a relative improvement of 69 ± 
11% across the spectrum measured (which corresponds to an absolute reflectance reduction of 23.9 ± 3.7%). 
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5.3.3 Photovoltaic properties of the coated solar cells 
The electrical output was measured by illuminating the solar cells with the light 

source and monitoring the generated current and voltage (I-V) as a function of the resistive 

load placed on the circuit.  The average I-V data for uncoated versus the average best 

performing SiO2 coated SC are shown in Figure 5.4a.  The lowest resistance used was 10 Ω, 

thus short circuit current values (corresponding to zero load resistance) were not obtained.   

However, by extrapolation the short circuit current of these solar cells can be estimated to be 

~ 2 mJ/cm2 (Figure 5.4a). This represents the maximum current through the load.  The open 

circuit voltage, VOC, produced at high resistance was ~ 450 mV for the SiO2 coated and ~ 

430 mV for the uncoated SC (Figure 5.4b).  The open-circuit voltage is the maximum 

possible voltage across the cell and corresponds to a condition of exposure to sunlight when 

no current is flowing. The VOC of the coated and uncoated samples compare well with the 

nominal voltage production of single polycrystalline BP solar cell units (~ 0.5 V).  The I-V 

performance for SiN coated SCs were significantly lower compared to the SiO2 coated and 

even the uncoated SCs.  Many different samples were measured from the batch provided and 

all yielded similar results. This effect was assumed to be due to a faulty batch of SiN coated 

SCs and not a result of poor SiN ARC performance.  We anticipate that the SiN coated SCs 

should be as good if not slightly better than our own SiO2 coated samples.  From here on, the 

electrical properties of the SiN coated SCs will not be discussed since the reliability of those 

SCs are in question.  

 

Figure 5.4. Measured power output from illuminated solar cells.  (a) Current-voltage (I-V) curves for coated 
and uncoated SCs.  These data allow for estimating the open circuit voltage output (~ 450mV for the coated SCs 
and ~ 430mV for uncoated SCs) and the short circuit current density which was estimated to be ~ 2 mA/cm2.  
(b) Power output data plotted as function of resistive load on circuit.  The curves are to guide the eye. 
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This increase in I-V generation upon illumation was to be expected from the ARC and 

is of course the main reason why ARCs are used in the photovoltaics industry.  In Figure 

5.4b, the I-V data from Figure 5.4a was converted to power and replotted. The power output 

per solar cell area as a function of resistive load shows that the SiO2 coatings provided more 

power at lower resistances.  At high resistances, the effective power generation became 

similar for both SiO2 coated and uncoated SCs and quite low, eventually becoming zero 

(open circuit systems).  In general these power outputs are quite low compared to other SC 

power outputs reported in the literature (illuminated by sunlight or artificial sunlight);8,22 

however, that is because the light source employed for this study was less energetic than 

solar energy, or artificial solar lamps. 

 

Figure 5.5. The relative improvement of electrical power ouput as a function of deposition speed compared to 
the average performance of the uncoated solar cell. The curve is to guide the eye. 

 

 

The efficiency of the solar cells coated with SiO2 nanoparticles deposited at various 

withdrawal rates were evaluated by examining the average power output at low R < 100 W 

(Figure 5.5).  The benchmark for comparison is the uncoated solar cell power production at 
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low resistance, 0.21 ± 0.03 mW/cm2, represented by the zero line in Figure 5.  These data 

correlated well with the reflectance data discussed earlier (Figure 5.3.).  A maximal power 

output was observed, which occurred for coatings deposited between 10 and 25 µm/s. The 

overall efficiency of the SiO2 coated solar cells was best within the moderate deposition 

speed range (10 < vw < 22 µm/s).  Very slow deposition speeds (vw < 10 µm/s) and very rapid 

deposition (vw > 25 µm/s) speeds exhibited the least improvement in electrical power 

generation.  In both extremes, these coatings were not permitting as much light transmission 

to the photovoltaic substrate.  The likely culprit is light scattering losses (hazing) from the 

submonolayer voids or from large defects in the thin coatings and the thick coatings, 

respectively.  Regardless of the cause, within experimental error, these thin and thick 

coatings were no more efficient than uncoated, polycrystalline silicon SCs.  Coupled with the 

data from Figure 5.4, the data from from Figure 5.5 suggest a caveat for coating design that 

the lowest reflectance value for a coating does not necessarily guarantee maximum power 

production by the photovoltaic substrate. 

 

Table 5.1. Summary of results for the coated and uncoated  solar cells. 

Sample Reflectance Reduction 
(% R) 

Power output 
(mW/cm2) % Efficiency 

Uncoated SC - 0.211 ± 0.020 4.3 ± 0.4 % 
SiO2 coated SC 

(range Vw = 10-25µm/s) 
-11 ± 0.5 % 

(across spectrum) 0.232 ± 0.011 4.7 ± 0.2 % 

SiN coated SC 

- 23.9 ± 3.7 %  
(across spectrum) 

- 28.9 %  
(at 560 nm) 

N/A 2.5 ± 0.1 % 

The average reflectance reduction was obtained by averaging the difference in reflectance across the entire 
spectrum. The irradiation power was ~ 5.3 mW/cm2.  The photovoltaic efficiencies were determined by the ratio 
of electromagnetic power in to electric power out. 

 

The efficiencies of the SCs studied are shown in Table 5.1.  For comparison, the 

relative improvements in reflectance and power output are also shown.  The conditions of 

deposition govern the thickness and effective refractive index of the SiO2 ARCs,19 thus 

playing a crucial role in the ability of the coating to reduce the reflectance, and improving the 

electrical output of the solar cell.  The 11% absolute reduction in the reflectance across the 

visible spectrum (due to the SiO2 coatings) provided a nearly equivalent improvement in the 
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efficiency (~ 10% relative to the uncoated SC) of the SCs. The correlation between 

reflectance reduction and efficiency improvement provides a metric for monitoring the 

capabilities of ARCs on photovoltaic devices.  One can ascertain whether an ARC on an 

absorbing substrate is actually reducing the reflectance, enhancing the amount of energy 

absorbed by the substrate, or if the coating is absorbing or scattering away the incident 

radiation (which can also cause reflectance reduction).  From this correlation, we can see that 

a completely antireflective coating is not required to boost the power output and that silica 

nanoparticle ARCs can effectively improve the SC efficiency by ~ 0.5% (Table 5.1) without 

requiring modification of the materials or chemistry of the solar cell or using vacuum based 

coating deposition techniques.   

 

5.4 Conlusions 
Convective assembly deposition of silica nanoparticle coatings was used to improve 

the performance of photovoltaics.  Admittedly, these silica nanoparticle coatings do not 

provide the photovoltaic efficiencies seen in other common PECVD SiN or SiO2 ARCs (~ 

10-17%),22 however, they are on par with the ~ 5% efficiencies of other alternative 

nanoparticulate SC systems.6,8,23 As an alternative, smaller nanoparticles less than 50 nm in 

diameter can be used to obtain more conformal coatings on multi crystal SCs.  The 

nanoparticle ARCs for SCs can be further optimized by employing different metal oxides 

(e.g. ZrO2 or TiO2) to better tune the refractive index of the coatings.  Thus, these silica 

nanoparticle coatings present a viable and scalable alternative for the deposition of 

inexpensive and effective ARCs.  It should be reiterated that a major motivation for this 

project was to assess the abilities of chemically unfunctionalized surfaces and 

unfunctionalized nanoparticles to demonstrate improved solar cell efficiencies.  As such, 

convective assembly is well suited to the rapid deposition of uniform coatings where the 

absence of minor defects is not crippling to the application unlike photonic crystals and other 

highly specialized colloidal structures which must be defect free.  Convective assembly lends 

itself to scalable coating platforms, which can be used to coat large area materials, of which 

solar cells are a primary candidate substrate.   

 

 127



5.5 Acknowledgements 
Emily Hon did much of the experimental work that lead to the results discussed in this 

chapter.  She deserves praise for her excellent work and initiative during her summer REU 

(funded by AGEP).  We would like to thank Jay Miller at BP Solar for the donation of the 

SiN coated and uncoated solar cells and also Dr. Parsons for the use of his light meter. 

 

5.6 References 
 

(1) Streetman, B. G. Solid State Electronic Devices; 3rd ed.; Prentice-Hall, Inc.: 
Englewood Cliffs, NJ, 1990. 
(2) Nazeeruddin, M. K.; Kay, A.; Rodicio, I.; Humphrybaker, R.; Muller, E.; Liska, P.; 
Vlachopoulos, N.; Gratzel, M. "Conversion of Light to Electricity by Cis-X2bis(2,2'-
Bipyridyl-4,4'-Dicarboxylate)Ruthenium(Ii) Charge-Transfer Sensitizers (X = Cl-, Br-, I-, 
Cn-, and Scn-) on Nanocrystalline Tio2 Electrodes," Journal of the American Chemical 
Society, 115, 6382-6390 (1993). 
(3) Buonassisi, T.; Istratov, A. A.; Marcus, M. A.; Lai, B.; Cai, Z. H.; Heald, S. M.; 
Weber, E. R. "Engineering metal-impurity nanodefects for low-cost solar cells," Nature 
Materials, 4, 676-679 (2005). 
(4) PV Power, 14(2001). 
(5) Shah, A.; Torres, P.; Tscharner, R.; Wyrsch, N.; Keppner, H. "Photovoltaic 
technology: The case for thin-film solar cells," Science, 285, 692-698 (1999). 
(6) Camaioni, N.; Ridolfi, G.; Fattori, V.; Favaretto, F.; Barbarella, G. "Branched 
thiophene-based oligomers as electron acceptors for organic photovoltaics," Journal of 
Materials Chemistry, 15, 2220-2225 (2005). 
(7) Ebner, R.; Radike, M.; Schlosser, V.; Summhammer, J. "Metal fingers on grain 
boundaries in multicrystalline silicon solar cells," Progress in Photovoltaics, 11, 1-13 (2003). 
(8) Kiema, G. K.; Colgan, M. J.; Brett, M. J. "Dye sensitized solar cells incorporating 
obliquely deposited titanium oxide layers," Solar Energy Materials and Solar Cells, 85, 321-
331 (2005). 
(9) Doshi, P.; Jellison, G. E.; Rohatgi, A. "Characterization and optimization of 
absorbing plasma-enhanced chemical vapor deposited antireflection coatings for silicon 
photovoltaics," Applied Optics, 36, 7826-7837 (1997). 
(10) Uhlmann, D. R.; Suratwala, T.; Davidson, K.; Boulton, J. M.; Teowee, G. "Sol-gel 
derived coatings on glass," J. Non-Cryst. Solids, 218, 113-122 (1997). 
(11) Gombert, A.; Glaubitt, W.; Rose, K.; Dreibholz, J.; Zanke, C.; Blasi, B.; Heinzel, A.; 
Horbelt, W.; Sporn, D.; Doll, W.; Wittwer, V.; Luther, J. "Glazing with very high solar 
transmittance," Sol. Energy, 62, 177-188 (1998). 
(12) Nostell, P.; Roos, A.; Karlsson, B. "Optical and mechanical properties of sol-gel 
antireflective films for solar energy applications," Thin Solid Films, 351, 170-175 (1999). 
(13) Zhang, Q. Y.; Wang, J.; Wu, G.; Shen, J.; Buddhudu, S. "Interference coating by 
hydrophobic aerogel-likeSiO(2) thin films," Mater. Chem. Phys., 72, 56-59 (2001). 

 128



(14) Biswas, P. K.; Devi, P. S.; Chakraborty, P. K.; Chatterjee, A.; Ganguli, D.; Kamath, 
M. P.; Joshi, A. S. "Porous anti-reflective silica coatings with a high spectral coverage by 
sol-gel spin coating technique," J. Mater. Sci. Lett., 22, 181-183 (2003). 
(15) Harizanov, O.; Harizanova, A. "Development and investigation of sol-gel solutions 
for the formation of TiO2 coatings," Solar Energy Materials and Solar Cells, 63, 185-195 
(2000). 
(16) Koo, H. Y.; Yi, D. K.; Yoo, S. J.; Kim, D. Y. "A snowman-like array of colloidal 
dimers for antireflecting surfaces," Advanced Materials, 16, 274-277 (2004). 
(17) Hattori, H. "Anti-reflection surface with particle coating deposited by electrostatic 
attraction," Advanced Materials, 13, 51-54 (2001). 
(18) Hiller, J.; Mendelsohn, J. D.; Rubner, M. F. "Reversibly erasable nanoporous anti-
reflection coatings from polyelectrolyte multilayers," Nat. Mater., 1, 59-63 (2002). 
(19) Prevo, B. G.; Hwang, Y.; Velev, O. D. "Convective assembly of antireflective silica 
coatings with controlled thickness and refractive index," Chemistry of Materials, 17, 3642-
3651 (2005). 
(20) Prevo, B. G.; Velev, O. D. "Controlled, rapid deposition of structured coatings from 
micro- and nanoparticle suspensions," Langmuir, 20, 2099-2107 (2004). 
(21) Prevo, B. G.; Fuller, J. C.; Velev, O. D. "Rapid Deposition of Gold Nanoparticle 
Films with Controlled Thickness and Structure by Convective Assembly," Chem. Mater., 17, 
28 - 35 (2005). 
(22) Elgamel, H. E.; Barnett, A. M.; Rohatgi, A.; Chen, Z.; Vinckier, C.; Nijs, J.; Mertens, 
R. "Efficient Combination of Surface and Bulk Passivation Schemes of High-Efficiency 
Multicrystalline Silicon Solar-Cells," Journal of Applied Physics, 78, 3457-3461 (1995). 
(23) Baxter, J. B.; Aydil, E. S. "Nanowire-based dye-sensitized solar cells," Applied 
Physics Letters, 86(2005). 
 

 129



Chapter 6.  Colloidal coatings deposited from compressed carbon dioxide 
 

6.1 Background and motivation 
 The overarching goal of my research was to understand and develop new techniques for 

deposition of self assembled nanocoatings.  After achieving understanding and control of the 

properties of aqueous systems, we extended our study to colloidal deposition from alternative 

solvents of industrial promise like compressed carbon dioxide (CO2).1  Highly compressible media 

like liquid and supercritical CO2 offer tunable physical properties.2  Compressed carbon dioxide is 

an inexpensive and environmentally benign alternative to common volatile organic compounds 

(VOCs) and chloro-fluorocarbons (CFCs) coating solvents, which are commonly used for rapid 

evaporation driven assembly.3  Liquid CO2 lends itself to coating practice due to its beneficial 

physical properties such as tunable solvent density, low viscosity, and ultra low surface tension (for 

more details refer to Appendix 2), such that it can wet virtually any substrate.3  Carbon dioxide has 

a readily accessible room temperature vapor pressure (~ 800 psia) and critical point (31 °C, and 

1070 psia); thus compared to other compressed gas solvents, not much input energy is required to 

achieve condensation. Liquid or supercritical CO2 can have densities comparable to liquid water (at 

P > 5000 psia), yet offer sedimentation rates significantly faster than that of water because of its 

low viscosity. 

Our convective assembly technique of injecting a droplet of suspension between two plates 

could not be used in its current implementation to deposit coatings from liquid CO2.  Forming 

droplets of CO2 has proven virtually impossible because of the ultra low interfacial tension,3 and 

trapping such a droplet between two surfaces will not work because liquid CO2 can wet any surface.  

Instead, we performed experiments using conventional dipcoating. Dipcoating films from polymer 

dissolved in liquid CO2 has been studied by Novick et al.3  The liquid state of CO2 is 

thermodynamically unstable at STP conditions, so that it rapidly boils away upon exposure to 

ambient conditions.  The simplest way to induce convective assembly is drying by venting to 

ambient conditions (25°C, 14.7 psi).  However, violent boiling disrupts the coating integrity as it 

assembles from thin wetting films.3  Quiescent evaporation using a small ∆P ~ 1 – 100 psi (relative 

to the room temperature vapor pressure ~800 psia) by venting to another chamber held at a slightly 

lower pressure helps to maintain the wetting film integrity.3  This permits thermodynamic instead of 

mass transfer limited control over the drying process.  Additionally, this allows control over the rate 
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of evaporation which may effect the drying length (refer to Chp 2), and rate of particle assembly on 

the substrate which should dictate the coating structure. 

One of the potential advantages for film deposition from liquid CO2 is its low surface 

tension (compared to conventional organic solvents).4  Thus, thin films of liquid CO2 are stable and 

unlikely to dewet, leading to better coating uniformity.  To date, little progress has been achieved in 

convective assembly of particles from liquid CO2.  The main reason for this lack of progress is the 

poor solvation strength of liquid carbon dioxide.4  The closest example of convective assembly from 

liquid CO2 was reported by Shah, et al.4  Conceptually, their experimental set up and results were 

similar to the early report on aqueous convective assembly of colloidal crystals by Denkov et al.5  

Shah, et al.4 dried (from freon) sterically stabilized silver nanoparticles6 onto TEM grids (placed at 

the base of 250 µL vials).  These vials were then placed in a high pressure cell, and filled with 

liquid CO2.  After the particles were dispersed within the vial the liquid CO2 was slowly vented at 

different rates (ranging from 0.2 µL/sec to 1.1 µL/sec).  They found that the slower rates of 

evaporation yielded better ordering within the monolayer of particles on the TEM grid.  Their 

results exhibit a clear demonstration of less hole (defect) formation at lower evaporation rates, and 

the improved ordering at those low rates is likely due to prolonged capillary attraction between the 

particles in the presence of of the liquid CO2 mensicus.  The set up was limited by the size of the 

substrates (TEM grids)  

From the standpoint of applicability, much faster rates of assembly and larger size scales are 

desired.  Our goal was to achieve higher volume fractions of particles within the confines of the 

HPC and to implement on that basis a dipcoating convective assembly strategy.  In principle, all 

that is required are stable, well suspended particles and an evaporating wetting film.  We used the 

high pressure apparatus which was designed and built by Brian Novick for his doctoral work3 on 

polymer films dipcoated from liquid CO2.  Our preliminary attempts at dipcoating of particles from 

CO2 were unsuccessful demonstrations of convective assembly in liquid CO2.  The main problems 

stemmed from poor particle dispersability in liquid CO2.  The particles were not stable for long 

durations (more than a few minutes), and controlled evaporation without boiling requires slow rates 

of evaporative flux, or slow convective assembly.  At such slow speeds, the sedimentation of 

particles away from the meniscus becomes problematic.  

While many small molecules are soluble in CO2, most macromolecular and inorganic 

materials are insoluble in CO2.1  Only a few types of substances such as fluorinated compounds (i.e. 

PTFE), and polysiloxanes have shown appreciable solubility – being “CO2-philic” – in compressed 
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or liquid CO2.1  Unlike aqueous suspensions of particles, which are electrostactically stabilized by 

the balance between DLVO forces, electrostatics cannot stabilize particles in liquid CO2.  The rare 

exception to this statement occurs when the disperse “particle” phase can maintain its own charge 

internally so that coulombic interactions can occur.  For example, Ryoo, et al. demonstrated that 

water droplets having only a few charges per square micron (ζ ~ 70 mV) in a water/liquid CO2 

emulsion were stable up to an hour or more.7  Nevertheless, in most cases an alternative stabilizing 

repulsive force is required, so the CO2-philic materials described above have been employed as 

surfactants to sterically stabilize particles that ordinarily would not be dispersible in CO2.  The most 

commonly employed CO2-philic moieties are perfluorinated alkanes, perfluoropolyethers, and 

siloxanes.  These surfactants are made by grafting specially synthesized surfactant molecules 

containing “CO2-philic” tails to proper head group moieties.8  Such methods have recently been 

employed to stabilize in compressed CO2 colloids like silica microspheres, Ag nanoparticles, and 

TiO2 nanoparticles6,9-11, by either covalently attaching the ligands to the outer surface of the 

nanoparticles6,11-13 or by solubilizing the particles in surfactant micelles11 (e.g., Figure 6.1).   

 

 

 

Figure 6.1. Techniques for dispersing particles in solvents where they cannot be stabilized by DLVO forces. 

 

In our view, the poor solvation provided by liquid CO2 is the main problem to address.  Cost 

effective stabilizing ligands are the key challenge. Once good dispersability is attained, convective 

assembly of nanocoatings from liquid CO2 could be achieved.  On the other hand, while our initial 

trials were unsuccessful, we did find out that the instability of the particles used in our experiments 

was coupled with extremely rapid settling, which as mentioned earlier is primarily due to the low 

viscosity of liquid CO2.  For example, shown in Table 1 are estimates of settling rates (from the 
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Stokes relation, US = 2r2∆ρg/9µ ) of similarly sized particles in water and in liquid CO2 that is 

pressurized to a density equivalent to that of liquid water.  The reduced viscosity alone will provide 

a sedimentation velocity twenty times faster than that of water. Both solvents have Reynold’s 

numbers, NRe << 1, for negligible turbulence, and Peclet numbers, NPe = 4πr3∆ρgh/3kT >> 1, which 

relates inertial forces to Brownian forces. Thus particle settling dominates over random diffusion.14 

Media with the same NPe should effectively yield the same structure of sedimented particles on the 

substrate.  Sedimentation is a popular albeit extremely slow process for self assembly of colloids 

from conventional solvents (see Chp 1); however, assembly via sedimentation from liquid CO2 

could provide marked improvements on such processes.  
  

Table 6.1. Estimation of settling velocities for polystyrene microspheres in liquid water and CO2 at comparable 
densities.   

Settling particles are 
polystyrene spheres: 
r = 500 nm, ρ = 1.05 g/cc 

Viscosity 
(mPa s) 

Sedimentation 
velocity, US 

(µm/s) 

Reynolds  
number, NRe 

 

Peclet number, NPe 
(h = 10 cm)* 

 
Water 
P = 1 bar,  ρ = 1g/cc 

 
1.00 

 
0.30 

 
1.5 x 10-6

 
7000 

Liq. CO2 
P = 270 bar,  ρ = 1g/cc 

 
0.05 

 
6.00 

 
6.0 x 10-4

 
7000 

 
 

Our primary interest in stable CO2 dispersions is motivated by the benefits offered in terms 

of fabricating colloidal particle coatings.  One of the key challenges associated with sedimentation 

coating is to destabilize the particles within the solvent so that rather than aggregate in the solvent 

or on the surface they will settle uniformly across the substrate. In close proximity to the substrate, 

particle-particle interactions will always be weaker than particle-substrate interactions.15  Thus, 

particle aggregation in the solvent can potentially be avoided prior to depositing the particles on the 

substrate.  Condensed gases like liquid CO2 have strongly pressure- and temperature-dependent 

solvent properties and are highly compressible.  Thus in a single step (by altering the temperature or 

the pressure, or both), the solvent quality can be gradually tuned to reduce the colloidal stability in 

order to initiate uniform deposition. 

Solvent removal remains a problem in virtually every liquid based surface coating or 

cleaning process.  One of the appealing aspects of using CO2 as carrier or deposition medium is its 

lack of a thermodynamically stable liquid phase at ambient conditions. Thus, viscous hold up and/or 

capillary condensation of the solvent is avoided.  Additionally, during the “drying” process of 

evaporation, the surface tension of CO2 is still so low in the liquid state that capillary immersion 
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forces would not induce many of the “image collapse” cracking problems commonly seen in many 

colloidal coatings.  For this reason, compressed CO2 is often considered a “dry” processing 

fluid.1,16,17 The main objective of this work was moving beyond successful dispersion to controlled 

sedimentation and deposition of the particles onto the surface as a coating.  The motivation for such 

coatings is that they are essentially polymer/composite materials, which can be tailored to have a 

variety of interesting properties and on top of that which are also hydrophobic (potentially 

superhydrophobic) by virtue of the fluorinated surfactants.  Such superhydrophobic, thin films are 

of interest for self cleaning antireflective films, stiction reduction in MEMS devices, and other 

technological applications.18  Thus, provided suitable deposition protocols can be achieved, the 

benefit of eliminating the drying phase of coating deposition and improving coating microstructures 

should outweigh the impediment of working with high pressure equipment.  

 

6.2 Coatings from supercritical CO2 using block copolymer solubilization 
Supercritical (sc) CO2  has a much greater available range of densities and because of the 

higher temperatures required (compared to the liquid state) sc-CO2 can have a higher solubility and 

better solvent quality for CO2–philic materials.19  Supercritical fluids have a unique combination of 

gas-like and liquid properties, and provide better conformal surface coverage, fine feature 

penetration, and soluble capacity of the delivered coating species than any of the current solution 

based or vapor phase deposition techniques.20  In a supercritical fluid there is only one phase, hence, 

convective assembly would not be possible in sc-CO2 due to the absence of a vapor-liquid interface.  

Additionally, critical drying can be used so that once the desired coating is deposited from the 

supercritical state, the solvent can be removed without ever passing through the liquid phase. 

Micellar aggregates have been observed for a variety of associative polymer systems 

dissolved within liquid and supercritical carbon dioxide.21,22  The so called critical micelle density 

(CMD) of block copolymers (bCP), the solvent density at which micelle formation is observed is 

often situated in the supercritical region of the phase diagram, but can occur for high density liquid 

CO2.21-23 The CMD is analogous to the CMC point of conventional solvent surfactant systems.  

Furthermore, the addition of cosolvent can suppress the CMD to more amenable lower pressure 

conditions.24  Calvo et al,11 have shown that block copolymer surfactants employing a perfluoro 

CO2-philic moiety coupled with a CO2-insoluble polymer block can readily stabilize low 

concentrations of silica for periods of up to tens of minutes.  For these reasons, we decided to 
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attempt dispersing Degussa silica into carbon dioxide using block copolymers of poly(vinylacetate) 

and poly(tetraperfluorooctylacrylate), PVAc-b-PTAN, which were provided in differing block 

lengths and polydispersities by Jim McClain of Micel, Inc., NC.  PVAc is known to be poorly 

soluble in carbon dioxide, even at supercritical conditions; thus, covalently attaching it to PTAN, 

which is highly CO2-soluble will readily induce micelle formation.21,22 The silica used in this study 

was Degussa 90, which is a fumed silica with an 12 nm primary particle diameter.  It was dried per 

the protocol in Calvo et al.11    

The first part of the study consisted of determining the sample exhibiting the lowest 

reproducible cloud point data, which would therefore require the lowest initial operating pressure to 

ensure polymer solubility (Figure 6.2b).  The experimental set up for monitoring the cloud point 

transition is shown in Figure 2a.  The cloud point (c.p.) values measured and shown in Figure 2b are 

in good agreement with those of similar PVAc-b-PTAN systems in CO2.25  The decrease in c.p. 

with increasing temperature is a well known phenomenon, and is closely tied to inverse dependence 

of solvent density on temperature.2  The spread (standard error) of the c.p. data shown is indicative 

of molecular weight (Mw) polydispersity, since Mw is known to influence solubilities (cloud 

points).2  On the basis of these experiments, sample DBetts1-78B, a relatively low molecular 

weight, polydisperse PVAc-b-PTAN copolymer having a Tg of ~ 50°C and a Tm of ~ 80°C, was 

selected for the silica dispersability assays because it exhibited the most reproducible low c.p.s at 

the temperatures tested.  

The second part of the study consisted of investigating the dispersability of the Degussa 

silica in supercritical CO2 using the DBetts1-78B block copolymer.  The bCP concentration was 

held fixed at 3 wt % (the reference weight is the mass CO2 having a density of 0.9 g/mL in the 7.12 

mL HPC) The dry silica and bCP were added together in the HPC, which was sealed with a 

magnetic stir bar inside.  The view cell was pressurized to 5000 psia (at 40 °C) with CO2 for 

approximately one hour using an ISCO syringe pump.   Colloidal dispersions exhibit a pseudo-

cloud point when they lose turbidity and the liquid phase clarifies as the colloid phase loses stability 

and settles out.  There is no direct comparison between the true c.p. of a molecular solution and a 

pseuodo c.p. of colloidal dispersion.  However, a corollary can be drawn to the true c.p. of a species 

and the pseudo c.p. that same species in the presence of a colloid that it is solubolizing (e.g. 

compare Figure 6.3 to Figure 6.2b). Thus, the presence of the silica elicits an effective increase in 

the cloud point as shown by Figure 6.3, where the first instance of stable dispersion was not 

observed until P ~ 5000 psia (336bar).  At pressures of less than 5000 psia, large white flocs being 
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stirred around in the solution were visible in the view cell.  Cessation of stirring at this point, 

resulted in rapid agglomeration and precipitation of the silica within less than a minute.11  Scaling 

estimates of the settling time for 12 nm silica in liquid CO2 (properties similar to Table 1) are ~ 

1300 minutes, while for 1 micron sized silica aggregates (assuming spherical hydrodynamic 

profiles) are ~ 12 seconds.  The observed rate of sedimentation greatly exceeds the predicted rate 

for such small particles, and provides added confirmation that aggregation precedes settling. 

 

Figure 6.2 (a) Experimental set up for viewing cloud point of PVAc-b-PTAN copolymer solutions in scCO2. (b) 
Solubility data for different temperatures and different 3% wt. in CO2 PVAc-b-PTAN samples (various block lengths 
and Molecular weights). 

 

Since the DBetts1-78B sample was unable to stabilize more than 0.15% wt. silica (for 3wt % 

polymer) at 5000psia, a cosolvent was added to assist the micelle solubilization.  The addition of 

ethanol as a cosolvent (in amounts by weight determined in an equivalent way to the silica and bCP) 

served to reduce the cloud point and helped to swell the micelles, allowing them to better 

accommodate larger silica aggregates.  Stability assays were performed using increasing amounts of 

ethanol as a cosolvent.  The experimental procedure was the same as before save that one extra 

component, ethanol, was added.  The results of the different silica content versus CO2 pressure 

stability assays are displayed in Figure 6.3.  Each curve represents the dividing line between the 

stable (below the curve) and unstable (above the curve) regions of the plot (for fixed amounts of 

cosolvent).  Dispersions of 1 wt % silica in 10% by wt. ethanol solutions in CO2 were stable for 

several minutes without noticeable particle settling and agglomeration.    
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Figure 6.3. Monitoring the dispersability of silica (SiO2) in 3wt % DBetts1-78B as a function of pressure and different 
amounts of ethanol cosolvent at 40°C.  For clarity the data points (essentially yes/no dispersability tests) are omitted 
from the plot.  The curves represent guides to the eye through the data. 

 

 The third and final part of the study was directed at developing the protocols by which 

uniform coatings of silica/polymer could be rapidly deposited via controlled sedimentation from 

supercritical CO2.  This deposition concept was modeled after the work of Gallyamov et al.,26 who 

demonstrated controlled deposition of thin polymer films from sc-CO2 by sedimentation. In order to 

conduct experiments of this type, the view cell was set on its side (like an upright cylinder) and a 

porous, circular steel plate (same diameter as the view cell internal diameter) was inserted into the 

interior to support the substrate being coated (Figure 6.5).  The plate was held in place by a circular 

spring, which was seated above the inlet/exit ports (to help alleviate any disturbance to the coating 

due to inflow or outflow of the compressed fluids). 

 

Figure 6.4. Schematic of the vertical sedimentation coating set up.  A magnified illustration of the HPC is shown at left, 
and the numbers list the steps of the process: (1) Disperse or dissolve materials via pressurization and stirring, (2) 
Slowly lower solvent quality, and (3) Deposit thin films of particles or polymers or both.  Adapted from Gallymov, et 
al.26 
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The substrates used were rectangular chips of clean glass or silicon wafer (~ 1 cm2).  The 

main deposition method we tested was slow, isothermal (T ~ 35°C) depressurization from 4000 psia 

at ~ 26 psia/min which translates roughly to a flowrate of 0.2 µL/s of CO2 (assuming ρ = 0.84 

g/mL), by venting to the ambient pressure.  As the solvent quality was reduced, the particles settle 

out on the substrate.  An alternative way to controllably lower the pressure would be to use a 

variable volume cell, but such a cell was not available during my experiments.  In any case, the 

instability of the silica/polymer system below the CMD was such that the coatings obtained were of 

poor quality, being a heterogeneous mix of silica-rich and polymer-rich regions with no apparent 

structure or ordering.   

 

Figure 6.5. Normal incidence reflectance spectra for uncoated and PVAc-b-PTAN coated silicon wafer chips. 

 
 

As a control test, when only polymer without silica was dissolved in scCO2 in this way, 

similar to the experiments of Gallyamov et al.,26 thin films of bCP were deposited.  Slowly 

decreasing the pressure induced a controlled precipitation of the PVAc-b-PTAN copolymer, which 

formed uniform films on the silicon substrates.  If the pressure drop was too rapid, bubbles were 

observed in the polymer films; however, these could be eliminated by annealing after deposition. 

We maintained temperatures of 40°C throughout, so that after the polymer film had formed the 
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system could be safely depressurized without bubble nucleation by passing from the supercritical 

state directly to the gas phase, bypassing the liquid state.  These films exhibited reduced reflectance 

on both glass and silicon, and an average sample reflectance spectrum on a Si substrate is shown in 

Figure 6.5.  Modeling the data using the Fresnel reflectance relations indicated a thickness on the 

order of 112 nm for a refractive index of ~ 1.4 (a reasonable estimate for fluorinated bCP).27  The 

morphology of these films is not yet been determined.  We hope to study them with tapping mode 

AFM in order to determine (as viewed by phase mode) if there is any microphase segregation of the 

different blocks.  At least some of the fluorinated block is presenting itself at the top surface 

because the PVAc-b-PTAN coatings exhibited static contact angles of about 115° (advancing 

contact angle of 120°, and receding contact angle of 100°), making them quite hydrophobic, in good 

agreement with the contact angles observed for SAMS of fluoroalkanes present on silicon. 

In summary, our initial tests were successful in using PVAc-b-PTAN to disperse up to 

1wt % silica particles into sc-CO2 using ethanol (10 wt %) as a cosolvent.  However, the initial 

results for controlled sedimentation of these silica/bCP systems via slow depressurization proved 

unsuccessful.  The coatings segregated into silica rich and polymer rich domains.  Such behavior 

occurs likely due to the collapse of the micelles upon depressurization.  Using polymer alone did 

yield encouraging results, showing reproducible fabrication of hydrophobic, antireflective polymer 

coatings. Pursuing these studies further could yield successful methods for depositing 

silica/polymer composite coatings from liquid or scCO2.  Variable volume cells with precise 

temperature control are probably the best equipment for experimentation with these coatings. 

 

6.3 Coatings from liquid CO2 using stericly stabilized particles 
The primary motivation for depositing coatings from compressed carbon dioxide was the 

complimentary combination of the optical or electronic properties of the coating (provided by the  

nanoparticles) and the hydrophobic properties (provided by the fluorosurfactants necessary for 

particle stabilization).  Coatings from such stabilized particles can provide both functionalities 

during a single deposition step, where as common inorganic coatings (such as aerogels) are 

hydrophobized by exposure to silane vapors after deposition (two steps). Additionally, if the 

coatings are “bumpy” on the microscale, such surface roughness can provide enhanced 

hydrophobicity or superhydrophobicity.  The microscale topography can be maintained by 

depositing coatings from dispersions of only particles (having no polymer). Chemisorbed or 
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covalently linked stabilizing surfactants (ligands) function better as steric barriers to particle 

aggregation than physisorbed ligands because they are permanently attached and cannot dissociate 

from the particle surface.  An example of such layers are self assembled monolayers of 

fluoroalkanethiols on the surface of gold or silver nanoparticles.9  Fluoropolymers or fluoro-

oligomers have proven thus far to be the best ligands for stabilizing particles in compressed CO2.  

Stability is achieved by entropic repulsion of neighboring particles as their ligand layers overlap.  

High solvent densities (corresponding to high pressures) are required to maintain CO2 at sufficient 

solvent quality for the attached ligands to solvate freely in the surrounding media.6,10  Shah et al. 6 

reported stable dispersions in CO2 of 4-10 nm Ag nanoparticles stabilized with perfluorodecanethiol 

(PFDT) ligands at conditions near the vapor pressure, as weak as 912 psia and 25°C.  Recently, 

Dickson et al.12 have demonstrated that a crosslinked perfluoro-shell can function as well or even 

better than individual covalently attached perfluoro-ligands for stabilizing silica particles.  They 

reported stable silica sols at the vapor pressure of liquid CO2.  The following sections summarize 

the findings of our work on sterically stabilized nanoparticle systems in CO2. 

6.3.1 Silica nanoparticle coatings 
The motivation for this project was to synthesize colloidal coatings from silica 

microspheres.  Potentially, if the particles were sufficiently monodisperse, a colloidal crystal or 

photonic crystal could be fabricated. The first round of the experiments employed silica spheres 

synthesized by the Johnston group (at UT, Austin) that were polydisperse with a mean diameter of ~ 

300 nm.9 An epoxy linkage was used to anchor the 5000 Mn fluoropolymer stabilizing ligand, 

perfluorooctylmethacrylate (PFOMA), to the surface of the silica particle (see Figure 6.6).  These 

stabilized silica microspheres (F-silica) dispersed readily in fluorinated solvents.  Sirard et al. 9 

reported stable dispersions of these silica achieved in CO2 at T > 35°C and P > 350 atm (sc-CO2 

with ρ > 800 kg/m3).  The Johnston group reportedly observed stable dispersions only when they 

pass the silica/CO2 suspension through a high pressure, high shear homogenizer.28  We 

unsuccessfully tried dispersing the F-silica in high density cooled liquid CO2, that was at or above 

the 800kg/m3 critical flocculation density (CFD)9 by magnetically stirring the cell contents and by 

sonicating the HPC.  Sonicating in low density, supercritical CO2    (ρ = 650 kg/m3) proved 

unsuccessful as well, most likely because ρ < CFD.  The effect of temperature on solvent quality 

obviously cannot be ignored, and likely is responsible for poor solvent-ligand interactions in high 

density, low temperature liquid versus higher temperature sc-CO2.   
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Figure 6.6. SEM of F-silica spheres deposited by drop casting from Freon. 

 

The second cycle of experiments used silica that was capped not with individual ligands, but 

with a crosslinked fluoropolymer network (similar to a core shell particle).12  These were provided 

by the Johnston group at UT, Austin.  The fluoro-shell consisted of a crosslinked network of 

(heptadecafluoro–1,1,2,2– tetrahydrododecyl)triethoxysilane.  Figure 6.7 contains a schematic 

illustrating the particle synthesis and chemical composition, and a TEM micrograph of some drop 

cast particles.  Note that these particles are not nearly as spherical as the ones from the previous set 

of experiments.  The F-shell significantly reduced the VDW attraction between the particles, and 

permitting stability at lower solvent densities and pressures.  These particles proved to be 

dispersable at the room temperature vapor pressure of CO2.  The initial F-shell silica particles were 

~ 50 nm in diameter, significantly smaller than the particles studied previously (see Figure 6.7).   

 

 

Figure 6.7. Schematic of the synthesis of F-shell silica particles, and a representative TEM image of particles drop cast 
from Freon(figure excerpted from reference12 ). 

 
The silica particles were capped with the fluoroshell relatively easily, however, upon 

extraction from the fluorosolvents and drying for use in CO2 they appeared to have partially 

aggregated.  Light scattering measurements confirmed this hypothesis conclusions, showing that the 
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average particle diameter was ~400 nm and polydisperse.28  However, our secondary test confirmed 

that even at such large sizes, these particles were dispersable at the vapor pressure in CO2.  The low 

experimental yields of the F-shell capped particles meant that only small amounts (~ 60 mg or less) 

per individual deposition experiment could be used.  In a 7.1 mL experimental HCP, this translates 

to less than 0.5% volume or less of F-shell silica particles, which is insufficient to run convective 

assembly at low evaporation rates due to the high rate of sedimentation for these large silica 

particles.   

 

 

Figure 6.8. Schematic of the rapid sedimentation deposition process for making particle coatings. 

 

The high rate of sedimentation for such large dispersable particles made coating via 

sedimentation an ideal technique for study of these materials.  The experimental protocol is 

illustrated in Figure 6.8.  Dry F-shell silica (~ 50 mg) was carefully weighed onto the inner surface 

of the top sapphire viewing window of the HPC.  A few drops of acetone were placed onto the 

powder, wetting them and adhering them to the window.  The window was then placed in a fume 

hood to dry for a few minutes until the measured mass returned to the value of the window plus the 

F-shell silica.  The solubility of the F-shell silica was such that even brief exposure to liquid CO2 

was sufficient to break the dried, aggregate structure.  The apparatus used to deposit the F-silica via 

sedimentation was the same device shown schematically in Figure 6.4. When the HPC was 

pressurized with liquid CO2 to 1000psia, the F-shell silica was wetted, detached from the window, 

and dispersed.  No stirring was performed, and the silica quickly settled out onto substrate placed a 

distance, h, beneath the window (Figure 6.8 provides an illustrative description of the deposition 

process).  Two different settling distances were tested: 0.9 cm, and 2.71 cm (which is the axial inner 

length of the cell minus the thickness of the substrate).  Weighing the top window after complete 

depressurization showed that in all cases, the top window was completely clean, no residual mass of 

silica remained. 
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Figure 6.9. SEM images of F-shell silica deposited via sedimentation from liquid CO2 under the same experimental 
conditions (P0 = 900 psia, T = 23°C, conc. = 50 mg SiO2). (a,b) deposited from h = 0.9 cm, (c,d) deposited from h = 2.7 
cm.  Scale for a,c = 100 µm, scale for b,d = 2 µm. 

 

SEM micrographs of the resulting particle coatings deposited from the two different heights 

are shown in Figure 6.9.  In Figure 6.9a, a clear border was observed between regions of coated 

(left) and uncoated (right) substrate, demonstrating the strongly ballistic nature of the sedimentation 

process (Figure 6.9a).   That is, the sedimented coating fell directly from the initial powder cache on 

the top viewing cell.  Interestingly, the coatings deposited from shorter distance had thicker more 

uniform coverage, with less open space and less large aggregate features (compare Figure 6.9a to 

Figure 6.9c).   The primary aggregate structure was similar in both cases (Figures 6.9b and 6.9d), 

and strongly reminiscent of the TEM images of intitially synthesized F-shell silica (except on a size 

scale an order of magnitude larger or more).  The coatings deposited from a larger distance 

exhibited more microporous structure than the ones deposited from the shorter distance 

(Figure 6.9c); indicating that a higher degree of random aggregation occurred over longer settling 

distance.  This is not surprising, considering the 3-fold increase in settling distance, which provides 

an effective three fold increase in the diffusion time.14 

The time permitted for dispersing the silica from the top window and settling it onto the 

substrate was varied from several hours to three minutes prior to depressurization.  All of the results 

were the same within experimental error.  The majority of the silica detaches from the window and 

sediments in less than three minutes. In liquid CO2, the sedimentation time for 500 nm SiO2  

particles is about 42 seconds and about 2.1 minutes for h = 0.9 cm and 2.7 cm, respectively.  Thus, 
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the particles are clearly aggregating on the way down, increasing their settling rate dramatically.  

This is reflected in the SEMs (Figure 6.9) which show self similar structures to the as synthesized 

F-shell silica (Figure 6.7), but on a much larger length scale.  Thus, even brief exposure to liquid 

CO2 provides sufficient salvation to detach the silica from the sapphire window, at which point, in 

the absence of stirring, the F-shell silica aggregate and precipitate.  This corroborates the findings of 

the Johnston group, who have observed that these F-shell silica exist as stable aggregates in 

suspension.28 

6.3.2 Gold nanoparticle coatings 
Stable dispersions of gold nanoparticles capped with monolayer of perfluorodecanethiol 

(PFDT) were synthesized following the protocol employed in ref. 6.  The solvents could be acetone 

or cholorform depending on the organic phase used in the reaction procedure.6,29,30  By comparing 

normal citrate stabilized aqueous gold sols to acetonic suspensions of gold-PFDT nanoparticles, we 

have found that the differences in spectral behavior and optical appearance are negligible (Figure 

6.10a, b). Unprotected nanoparticles in nonaqeuous solvents quickly aggregated and settled out.  

Further proof of the presence of the steric ligands is provided in Figure 10c, where a dried droplet of 

acetonic nanoparticle suspension was imaged at high magnification using SEM.  The high contrast 

gold cores (grey dots) are isolated by the black regions that represent the intercalated fluorocarbon 

PFDT ligands (low atomic number contrast).  The saturated grey regions represent multilayers of 

nanoparticles. The gold nanoparticles were relatively monodisperse with an average diameter ~ 10 

nm.  Additionally, the particles could be sonicated and redispersed from their dry state into various 

organic solvents.  In fact, with proper washing in ethanol,6,29,30 the nanoparticles could be collected 

into a waxy solid that is stable indefinitely and which can be redispersed into stable sols.31,32  

 

Figure 6.10. (a) The UV/Vis absorbance spectra of an aqueous gold nanoparticle suspension and of gold-PFDT 
suspension in acetone (same concentration). (b) The two suspensions appear identical in color (water left and acetone 
right).  (c) SEM of a dried gold-PFDT semi ordered monolayerdroplet on glass (from a dried acetone drop). 
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Despite our best efforts, however, the nanoparticles did not readily disperse in liquid CO2.  

A cosolvent was then employed to aid in the dispersing process.  Acetone was chosen because the 

gold-PFDT nanoaparticles were dispersable in acetone, and acetone and liquid CO2 are miscible in 

all proportions.  The first test was to quiescently mix a small amount of gold-PFDT/acetone 

suspension into a large volume of liquid CO2 to determine if a cosolvent (acetone) would help 

disperse the nanoparticles in CO2.  A small vial was filled with concentrated gold-PFDT/acetone 

nanoparticle suspension and pressurized in a cell to just below the vapor pressure of liquid CO2.  

Another high pressure cell situated directly above the previous cell was pressurized beyond the 

condensation point.  The condensed liquid CO2 was allowed to slowly drain into the lower cell 

containing the vial of acetone.  As the volume of clear liquid CO2 increased (see the meniscus rise 

from left to right in Figure 6.11), the dark red color in the vial (indicating the presence of gold-

PFDT nanoparticles) kept retreating lower into the vial.   

 

 

Figure 6.11. Sequential images showing an attempt to disperse gold-PFDT nanoparticles from acetone (in the vial) into 
liquid CO2 at the vapor-liquid equilibrium conditions (room temperature, 800 psi).  (a-d) The vapor-liquid interface of 
the CO2 can be seen rising with time from left to right as more liquid CO2 is added.  The dispersed red nanoparticles in 
the vial settle with time into the base of the vial.  The dark bar stretching across the view cell is a teflon wedge to hold 
the vial in place. 

 

When the liquid CO2 level rose above the mouth of the vial (Figure 6.11), the remaining 

acetone freely dissolved in the carbon dioxide, and the gold-PFDT quickly settled out of 

suspension.  The color of the bulk liquid CO2 dominant phase remained clear throughout, so no 

nanoparticles were dispersed in the CO2/acetone mixture (Figure 6.11).  After depressurization, the 

vial was recovered, and we found that its base was coated in a red colored gold-PFDT coating.  The 

PFDT layer prevents irreversible aggregation, (and neither gold nor PFDT have much affinity for 

glass) thus, the gold-PFDT deposits could be resuspended in acetone by sonicating the coated vial 

in a small volume of acetone.  Instead of acetone being a cosolvent, CO2 turned out to be an anti-

solvent.  This effect is known by a variety of terms such as precipitation with a compressed fluid 

 145



antisolvent (PCA) or precipitation via a gas expanded liquid or gas antisolvent (GAS), which has 

been used to nucleate polymer and neutraceutical particles from organic solutions.33,34  

Additional stability assays of the gold-PFDT nanoparticles in 20/80 acetone/CO2 by vol. 

were performed using high pressure UV/vis spectrophotometry (using a Jasco V550 

spectrophotometer, with HPC sample and reference cells).  The purpose of these studies was to 

determine the stability of these nanoparticles in the presence of liquid CO2.  The most important 

feature from these studies was that the surface plasmon resonance (SPR) absorbance maximum 

began to decrease with prolonged exposure to liquid CO2, while the SPR wavelength 

(λSPR  ~ 530 nm) did not red shift (Figure 6.12).  The SPR frequency depends on nanoparticle size 

(or more properly, the scattering cross section, which is size dependent) and will shift to larger 

wavelengths if the size increases.  Hence, the effective particle size remains constant if λSPR does 

not change.  Consequently, settling occurs without appreciable aggregation.  Additionally, the SPR 

absorbance maximum is concentration dependent, and provides a measure of the number of 

dispersed particles per unit volume (following Beer’s law). The solvent conditions (25°C, 1100 

psia) were insufficient to form stable, long term dispersions, but the PFDT ligands prevented 

aggregation (no SPR red shift occurred) during sedimentation (Figure 6.12).  The base value that the 

SPR spectra approached on the plot is not indicative of a final stable concentration, but rather is due 

to a monolayer of sterically stabilized gold nanoparticles which plated out onto the sapphire 

windows of the high pressure cell.   
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Figure 6.12. Absorbance spectra of PFDT-gold nanoparticles in 20/80 by weight mixtures of acetone and CO2 at 1000 
psia and room temperature.  The times for each measured spectra are relative to when the CO2 was injected into the cell 
(time zero).  The inset shows the decay of the SPR absorbance maximum with time. 

 

 

This process of colloidal deposition, which we have termed controlled destabilization, was 

recently demonstrated and by Chris Roberts’ group at Auburn.35,36  They used liquid CO2 expanded 

organic suspensions to deposit sterically stabilized nanoparticles onto TEM grids, which were 

placed in small 250 µL vials within the HPC.  Because the CO2 can be added in well controlled 

amounts, the solvent quality can be tuned to selectively precipitate and isolate different types or 

sizes of particles.35,36  The caveat to their technique is that while coating TEM grids allows for 

probing microstructures conveniently, it is not representative of large scale applicability.  We have 

implemented the controlled destabilization coating with much larger substrates, to see if conformal, 

uniform coverage could be obtained beyond submillimeter scales (e.g. TEM grids).  Figure 6.13 

shows images of sterically stabilized gold-PFDT nanoparticles deposited onto glass from acetone 

expanded with liquid CO2.   
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Figure 6.13. Gold-PFDT film deposited onto a glass slide from acetone swollen with liquid CO2 at 24°C and 900 psi. 
(a) Comparison of an uncoated (left) and coated slide (right), (b) the micro-aggregates which compose the uniformly 
transparent red coating were clearly visible with phase contrast optical microscopy, and (c) were found to be 
approximately 1 µm in size and composed of unordered aggregates of individual nanoparticles when imaged with SEM.   

 

 

The HPC was arranged with its long axis vertical, which permitted the glass substrate (1.2 

cm wide by 4 cm long) to hang from the top of the cell out of contact with the acetone suspension 

until the addition of compressed CO2 increased the volume. The cell initially had 1.5 mL of 

concentrated acetonic suspension, which is diluted to an approximately 90/10 mixture of 

CO2/acetone until the substrate was fully immersed.  After ten minutes of contact the cell was 

quickly drained to another pressurized cell (to prevent boiling).   The resulting uniform coating of 

pale red color (Figure 6.13a) demonstrated that the nanoparticles did not irreversibly aggregate into 

large clumps.  Instead the micrometer sized planar domains, which were clearly discerned by 

optical microscopy (Figure 6.13b) were composed of unordered groups of individual discrete 

nanoparticles (Figure 6.11c).  The absorbance spectra of these coatings showed evidence of a red 

shift in the spectra (λSPR ~ 570 nm) relative to the “dispersed” state (e.g. Figure 6.12). This redshift 

can partly be attributed to particle substrate interactions, which are known to cause red-shifts in the 

plasmon resonance frequency.37  Additionally, the SEM images clearly show that the nanoparticles 

are not highly aggregated, which would cause a significantly larger redshift.  The local aggregation 

of the nanoparticles in these domains (Figure 6.11b) is more likely due to phase separation of the 

fluorinated ligands into “droplets” because they poorly wet the glass substrate.  However, we cannot 

rule out the interaction between the two miscible solvents (acetone and liquid CO2).  The rate at 

which they mix and diffuse can yield a time dependent effect on the overall solvent quality, which 

would definitely have an impact on how rapidly these particles became unstable in suspension.  

Roberts, et al have shown that lower rates of CO2 infusion into the system more gradually 
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destabilizes the particles, and leads to a progressively lower degree of redshift in the coating 

spectra, and better ordering of the sterically protected nanoparticles into a superlattice or colloidal 

crystal.38 

 

 

 
 
Figure 6.14.  Gold-PFDT film deposited onto a glass capillary tube (3mm inner diameter) from acetone 

swollen with liquid CO2 at 24°C and 900 psi.  An uncoated capillary is shown for reference (a) Prone.  (b) Standing up 
on end. 

 

 

Another interesting thing about these coatings is that they were the same within 

experimental error whether the substrate was oriented horizontally (so the particles would fall 

directly on it) or vertically.  We hypothesize that the solvent quality and the steric nature of the 

ligands are sufficient to prevent aggregation, but because particle-surface attractions are so much 

stronger these VDW forces win out and lead to the deposition of the particles on the substrate 

surface no matter its angle of orientation.  For confirmation, we tested this with cylindrical glass 

capillary tubes immersed in the expanded liquid suspension of acetone and CO2 at similar 

conditions to flat glass substrates and saw uniform coverage of the cylinder (Figure 6.14).  In close 

proximity to the substrate, particle-particle interactions will always be weaker than particle-

substrate interactions.15  Thus, the controlled destabilization process is not a purely sedimentive 

process, but is also exhibiting some form of attraction between the particles and the solid substrate 

surface.   
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As these results demonstrate, controlled destabilization yields conformal metallic coatings of 

uniform large are that can be deposited in minutes. The coatings required no substrate pretreatment, 

no high vacuum, metal-organic precursor, or high voltage for deposition; all of which are required 

for such commonly used coating techniques like chemical and physical vapor deposition (CVD, 

PVD).  Controlled destabilization of metallic films could potentially compete with CVD and PVD 

because of its simplicity.  

 

6.4 Conclusions 
 Liquid and supercritical carbon dioxide present an interesting paradox, as they offer an 

energetically inexpensive and easily obtainable critical point at the expense of relatively poor 

solvent quality.  Even so, the major impediment to working with carbon dioxide remains the poor 

solvent quality, and the inconvenience of working with high pressure equipment. Additionally, 

while other high pressure solvents like water, ammonia and ethane offer improved solubilities (for 

molecular species) or better dispersabilities (for colloids), these come at the expense of less readily 

available critical points, and in particular NH3 and water can be quite reactive in the supercritical 

state.  Thus, the tradeoff with CO2 is not necessarily as poor as one might first conclude. There has 

been a lot of work focusing on the theoretical understanding of colloidal stability within liquid and 

supercritical CO2.  These efforts are closely tied to ongoing research devoted to producing materials 

with enhanced CO2-philicity.  As these hurdles are overcome, progress with compressed carbon 

dioxide as a processing aid and coating solvent will follow.  Even so, carbon dioxide can be 

implemented by itself or in the presence of other miscible solvents so that controlled destabilization 

(by virtue of tunable solvent quality) of colloids can yield uniform deposits and films.  We have 

demonstrated the use of carbon dioxide (primarily as an antisolvent) to deposit coatings of different 

types of nanoparticles with the ultimate goal of conformal, hydrophobic technologically relevant 

materials.  These results show the potential for depositing uniform and conformal nanocoatings, 

which could pave the way to alternative deposition techniques.  Due to its low surface tension, CO2 

can wet virtually any surface, and thus, it will have high penetration capabilities in porous materials 

– limited only by the size of the dispersed particles.  With the recent interest in catalytic 

nanoparticle-based materials, deposition from liquid CO2 could make it possible to quickly and 

conformally deposit catalytic films throughout the finely porous microstructure of monoliths 

(without solvent hold up due to capillary forces after the coating procedure). 
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Chapter 7.  Recapitulation 
 

The potential technological applications of micro- and nanoparticle coatings 

necessitate the development of rapid, inexpensive and easily controlled deposition 

procedures.  Hence my research efforts were focused on two main directions: (i) fundamental 

exploration of the process of evaporation driven colloidal deposition, and (ii) application of 

this technique to a broad range of different systems.  First, we found that convective 

assembly at high volume fractions provides a simple, relatively rapid process by which 

colloidal scale materials can be deposited. These coating experiments also showed how time 

and material consumption can be significantly reduced in comparison to conventional dip-

coating. Depositing micro-and nanoparticle coatings using our technique reduces material 

waste by coating only a single surface of the substrate (as opposed to both sides of the 

substrate and the walls of the immersion vessel in dip-coating). Out of the three controlling 

parameters of our system (deposition speed, particle concentration, and solvent evaporative 

flux), the deposition speed turned out to be the most potent and easily varied parameter.  We 

constructed operational ‘phase’ diagrams, plotting the deposition speed of coatings versus 

their initial particle volume fraction.  These data were well modeled by simple a mass 

balance taken along the drying region of the thin film (ignoring thermal and hydrodynamic 

complexities), which nonetheless accurately captures the physics of convective assembly.  

The microstructure of the coatings could be facilely tuned by varying the deposition process 

parameters. 

The secondary focus of my research demonstrated the use of convective assembly for 

the fabrication of conductive metallic nanoparticle coatings, antireflective silica nanoparticle 

coatings, and produced in collaboration with others magnetic iron oxide particle coatings, 

and colloidal crystals which could be used as reactive ion etching masks for silicon 

substrates. The latex crystals, gold nanocoatings, and antireflective coatings described herein 

provide examples of the wide range of applications for which convective assembly can be 

used. Maintaining control over the structure and number of particle layers provides control 

over the opto-electronic properties of the coatings, and presents a major step towards large 

scale applicability.  Multilayer films of chemically unmodified metallic nanoparticles can not 

be directly fabricated by the vacuum deposition and electrostatic or chemical self-assembly 
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methods used to date. Convective assembly of metallic nanocoatings allows the fabrication 

of continuous films comprised of a network aggregate structure, which may allow their use in 

conductive and semitransparent films, heat fuses, or planar catalytic substrates. Additional 

chemical functionalization of the particles, before or after film assembly, could lead to 

applications such as elements with non-linear electronic or photonic properties, substrates for 

quantum electronic devices, catalytic surfaces, and chemical/bio sensors.  Furthermore, 

dielectric nanoparticles, such as silica can provide an efficient economic alternative to 

antireflective coating (ARC) deposition by conventional techniques.  We demonstrated 

convective assembly of effective silica ARCs on glass, silicon and silicon solar cells.  The 

main advantages of the process are the use of inexpensive commercial silica suspensions 

without any chemical additives, organic solvents, or vacuum technologies.  

We have also investigated the colloidal deposition from alternative solvents such as 

liquid and/or supercritical carbon dioxide (CO2).  CO2 is inexpensive, renewable, and offers 

potential for depositing conformal coatings that are free of drying induced defects inherent to 

other solvents. Stable dispersions in liquid or supercritical CO2 necessitate the use of either 

CO2-philic surfactants, or covalently attached CO2-philic ligands, which are commonly 

fluorinated.  As a result the rough, nanoparticulate coatings deposited from CO2 could 

potentially be superhydrophobic (water repellent) in addition to the functionality provided by 

the core particles. We have demonstrated the use of carbon dioxide (primarily as an 

antisolvent) to deposit coatings of different types of nanoparticles with the ultimate goal of 

conformal coatings of hydrophobized, technologically relevant materials.  

There are two main issues to be addressed within the bottom-up field of colloidal 

assembly into functional materials: (i) the speed of assembly and (ii) the precision of 

assembly.  In both cases, the main argument for our two deposition techniques (convective 

assembly and deposition from CO2) are the improved speed of deposition.  It is true that 

liquid or supercritical carbon dioxide offers extremely rapid settling rates; however, one must 

consider the overall implementation time required to construct coatings or other materials 

from colloids.  From this perspective, our aqueous convective assembly is significantly more 

cost effective and more easily implemented than coating from CO2 which limited by the use 

of high pressure equipment.  Convective assembly is not without its drawbacks though.  The 

control over the microstructure offered by our convective assembly technique cannot 
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compare with the precision of conventional vacuum-based top-down deposition processes. In 

the future, hybridizing our deposition process with a suitably patterned substrate could yield 

an epitaxial convective assembly process that provides improved control over the 

microstructure.  Furthermore, for many applications such minor defects are not crippling to 

the coating function.  This deposition technique is well suited to fabricating large area 

coatings which do not require defect-free, perfect microstructures (e.g., AR coatings on 

windows).  Additionally, the current batch implementation could easily be scaled up into a 

constant process by a continuous feed of liquid suspension to the moving meniscus. Thus, we 

foresee the niche of potential applications for this technique to continue growing. 
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Appendix 1 
  

 

A.1.1 Characterization of silica/polystyrene coatings: 

A.1.1.1 Optical microscopy prior to etching 
 

Two methods were employed to confirm the microphase separation of the polystyrene 

particles in the mixed silica/polystyrene AR coatings.  First, we used similarly sized 

fluorescently labeled polystyrene particles (from the same manufacturer, Polysciences, and 

one batch from another manufacturer, IDC Latex, Oregon, USA) to view the location of the 

PS in the coating prior to etching.  There is a diffuse fluorescent background in Figure 1, 

which indicates some degree of distributed PS within the SiO2 matrix.  More telling however, 

are the large aggregates or PS-rich regions which are clearly seen as bright green fluorescent 

dots several microns or larger (Figure 1).  

 

 

 

 
 

Figure 1.  Epi-illuminated optical micrograph of a SiO2/PS (2:1 ratio) coating prior to 
etching.  The PS was fluorescently labeled, and was imaged using with a mercury lamp  
excitation source.  The scale bar is 50 µm. 
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A.1.1.2 Electron microscopy after to etching 
 

Next we used SEM of the coatings after the etching process to view the voids left 

behind. A sample cross sectional SEM is shown in Figure 2. The image shows evidence of 

some distributed PS (note the small, distributed voids in the Figure 2); however, larger 

aggregated regions of PS were clearly present.  When removed, the aggregated PS left behind 

large voids several hundreds of nanometers to microns in size, which were clearly visible by 

SEM.   

 

 

 
 

Figure 2.  Cross-sectional SEM of a SiO2/PS (2:1 ratio) coating after etching to remove the 
PS phase.   
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Appendix 2 
 

A.2.1 Physical property advantages of liquid and supercritical CO2

The physical properties of carbon dioxide (CO2) make it an advantageous solvent for 

coating from an applications standpoint.  The readily accessible critical point (31°C, 1070 

psia) and room temperature vapor pressure (~ 800 psia) make it relatively simple to compress 

CO2 to its liquid or supercritical state.1  The density of CO2 is strongly pressure or 

temperature dependent – it is highly compressible as a function of temperature compared to 

other common coating solvents (Figure 1.A, and compressability chart shown later).  Varying 

the solvent quality or density is simply a matter of “tuning” the state (T,P).  

 

 
Figure 1. The temperature dependence of selected physical properties of various common coating solvents: 

(A) density, (B) viscosity, and (C) surface tension.  The five pure liquid species shown are: 
 

 

 

The viscosity of liquid CO2 is also less than that of other common coating solvents.  

(Figure 1.B).  The low viscosity of liquid CO2 could provide a greatly accelerated speed of 

assembly for depositing particles via sedimentation.  For example, as Table 1 shows, if liquid 

CO2 is pressurized to a density similar to that of liquid water, the viscosity alone will provide 

a sedimentation velocity twenty times faster than that of water.  Both solvents have NRe << 1 

for negligible turbulence, and NPe >> 1 which relates inertial forces to Brownian forces, so 

that particle settling (from a height of 10 cm) dominates over random diffusion.   
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Table 1.  The settling speed for the polystyrene latex in liquid water and liquid CO2 at comparable densities.   
Settling particles are 
polystyrene spheres: 
r = 500 nm, ρ = 1.05 g/cc 

Viscosity 
(mPa s) 

Sedimentation 
velocity, US 

(µm/s) 

Reynolds  
number, NRe 

 

Peclet number, NPe 
(h = 10 cm)* 

 
Water 
P = 1 bar,  ρ = 1g/cc 

 
1.00 

 
0.30 

 
1.5 x 10-6

 
7000 

Liq. CO2 
P = 270 bar,  ρ = 1g/cc 

 
0.05 

 
6.00 

 
6.0 x 10-4

 
7000 

*Note: Having the same NPe should effectively yield the same structure of sedimented particles on the 
substrate. 
 

Possibly the most advantageous property of liquid CO2 is its low surface tension.  The 

surface tension of water is so high because of its high capacity for hydrogen bonding (Figure 

1.C).    Capillary condensation of water in small features and apertures is extremely difficult 

to avoid because of the high surface tension and high energy requirement for evaporation.  

This presents a problem for removing water from fine features during drying, and often 

results in image collapse of such features.2 Volatile organic solvents (VOCs) and chloro-

fluoro-carbons (CFCs) have significantly reduced surface tensions but come with the 

environmental hazards of using them (Figure 15C.).   

The surface tension, γ lv, of CO2 ranges from 5 mN/m to 0 mN/m between T = 273.15 

K and Tc = 304.19 K (Figure 1.C).  Its surface tension is significantly less than almost any 

other solvent (Figure 1.C.), including low energy solvents like CFCs (ie. Freon 11).  Such 

low surface tensions will facilitate coating of any type substrate surface, including ultra low 

energy fluorinated surfaces like polytetrafluoroethylene (PTFE, also known as teflon) 

because γ lv < γc , the critical wetting energy of the surface.2,3  This behavior is not unique to 

CO2, as most liquids near their critical point attain gas-like properties, including ultra low 

surface tensions and viscosities.2,4  However, some solvents like water or ammonia become 

highly reactive near their critical point, making them difficult to work with.4  Secondly, low 

surface tension greatly enhances the penetration of liquid into small features and porous 

materials.  Thus, CO2 offers the potential of conformally coating nonideal, and porous 

substrates.2,4   

Young’s equation provides the model for capillary rise5, 

 

c

lv

R
p θγ cos2

=      (2) 
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which can be applied to liquid penetration in porous media in which case p is now the 

applied pressure instead of ∆ρ gh, θ is the contact angle, and Rc is the effective pore size.  

Since CO2 will wet most any surface cosθ ~ 1, and approximating the surface tension as γlv ~ 

1 mN/m, we can use the normal vapor pressure of liquid CO2 ~ 5700 kPa to estimate via eq. 

(2) the critical or smallest penetrable feature or pore size as ~ 2Å, which is about the size of 

one CO2 molecule.   

Drying, or removing the carrier solvent from the coating by evaporation is also 

facilitated by using CO2.1,2,6  Drying water based coatings is energy intensive because liquid 

water has a very high heat of vaporization.  VOCs and CFCs offer an alternative, but must be 

kept under strict control because most are regulated by the EPA and could be toxic.2,6  

Comparatively, the cost for drying liquid CO2 based coatings is low.  Liquid or supercritical 

CO2 is nontoxic, nonflammable, significantly less expensive than comparable organic 

solvents, and its low heat of vaporization provides facile removal upon exposure to ambient 

conditions.1  The main cost for using CO2 as carrier solvent in coating applications is fixed 

capital investment in the high pressure coating chambers.2  

 

A.2.2  Coating film thickness as a function of physical properties 
Thinner films are possible when using liquid CO2 as the solvent then with other 

comparable solvents.2  Ignoring convective and evaporation effects, the liquid film thickness 

can be estimated purely as a function of the liquid’s physical properties and the withdrawal 

speed of the substrate from the liquid bath.  For an entrained liquid film, the region of 

constant film thickness, h, depends upon the capillary number, 

 

lv
Ca

vN
γ
µ

= ,       (3)

  

 

a dimensionless group relating the viscous forces to surface tension forces in which v is the 

withdrawal velocity, µ is the viscosity, and γ lv  is the surface tension.  Derjaguin and Levi7 

developed a plug flow approximation using the equations of motion  
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that was solved employing the continuity equation, the lubrication approximation, and the no 

slip and no shear boundary conditions for the substrate and liquid-vapor interfaces, 

respectively. 
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ure 2.  Pure solvent film thicknesses, h, were calculated using the theory of Derjaguin and Levi (not 
ounting for evaporation) using the dipcoating geometry shown at right.  Film thicknesses are measured 
icrometers for these conditions: T = 298.15 K, v = 100 µm/s. 
Figure 2. shows the theoretical film thickness for some common solvents at 25°C and 

rawal speed of 100 µm/s that were calculated with Eq. (4).  Water has the thickest 

 expected, and CO2 shows the thinnest film thickness.  The primary contributors are 

h viscosity and the high surface tension of water (relative to the other solvents).  

nally, even though the liquid CO2 film is the thinnest, the intrinsically low surface 

 makes it unlikely that surface capillary waves will initiate hole formation and 

ing of a liquid CO2 film.2  
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A.2.3  Carbon dioxide compressability chart 
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Appendix 3 
 
 

A.3.1 Schematics for the coating device 
 
 
 

 
 
 

A.3.2 Acknowledgements 
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Precision Machine Research Instrument Shop for the assistance with execution of my design. 
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Appendix 4 

A.4.1 Derivation of the convective assembly relationship 

 

Consider a 2-D control volume that encompasses the drying region of a thin evaporating film, 

which moves laterally as the film dries (in the direction of meniscus withdrawal).  Into this 

drying region there are two material fluxes, JP and JS, the entering particle and solvent fluxes 

respectively (see figure below).  Leaving the drying region there is only one flux, the 

evaporating solvent, JE. 

 
Figure 1.  Control volume around drying region of dimensions l, hf, and w. 

 

At steady state conditions, by conservation of volume,  

 

ES JJ = .      (1) 

 

We can express the two influxes as there local average fluxes times the area across which 

they are flowing, such that:  fsS hjJ =  and  ljJ eE = , where each local average flux 

is simply a function of the amount of flowing solvent, 

 

sSSS vVNj = .      (2) 

 

NS is the total number density of solvent molecules, VS is the volume per solvent molecule, 

and vS is the flow velocity of the solvent entering the drying region. In this case, je is the local 

rate of evaporation in the thin film (which is a function of its proximity to the drying front, 

the temperature and the relative humidity). By analogy the entrant particle flux takes the 

same form, 
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PPPP vVNj = .     (3) 

 

Thus, under the steady state approximation, we can substitute eq (3) into eq(1) to yield 

 

sSS
f

e vVN
h

lj
= .     (4) 

 

There is no exiting flux of particles, but rather an accumulation of the particles, that grows at 

a rate vC, so that  

 

( )hvhj CfP ε−= 1      (5) 

 

where ε is the void fraction in the accumulated particle film, and h is the final particle film 

thickness.  Note that initially, h and hf are not necessarily equal.  Now since the particles are 

dispersed in the solvent, they will be entrained in the flow, therefore, we can set the particle 

flow rate to be proportional to the solvent flowrate, sP vv β=   ,  where β depends on the 

particle-particle, particle-substrate, and particle-sovlent interactions. 

 

Now, if we substitute for the velocities in eq(5) using the relationships in eq(2) and eq(3), 

 

 

( )hvhvVN CfSPP εβ −= 1      (6) 

 

 

into which we substitute for vS using eq(4) to yield 

 

 

( )hv
hVN

ljhVN
C

fSS

efPP ε−= 1 .     (7) 
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The film height, hf, cancels, and we can rewrite the ratio SSPP VNVN as ( )PP φφ −1 , 

where φP is the volume fraction of particles in the original suspension being deposited and 

PS φφ −= 1 is the corresponding solvent volume fraction.  Lastly, we simplify things by 

lumping je l β into a single parameter, K, which will depend on the relative humidity and 

temperature.  This is justified because experimental determination of je is extremely difficult 

in thin porous materials, as is ascertaining the constant β.  Most commonly, it is assumed that 

β ~ 1 for sufficiently small particles, and je is approximated by the pure solvent rate of 

evaporation at the given experimental conditions. However, in appreciation of the difficulty 

involved with independently uncoupling these parameters we used K as the parameter for 

relating rate of assembly vc for a given thickness of coating, h, to the original concentration 

of particles being deposited, 

 

( )( )P

P
C h

Kv
φε

φ
−−

=
11

.    (8) 

 

Afterwards, we can draw conclusions about β, je, and l based on the value of K and its 

dependence upon the experimental conditions.   

 

Another important point to consider is the structure of the deposited particle film, h(1-ε).  It 

is true that for a monolayer of monodisperse spheres comprised of a close packed hexagonal 

structure (hcp), the (1-ε) = 0.605.  However, as the number of layers increases, the packing 

fraction in that film does not remain 0.605, but rather increases in a stepwise fashion until it 

eventually reaches the 0.74 for a bulk hcp film.  For more details on this volumetric balance 

and the structural transitions in thin particle films, please refer to the paper by Prevo & Velev 

(2004) Langmuir 20: 2099 and the references therein.  
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