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ABSTRACT OF THE DISSERTATION 
 

Applications of DuPont Photopolymer Cromalin® for Dry Deposition of Particles 

 

by 

 

Michielle Helene Hurt 

Doctor of Philosophy in Chemical Engineering 

 

University of California, San Diego, 2006 

 

Professor Jan B. Talbot, Chair 

 

 

A dry deposition method for patterning particles for specific applications of 

emissive display screens, photocatalysts and nanoparticles, using DuPont Tacky Dot® 

photopolymer, was developed.  This tacky photopolymer, Cromalin®, may be adhered 

to various substrates and patterned through the polymerization of the adhesive when 

exposed to UV light. It was found that Cromalin® is activated at a wavelength of 340–

370 nm and has a patterning resolution as measured by the USAF 1951 resolution 

target to be ~20 µm.  Phosphor, alumina, titania, toner and various types of 

nanometer-sized materials, including carbon nanotubes, mesoporous silica 

nanoparticles, silver nanowires and magnetic magnetite nanoparticles were adhered to 

Positive Cromalin®.  These particles were shown to become adhered and embedded 



 

 xx

within the tacky photopolymer layer.  Patterning of these nanomaterials was also 

found to be successful.  Particle loading evaluations showed a monolayer of particles 

was adhered to the surface with an increase in deposit density and coverage when a 

layer of large diameter particles was followed by a layer of small diameter particles.  

A tape test showed the adhesion of particles to the surface is adequate (~50 N) for the 

investigated applications and is dependent on particle shape.  The decomposition 

properties of this adhesive material were evaluated to be suitable for emissive display 

screens and photocatalysis processes.  The thermal degradation of the polymer in 

argon at 450 °C was ~ 83-86 wt.%.  Adhesion increased with limited UV exposure and 

the solubility in water and acetone of Positive Cromalin® decreased. 

Multiple adhesion mechanisms may contribute to the adhesion of various 

particle shapes and materials to Positive Cromalin®.  The elastic behavior of 

Cromalin® allows particles to become completely or partially embedded into the 

photopolymer layer.  This intimate contact allows surface forces, such as van der 

Waals, to act at the interface of the polymer and adhered particle.  This elastic 

behavior also allows for a larger surface area of the particle to achieve contact, as it 

deforms around the particle and into cavities.  The mechanical theory of adhesion 

plays a role as the embedded particles become trapped in the elastic polymer surface 

of Positive Cromalin® which hardens through polymerization by UV activation. 
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1 Introduction 

DuPont introduced a tacky photopolymer known as Cromalin® in the early 

1970’s as a means to pattern toner particles for color proofing [1].  Color proofing 

involves patterning ~1 – 1.5 µm colorant particles on relatively large patterns to view 

color combinations of pictures before printing.  Eventually, other uses of Cromalin® 

and its derivatives were developed such as particle mounting for microscopy and a 

Tacky Dot® technology for solder bumping [2-3].  This technology used a 

photoimagable adhesive to form customized dot patterns used to create single particle 

arrays, with one particle per Tacky Dot® [3].  One objective of this research was to 

develop applications for this technology using intricate array patterns for adhesion of 

multiple particles per feature.  One of these applications was adapting the Tacky Dot® 

technology to produce dots or lines of micron sized luminescent (phosphor) particles 

for dry screening emissive displays, such as cathode ray tubes (CRTs) [4].  A second 

objective was to determine the plausibility of using the Tacky Dot® technology to 

pattern a monolayer of catalyst, such as titania, for environmental remediation 

processes.  Lastly, the ability of Cromalin® to bond to and pattern various 

nanomaterials, including mesoporous ceramic nanoparticles, magnetic nanoparticles, 

metal nanowires and nanotubes, was studied.  Cromalin® was characterized by its 

particle loading ability, adhesion properties, decomposition and solubility in water and 

acetone.  
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Several dry photolithographic methods have been used for the screening of 

phosphors for emissive displays.  These methods include electrophotographic, thermal 

laser, electro-erosion and photopolymeric lithography [5].  The photopolymeric 

method uses an aromatic diazonium salt, which forms hygroscopic products when 

exposed to UV light [6].  This “phototackifiable” polymer is coated as a slurry onto a 

glass substrate and patterned with UV light, making the exposed areas tacky.  

Phosphor particles are then dusted onto the surface and adhere to the tacky areas. 

To produce a display screen, several criteria must be met [5].  First, the 

material must have the patterning capability to create the lines or dots of an emissive 

display screen.  The typical dot or slot pitch of an ultra-high resolution CRT ranges 

from 210 to 260 µm [7].  Secondly, it is important that enough phosphor is deposited 

to attain pinhole-free coverage, yet not so much that it reduces light output.  Phosphor 

screens have been evaluated by maximizing the luminescence when stimulated by 

irradiation with an electron beam and minimizing the scattering, to determine an 

optimum coverage of 1.5 phosphor layers [8].  Thirdly, the adhesion strength between 

phosphor particles and the tacky polymer must be sufficient enough to ensure the 

particles are not removed during manufacturing.  Lastly, organic material applied to 

the faceplate during the phosphor deposition should decompose during the heating 

cycle.  This heating cycle temperature peaks at ~450 °C, staying sufficiently below the 

softening temperature of glass. 

 Tests were also performed to evaluate the potential for using Cromalin® to 

pattern photocatalysts, like TiO2, used in environmental remediation processes.  

Photocatalysts use light to oxidize contaminants.  Titania is activated by < 360 nm UV 
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light and is effective at decomposing aromatics, alkanes, olefins, halogenated 

hydrocarbons, amines, mercaptans and dissolved metal complexes [9].  Two common 

contaminants treated through photocatalysis are trichloroethylene and 

trichloromethene, often found in drinking water in the U.S [9].  Titania is used to 

dehalogenate these contaminants.  Other effective catalysts are ZnO and WO3 [9].   

The photodegradation and solubility of the substrate used to immobilize these catalysts 

are important criteria.  As UV light is used to activate these catalysts, the substrate 

must not degrade to the point of losing its mechanical strength.  Also, the substrate 

must not dissolve in the aqueous system, losing its ability to immobilize the catalysts.   

 Various types of nanomaterials were also adhered to Positive Cromalin®.  

These nanomaterials included carbon nanotubes, mesoporous silca nanoparticles, 

silver nanowires, and magnetite nanoparticles.  The ability to deposit nanomaterials is 

important in the production of nanocomposite materials.  These nanocomposites may 

be used for nanoindicators, drug delivery, photocatalysts, sensors and for many other 

possible applications [10]. 

This research studied various applications of particle deposition using a 

“photodetackifiable” polymer, Positive Cromalin®.  A photodetackifiable polymer is 

initially tacky allowing particle adhesion.  Once the polymer is exposed to UV 

irradiation, the photoinitiator is radicalized and initiates polymerization.  After 

polymerization, the material is no longer tacky.  Once potential applications for using 

Positive Cromalin® as the means of particle deposition and patterning were identified, 

including CRT and emissive display screen production, photocatalyst deposition for 
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use in environmental remediation processes and nanomaterial deposition for various 

nanocomposites, experiments were conducted to evaluate their plausibility.   

Chapter 2 begins with a description of polymers in general.  This leads to 

polymer classifications, polymerization and bonding.  Polymerization is important as 

this is the method by which Positive Cromalin® changes from a tacky material to a 

non-tacky material.  Next, a description of Cromalin®, the main material of this 

research, and its history is given.  One possible application of this material is to pattern 

phosphor particles to develop CRTs or emissive display screens; therefore, a 

description of CRTs, including their components, the phosphor that is used, the criteria 

and current production techniques, is given.  Next, a background on particle packing is 

discussed as this is an important feature for all of the particle deposition applications.  

Also, understanding the adhesive properties of Cromalin® is important in the 

deposition applications, so an overview of the current understanding of adhesion and 

adhesive mechanisms is given.  Finally, the degradation of this photopolymer is 

important if used in emissive displays or as a support for photocatalysts; therefore, a 

review of degradation is included in this chapter.   

Chapter 3 describes the experimental materials and procedures used to evaluate 

Cromalin® and its possibility for use in the applications of interest.  These procedures 

include the different deposition methods, resolution tests, various experiments with 

phosphor and alumina for testing deposit density, coverage and adhesion, 

nanomaterial experiments and finally, degradation experiments.  Chapter 4 details the 

results of these experiments and the conclusions drawn from them.  The conclusions 

from this research are presented in Chapter 5.  Finally, Chapter 6 lists the 
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recommended future work.  This includes possible experiments to further evaluate and 

expand the possible applications of Cromalin®. 

 

 

This chapter, in part, has been submitted for publication of the material as it 

appears in the Journal of the Electrochemical Society, 152, H178, Hurt, Michielle; 

Talbot, Jan B., 2005 and SID Symposium Digest 36, 487, Hurt, Michielle; Talbot, Jan 

B., 2005.  The dissertation author was the primary investigator and the co-author of 

these papers. 
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2 Background 

DuPont introduced a group of tacky photopolymer films, known as Cromalin®, 

in the early 1970’s as a means to pattern toner particles (~1 – 1.5 µm) for color 

proofing pictures before printing [1].  Eventually, other uses of Cromalin® and its 

derivatives were developed such as a Tacky Dot® technology for solder bumping and 

particle mounting for microscopy [2,3].  This Tacky Dot® technology uses a 

photoimagable adhesive to form customized dot patterns used to create single particle 

arrays, one particle per Tacky Dot®.  Originally this technology was intended for use 

in solder bumping the I/O pads of integrated circuits.  The photoimagable adhesive 

was optimized to place controlled volumes of solder, one solder sphere per Tacky 

Dot®, on I/O pads of IC circuits in high resolution patterns [2].  Later uses of this 

technology included, Tacky Dot® slide arrays for microscopy.  The tacky areas range 

from 0.25 – 1000 µm in diameter and the particles may range in size from 10 – 500 

µm [3].  The slide arrays allow particle counting and automated image analysis of the 

rapidly mounted particles [4].  DuPont gave this Tacky Dot® intellectual property to 

UCSD so that it could be evaluated for use as the means to pattern display screens and 

to determine other possible applications, such as patterning titania for environmental 

purposes and patterning nanoparticles [5].  This research evaluated these films to 

understand and characterize their applicability as a means to create intricate array 

patterns to deposit multiple particles per feature and to understand their adhesive 

properties.  Cromalin® is a photopolymer, as it is activated through exposure to actinic 

or ultraviolet radiation.  The fundamental properties of polymers and polymerization
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are reviewed to give insight into the photopolymer properties.  There are two types of 

Cromalin®:  a negative patterning material, used for color proofing mainly in Europe, 

which can be used to give a negative image of the mask and a positive patterning 

material, initially used for color proofing in the United States, which reproduces the 

mask image.  The basic functions of these two films will be explained in this chapter.  

As the materials were studied to determine their feasibility for use in display screen 

production, a brief history of CRTs and their production criteria are then given.  Since 

the films will be used to pattern phosphor particles, particle packing and its 

importance are explained.  As the adhesive properties of Cromalin® allow particles to 

be mounted for the applications of interest, the main theories of adhesion and some 

measurement techniques are then reviewed.  Thermal degradation of the polymer is 

important in the CRT application because any remaining organic material may lead to 

evolved gases that may cause a drop in electrode emission.  Photodegradation is 

important for environmental remediation processes because the polymer will be 

subjected to UV sources.  Therefore, thermal and photo degradation of polymers is 

discussed. 

2.1 Polymers 

Cromalin® is a photopolymer as it is activated when exposed to ultraviolet 

radiation.  This section gives a brief discussion of polymers and classification based 

on their properties and means of polymerization.  Information on the bonding nature 

of polymers and their use as adhesives is also given. 
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2.1.1 Definition 

Polymers make up a diverse group of organic materials with high molecular 

weights used in plastics, rubbers, adhesives, paints, fibers and coatings.  The word 

polymer literally means multiple or many mers and describes compounds which are 

produced through the reaction of smaller compounds called monomers.  Monomers 

have reactive functional groups or multiple bonds which allow for multiple reactions, 

linking repeating units to create the polymer [6].     

2.1.2 Polymer Classification 

2.1.2.1 Thermoset vs. Thermoplastic 

A polymer material is classified by its behavior with heat to determine whether 

it is a thermoplastic or thermoset.  Thermoplastics become soft when heated and flow 

upon shearing.  Once cooled, they solidify reversibly and the heating process can be 

applied again with the same outcome.  A thermoset cures when heated and will only 

degrade with further heating.  A second classification is determined through 

evaluation of the polymer molecular chain structure.  The three main structural 

categories for polymers, shown in Figure 2-1, are defined as linear, branched and 

crosslinked.  Linear chain polymers are made from difunctional monomers and have 

long, flexible, basically one-dimensional chains.  Branched chain polymers have a few 

units with functionality higher than two, allowing for branching to occur along the 

main chain.   Crosslinked or networked polymers have even more branching to the 

point that the chains become connected and create one large molecule.  These 

crosslinked polymers are insoluble and are thermosetting; while linear and branched 
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polymers are generally thermoplastic and soluble in like solvents that form strong 

secondary bonds with the polymer chains [7].   

Figure 2-1  Polymer chain structures: (a) linear, (b) branched, and (c) crosslinked 
 

2.1.2.2 Step-Growth vs. Chain-Growth 

The next categorization of polymers is based upon the mechanism used to 

generate the polymer chains from the individual monomer molecules.  A polymer can 

be synthesized through either a step-growth or chain-growth reaction.  Step-growth 

polymerization occurs when two small polymer chains combine to form one large 

chain:  polymer-x + polymer-y  polymer-(x+y) [7].  One of the main types of step-

growth polymerization is condensation polymerization in which polymers are formed 

by combining bi- or polyfunctional monomers with some portion of the molecules 

being eliminated as a condensate.  In chain-growth polymerization, a bi- or 

polyfunctional monomer is added sequentially to the polymer chain without 

eliminating any portion of the monomer molecule:  polymer-x + monomer  

polymer-(x+1) [6, 7]. 

2.1.2.2.1 Free Radical Polymerization 

One of the most important types of chain-growth polymerization is known as 

free-radical addition polymerization.  A free radical is an electronically neutral species 

(a) (b) (c) 
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with an unshared electron and is typically generated through thermal decomposition of 

azo compounds or organic peroxides.  These compounds are known as the initiator 

molecules which undergo a first-order decomposition resulting in two free radicals.  

The free radicals covalently bond to a monomer molecule by breaking the double or 

triple bond, which leaves an unshared electron on the monomer.  This new molecule is 

still a free radical and continues to propagate by adding more monomer molecules, 

extending the length of the new polymer chain.  These chains can be terminated by 

either the combination or coupling of two chains or a mechanism called 

disproportionation in which one chain takes a hydrogen from the other, leaving them 

both inactive.  Inhibitors or retarders may be added to delay the start of reaction or 

slow down the reaction rate.  Chain transfer agents are used to terminate a growing 

chain and start a new one resulting in shorter average chain lengths.  The most 

common type of chain transfer agents are thiols: compounds that contain a functional 

group composed of sulfur and hydrogen (R-SH) [7].  

 

Initiation:  I (initiator)  2R· (free radicals) 

Propagation:  R· + M (monomer)  R-M· or P1· (polymer) 

   P1· + M  P2· 

   Px· + M  Px+1· 

Termination: 

 Combination:  Px· + Py·  Px+y 

 Disproportionation: Px· + Py·  Px + Py 
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Chain Transfer Agent (R’-H) 

  R’-H + Px·  Px + R’· 

  R’· + M  P1· … 

2.1.3 Bonding 

Polymers have primary and secondary bonds.  A primary bond is a covalent 

bond between the monomers which form the polymer chains.  Secondary bonds 

include hydrogen bonds, dipole interactions, van der Waals forces and ionic bonds.  

The polymer chains in linearly bonded and branched systems have these secondary 

bonds, allowing the chains to flow past one another when heated, explaining their 

thermoplastic nature [7].  The number of covalent bonds a monomer can form when 

polymerized is based on its functionality.  Monomers containing double bonds can 

only polymerize linearly because they only have two available electrons.  Likewise, 

monomers containing triple bonds allow branching and crosslinking to occur as they 

have four free electrons.  Crosslinking or curing creates very large, insoluble 

polymers.  Applications which utilize curable polymers are adhesives, fiber-reinforced 

composites, paints, ion exchange resins and polymeric reagents [6]. 

2.1.4 Adhesives 

Adhesives can change from liquid to solid by either evaporation of the solvent 

used in the polymer solution or through curing of the polymer.  Adhesives, in which 

evaporation is used to solidify the material, basically have four necessary components:  

1) solvent, 2) polymer, 3) tackifier, low-molecular weight compounds used to increase 

the tackiness of the adhesive, and 4) antioxidant.  Wetting of the adherent to the tacky 
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adhesive surface is necessary for the molecules of the two surfaces to interact and 

adhesion to occur.  Some adhesives remain tacky after the solvent evaporates; these 

are generally used in pressure-sensitive tapes.  Reactive adhesives cure or crosslink, 

becoming a solid and remain bonded with the adherent [6].   

2.2 Cromalin® 

There are two basic types of Cromalin® films; a negative patterning material 

that gives an image opposite or negative to the mask image and a positive patterning 

material which gives a pattern identical to the mask image.  A brief description of 

these two films and their patterning procedure are given below. 

2.2.1 Negative Cromalin® 

Negative Cromalin® is made up of six layers, four active layers between two 

removable coversheets, as shown in Figure 2-2.  The top layer is a Mylar® coversheet 

used to protect the underlying layers and to remove the developed portions of the 

second 3.5 µm photoadherable layer, used to define the adhesive pattern.  The third 

layer is the adhesive layer.  The fourth layer is the isolation layer, a polyvinyl acetate 

(PVAc) barrier, used to separate the adhesive from the fifth glue layer.  The sixth layer 

is a polypropylene coversheet that can be removed allowing the Cromalin® to be 

adhered to a substrate, such as glass.  After patterning through a mask with UV light, 

the areas of the photoadherable layer exposed to light attach to the coversheet.  When 

this coversheet is rapidly removed, the photoadherable layer, in the areas exposed to 

light, is removed exposing the tacky adhesive below.  This method, used to develop 

Negative Cromalin®, creates tacky areas that are recessed 3.5 µm below the surface of 
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the plane and gives a negative image.  The unexposed photoadherable layer is a non-

tacky barrier to attachment and contains monomers and plasticizers.  The adhesive 

layer consists mainly of polystyrene/butadiene and polybutene and will remain tacky 

for at least one year [2].   
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Figure 2-2  Negative Cromalin® layers and processing with UV light 
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2.2.2 Positive Cromalin® 

Positive Cromalin® is made up of three layers, one active layer between two 

removable coversheets, as shown in Figure 2-3.  The top coversheet is a 12 µm thick 

Mylar® film.  The second layer is the 4 µm thick tacky photopolymer.  The third layer 

is an 18 µm thick polypropylene coversheet that can be removed, allowing the Positive 

Cromalin® to be laminated onto a substrate, such as glass.  When exposed to UV light, 

the photopolymer polymerizes in the exposed areas and becomes non-tacky, creating a 

positive image.  Positive Cromalin® has stronger adhesion than Negative Cromalin® 

and the adhesive areas are on the surface rather than recessed [2].  Monomer diffusion 

causes patterns on Positive Cromalin® to only last a few hours.  However, once 

particles are attached, they remain so permanently.  Positive Cromalin® also has 

excellent adhesion to glass substrates which allows the Mylar® coversheet to be 

removed easily exposing the patterned photopolymer [2]. 

The adhesive photopolymer layer of Positive Cromalin® is a mix of polymers 

and monomers.  It consists of ~30 wt.% acrylic polymer binders, mainly polymethyl 

methacrylate (PMMA) and ~60 wt.% acrylic monomers, including Ebecryl®, 

pentaerythritol triacrylate (PETA) and tetraethylene glycol dimethacrylate (TDMA).  

Photoinitiator, namely 2,2’–bis(o-chlorophenyl)-4,4’,5,5’-tetraphenyl-biimidazole, 

used to initiate free radical polymerization, represents ~7 wt.% of the photopolymer 

composition.  Other compounds include the chain transfer agent, leuco crystal violet 

(LCV); sensitizer, ethyl Michler’s ketone (EMK); and solvent, 4-methoxyphenol [3]. 
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Figure 2-3  Positive Cromalin® layers and processing with UV light 
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2.3 CRTs 

One objective of this research was to adapt the Tacky Dot® technology to 

produce dots or lines of phosphor particles for dry screening emissive displays, such 

as cathode ray tubes (CRTs) [5].  This objective creates the necessity for a brief 

description of CRTs and their production criteria. 

2.3.1 Main Components 

A CRT, as shown in Figure 2-4, is a vacuum tube consisting of an electron gun 

assembly and faceplate, used for televisions, computer monitors and medical/technical 

equipment [8].  Within this vacuum tube, the cathode or electron gun is used to emit a 

beam of electrons that strike the phosphor-coated display surface.  These electrons 

excite the phosphor particles causing them to emit light.  Images are created by 

scanning the beam of electrons back and forth across the back of the phosphor-coated 

screen.  
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Figure 2-4  CRT schematic [9] 
 

2.3.2 Phosphor 

Phosphor, an inorganic material that emits light when bombarded with 

electrons or high energy photons, is used to create the luminescent screen inside the 

vacuum tube of a cathode ray tube.  When a phosphor coated screen is bombarded 

with electrons, the energy of these electrons is passed to the valence electrons of the 

phosphor and causes these electrons to move into a higher energy state.  When these 

electrons return to their equilibrium state, they emit a photon [8].  The wavelength at 

which this photon emerges is determined by the phosphor composition.  For example, 

Y2O2S: Eu emits red light, ZnS: Ag, Cl emits blue light and ZnS: Cu emits green light 
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when bombarded with electrons.  The luminance or luminous intensity emitted from 

the phosphor per unit area is a measurement of light output [9].  These phosphor 

powders typically have average particle sizes ranging from 3 – 7 µm.  Once the 

phosphor is deposited onto the faceplate, an aluminum layer is vacuum deposited onto 

the screen.  The layer of aluminum is used to reflect light emitted from the phosphor 

screen forward through the faceplate towards the viewer.  To create a smooth layer of 

aluminum over the phosphor deposit, a water-based lacquer is first applied.  This 

lacquer is then baked out with the other organics, used to deposit the phosphor 

powder, in an oven at ~450 °C [8]. 

2.3.3 CRT Masks 

A mask is used in the production of the display screen during the phosphor 

deposition process and throughout the life of the display screen to help direct the 

electron beam.  There are three types of masks used in CRTs, as shown in Figure 2-5: 

(a) dot mask, (b) slot mask, and (c) aperture grill.   A dot mask, often referred to as the 

shadow mask, uses circular holes to create and expose the triads of colored phosphor.  

The slot mask and aperture grill use slots and wires under tension [8].  The slit width 

of a slot mask or aperture grill is on the order of the phosphor line width.  The slit 

width of an aperture grill used in a 27 inch diagonal television is 185 µm and that of a 

19 inch diagonal monitor is 65 µm, as shown in Table 2-1 [10].  The triads or triplets 

are made up of the three primary colors of light: green, blue and red which are 

surrounded by a black matrix used to increase contrast and resolution.  White light is 

obtained when the electron beam for each color strikes all three colors at the same 
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time; other colors can be obtained by changing the intensities of the beams [9].  The 

dot mask, with its hexagonal structure, is more rigid than the slot mask or aperture 

grill which use cross bars or vertical tension to increase rigidity.  However, the slot 

mask and aperture grill allow for easier CRT manufacturing since there is no color 

selection in the vertical direction of these line structures [11].  The placement of the 

shadow mask within the CRT is shown in Figure 2-6 and the placement of the aperture 

grill within a Trinitron CRT is shown in Figure 2-7.   

 
Figure 2-5  Three types of CRT masks: (a) dot mask, (b) slot mask, and (c) 
Aperture grill 
 
 
 

Table 2-1  Aperture grill dimensions [10] 

Display Screen Slit Width (µm) Grill Height (mm) 
27 inch 
Television 185 13.2 

19 inch Monitor 65 4.8 
 
 

(a) (b) (c) 
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Figure 2-6  Shadow mask in a color CRT [9] 
 
 
 
 

 
Figure 2-7  Aperture grill in a color Trinitron CRT [9] 
 

2.3.4 Resolution 

Resolution for CRTs is generally described by the distance between like 

colored stripes or dots, known as the pitch.  Figure 2-8 illustrates the pitch for line and 

dot patterns.  For line structured masks, the pitch is measured as the distance between 

the vertical stripes of like color for red, green and blue (RGB) triads.  In a dot mask, 

the pitch is measured as the distance between like-colored dots for RGB triads on 

different horizontal lines.  High resolution displays have a pitch of 270 – 310 µm, 
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while ultrahigh-resolution displays have a pitch of 210 – 260 µm [9].  Sometimes 

resolution is defined as the pixel density or the number of pixels per distance.  A pixel 

is composed of one triad of color, the three red, green and blue elements, and is the 

smallest “information element” in a flat panel display [9].  The pixel density for these 

displays, typically ~100 dots per inch (dpi), is the reciprocal of the pixel pitch [8].  

The pixel size in a CRT is influenced by the spot size or current density distribution of 

the electron beam, the phosphor particle size, and the thickness and density of the 

phosphor layer [9].  The typical phosphor line width of a CRT is ~300 µm and that of 

an HDTV CRT is ~75-100 µm [10].  The display screen density is the amount of 

phosphor deposited per area (g/cm2).  The phosphor depth thickness (optimally 1.5 

phosphor layers) affects the image quality of the screen by increasing the scattering of 

emitted light and pixel size with increased thickness [12].  

 
Figure 2-8  Pitch measurement:  (a) dot mask and (b) aperture grill 
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2.3.5 Production Criteria 

To produce an emissive display screen, several criteria must be met [13].  First, 

the material must have the patterning capability to create the lines or dots of an 

emissive display screen.   The typical dot or slot pitch of an ultra-high resolution CRT 

ranges from 210 to 260 µm [9].  Secondly, it is important that enough phosphor is 

deposited to attain pinhole-free coverage, yet not so much that it reduces light output.  

The following relationship was developed by comparing screens with different 

average particle sizes and screen deposit densities to give a value for the number of 

phosphor layers deposited (n):   

)/(65.1 dwn ρ=                  (2.1) 

where w is the density of the screened phosphor deposit, ρ is the density of the 

phosphor particles and d is the average phosphor particle diameter [12].  Optimum 

phosphor screens have been evaluated by maximizing the luminescence, stimulated by 

irradiation with an electron beam (the cathodoluminescence output), and minimizing 

the light scattering.  This optimum coverage was determined to be n = 1.5 phosphor 

layers [12].  Thirdly, the adhesion strength between phosphor particles and the tacky 

polymer must be sufficient to ensure the particles are not removed during 

manufacturing.  Lastly, organic material applied to the faceplate during the phosphor 

deposition should decompose during the heating cycle.  This heating cycle 

temperature peaks at ~450 °C, staying sufficiently below the softening temperature of 

glass.  Any remaining material may lead to evolved gases from electron bombardment 

during the CRT use; these gases may cause a drop in electrode emission [13].  A 

barium-aluminum alloy (BaAl4) getter can be used to absorb small amounts of gases 
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evolved during shelf life and operation.  This type of getter can permanently absorb 

active gas molecules, including: CO, CO2, N2, O2, H2O, and H2 [14]. 

2.3.6 Production 

 The production of a CRT begins with the etching of the shadow mask through 

a photolithographic process.  The shadow mask starts with a nickel-iron alloy film 

known as Invar®.  Invar® is used because it has the lowest thermal expansion of any 

material [15].  The round, slot, or slit apertures are patterned using a photolithographic 

process and etched using a ferric chloride solution [10].  These selection apertures will 

correspond to the triads of phosphor dots or lines.  This mask is then cleaned to 

remove the etching materials and annealed to remove inherent stresses in the material.  

So that the mask exactly matches the contour of the faceplate, it is heated and shaped 

using a hydraulic press.  The mask then goes through a process where it is blackened 

to increase heat radiation and welded to the side pieces making the frame.  The 

processing of the faceplate begins with a cleaning and etching process in ammonium 

bifluoride or a dilute solution of hydrofluoric acid (HF) [10].  A layer of an organic 

polymer film, usually dichromate sensitized polyvinyl alcohol (PVA) is then spin 

coated over the faceplate.  Through photolithography, this material is exposed to UV 

light through the shadow mask in the areas where the lines and dots of color are to be 

deposited.  These exposed areas polymerize and are insoluble, so they do not wash 

away with the solvent water.  A black, carbon material known as “grill dag” is then 

coated over the remaining resist material. Periodic acid (H5IO6) is then applied to 

degrade the remaining polymerized resist, leaving lines or dots in the grill dag layer, 
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creating the black matrix which increases contrast in the finished screen [10].  The 

first phosphor color to be coated over the faceplate is generally green, the least 

expensive phosphor.  The phosphor particles are mixed in a dichromate sensitized 

PVA slurry which is spin coated over the faceplate.  Again, UV irradiation causes the 

mixture to become insoluble and leaves lines or dots of phosphor after being washed 

with water.  This process is then repeated using the blue and then red (the most 

expensive) phosphor slurries.  Once the phosphors/PVA dots or lines are deposited, a 

lacquer film is coated over the surface for smoothing before an aluminum layer is 

vacuum deposited.  The aluminum layer is used to direct the phosphor emitted light 

towards the viewer and increase luminance.  The faceplate is then connected to its 

shadow mask and bonded to the funnel using a glass frit.  This vacuum tube is then 

heated to over 440 °C in a conveyor type furnace.  After the electron gun is fused into 

place, the CRT is again heated to approximately 350 °C to pump out air and remove 

adsorbed gases [9].  Figure 2-9 shows an SEM micrograph of Sony Trinitron screen, 

produced using an aperture grill with this general production method [10]. 
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Figure 2-9  SEM micrograph of Sony Trinitron screen [10] 
 

2.3.7 Other Deposition Methods 

Although the main method of phosphor deposition is through slurry coatings, 

several other deposition methods have been developed to screen phosphors for 

emissive displays.  These methods include electrophotographic lithography, collector 

printing, electrophoretic deposition and photopolymeric lithography [13].   

Electrophotographic lithography begins with a photoconductive coating over 

the substrate.  This is followed by a resin containing a charge-generating material.  A 

corona negative ion generator is used to induce a negative charge on the surface.  

Light exposure causes this charge to dissipate and causes the patterning of the 

material.  Positively-charged toner then adheres to the negatively-charged areas 

unexposed to light.  This toner-covered resin layer is then etched away, leaving a 

positive resin image [13]. 
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A collector printing process was developed by Corning Glass Works.  In this 

process, thermoplastic pressure-sensitive inks are patterned onto a collector and then 

transferred to the faceplate of an emissive display through contact.  The organic 

material is removed through heat and the phosphor remains adhered to the glass 

surface [13]. 

Electrophoretic deposition (EPD) is a single step process.  A panel is placed in 

a solution containing positively charged phosphor particles.  These particles are 

deposited onto the cathode panel under the influence of an electric field [13].    

The only photopolymeric method uses an aromatic diazonium salt, which 

forms hygroscopic products that absorb moisture from the air when exposed to UV 

light [16].  This “phototackifiable” polymer is coated as a slurry onto a glass substrate 

and patterned with UV light, making the exposed areas tacky.  Phosphor particles are 

then dusted onto the surface and adhere to the tacky areas [16]. 

2.4 Particle Packing 

Since the feasibility of Cromalin® as a means to pattern phosphor particles is 

an objective of this research, it is important to understand possible packing scenarios 

and the maximum area coverage achievable from a monolayer of particles. The 

following is an introduction to particle packing.  The screen density is an important 

feature in determining resolution, luminance and durability.  Packing is important to 

attain a pinhole free screen with the least amount of emitted light scattering.  Variables 

such as particle shape, size and packing type affect the void space between the 

particles.  The size of these voids can be changed by mixing small particles with large 
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particles.  Two different effects may occur; the voids may be larger due to the smaller 

particles forcing the larger particles apart or the small particles may fill in the voids 

around the larger particles working to decrease the overall void size.  Computer 

simulations have shown this decrease in void size is generally accomplished by 

mixing spherical particles with a size ratio of at least 3:1 [17]. 

2.4.1 Packing Fraction 

The optimum mixture ratio of particle size for reducing void size can be found 

experimentally by varying the fraction of each particle size.  Many particles important 

in industry have spherical or approximately spherical geometries.  This simple 

geometry gives rise to many theoretical and practical studies on particle packing.  The 

deposition of a monolayer of spheres on a surface can be approximated as circles in a 

plane [18].  In a two-dimensional view of particle packing a maximum packing 

fraction can be determined as the ratio of covered area to the total area.  Using 

uniform, non-overlapping circles to represent particles, the densest type of packing is 

the hexagonal lattice packing seen in Figure 2-10, which has a maximum packing 

fraction of ~0.91.  This packing fraction can be increased to ~0.99 if the interstices of 

the hexagonally packed circles are filled with circles of a much smaller radius [19].  

The packing type is generally controlled by the particle size distribution and shape, but 

as the particle size decreases, the surface properties of these particles begins to control 

the packing [20]. 
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Figure 2-10  Hexagonal lattice packing 

 

The two-dimensional packing fraction of randomly packed non-interacting 

spheres of uniform diameter has been determined through a computer simulation to be 

~0.82 [18].  This value is greater than the ~0.79 packing fraction in cubic close 

packing and less than the ~0.91 packing fraction in hexagonal close packing.  Bimodal 

distributions with diameter ratios of 1:5 showed a maximum packing fraction of 0.85 

as the small circles were just slightly too large to fit within the interstices of the large 

hexagonally close packed circles [18].   

A theoretical, two-dimensional deposit density (g/cm2) of a monolayer of 

spheres of two different sizes can be calculated from the density, volume and cross-

sectional area of particles in the film.  This theoretical deposit density, which relates 

the mass of the particles to their cross-sectional area, can be directly related to the 

sphere diameter, as follows: 

( )( )21 1
3
2 dxxdw pt −+= ρ                  (2.2) 
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where wt = theoretical deposit density (g/cm2), ρp = particle density (g/cm3), d1 and d2 

= particle diameter (cm), and x = the fraction of d1 spherical particles.  The theoretical 

deposit density of films of single diameter spheres reduces to wt = 2/3 ρp d; therefore, 

films with larger diameter spherical particles have a larger deposit density and 

increase the deposit density of the sample at higher mass ratios.   

Packing fraction is defined as the ratio of covered area to total area.  From the 

experimental sample deposit density, w (total mass/total area) and the theoretical 

deposit density, wt (particle mass/ covered area of particles) of spherical particles, the 

packing fraction is calculated, as follows: 

 
tw

wFractionPacking =                             (2.3) 

 Another relative geometry for alumina is the hexagonal platelet.  These 

particles have six equal sides and an approximate thickness of one fifth of the diameter 

[21].  If hexagonal plates are placed in a hexagonal packing arrangement, the 

maximum packing fraction is obviously one.  However, the packing fraction becomes 

0.75 for square packing of hexagonal platelets, which is lower than the 0.79 for 

spheres.  

2.5 Adhesion 

Understanding the adhesive force between a particle and a surface is important 

in powder-handling processes including dry dispersion and classification of particles 

[22].  The adhesive properties of Cromalin® are important for display screen 

applications, the patterning of titania for environmental remediation purposes and the 

patterning of nanoparticles.  This review of adhesion begins with the various 



 

 

32

definitions of adhesion and adhesives followed by the main theories of adhesion and 

some measurement techniques.   

2.5.1 Definition 

Adhesion is simply defined as sticking two similar or dissimilar materials 

together.  At a well-defined interface, basic adhesion refers to the summation of all 

intermolecular and interatomic interactions such as electrostatic, chemical or van der 

Waals type. This dependence on intermolecular and interatomic forces makes basic 

adhesion important in surface chemistry and physics [23].   

An adhesive joint is formed when a substrate and adherent are bonded using an 

adhesive.  Adhesives are non-metallic substances that have adequate internal strength 

or cohesion and can join materials together through surface bonding [24].  Adhesives 

are often said to “wet” the surface; this is apparent when an adhesive tape is applied to 

a clear glass substrate.  When the adhesive-glass interface is observed through the 

glass side, certain areas, where the adhesive is fully attached to the glass, appear as a 

liquid-glass interface [25].  The adhesiveness and internal strength of an adhesive are 

determined by the binders of which it is composed.  The binder is generally a large 

molecular weight polymer with optimal strength properties capable of transmitting 

forces across the bond [24].   

2.5.1.1 Macroscopic and Microscopic Adhesion 

Robert Good divided adhesion into macroscopic and microscopic categories 

[26].  The definition of macroscopic adhesion states that two elastic solid bodies 

adhere to one another when “mechanical force or work can be transferred from one to 
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the other, in tension, in shear, or in any combination of tension and shear, across an 

interface where intimate contact exists” and if one of the bodies is plastic or visco-

elastic, then there must be negligible plastic deformation at the interface [26].  The 

definition of microscopic adhesion states that two bodies of condensed phases adhere 

to one another if “an interface of intimate contact exists (over an appreciable period of 

time) and if that contact is close enough, over an appreciable region of the interface, 

that interatomic or intermolecular forces between the atoms or molecules in one phase 

and those in the other phase, when summed over all atoms or molecules are 

appreciable.” [26] 

2.5.2 Mechanisms 

Various theories or mechanisms have been proposed to explain adhesion; 

however, no single theory or mechanism can explain all the behaviors of adhesion.  

These mechanisms are all valid to some degree, but their importance depends on the 

system under evaluation [23].  In some cases, they may produce qualitatively 

satisfactory assertions and in others, they may completely fail or give conflicting 

results.  An “adhesive adhered to an adherent” is an inconsistent situation due to 

various and complex effects [24].  Several theories have been developed to explain the 

mechanisms of adhesion and they include a molecular adhesion theory, a simple 

mechanical theory, an electrostatic theory, a diffusion theory and a chemical bonding 

theory [24].   It is not possible to confirm or reject any one theory due to the numerous 

materials and possible interactions involved.  The main theories of adhesion will be 

briefly reviewed beginning with the most widely accepted molecular adhesion theory. 
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2.5.2.1 Molecular Adhesion Theory 

Molecular adhesion is the force experienced by bodies in contact at the 

molecular level.  Overwhelming evidence suggests that all atoms and molecules will 

adhere together if atomic contact is achieved [27].  The atoms and molecules within a 

solid are held together through interatomic and intermolecular cohesive forces.  The 

energy of intermolecular adhesion ranges from 0.01-10 J/m2, but the energy to break 

these bonds turns out to be 1000 times larger [27].  Once a solid is broken, the two 

parts cannot be put back together as one and have the cohesive forces reactivated [24].  

This is only possible if a convergence within the radius of molecular interaction of the 

entire joint occurs.  This convergence cannot occur due to the surface roughness of the 

two pieces; surfaces need to be smooth at an atomic scale for full adhesion to occur.  

Contamination by foreign atoms or molecules, such as oxygen or water, also reduces 

atomic adhesion by preventing true atomic contact between two solid bodies [27].   

The adsorption or thermodynamic theory uses surface forces to explain the 

adhesion force [24].  This theory states that at the phase interface, interatomic and 

intermolecular forces are responsible for adhesion as long as intimate contact is 

achieved.  Van der Waals forces and Lewis acid-base interactions are the most 

common of these interfacial forces.  Fundamental thermodynamic properties, such as 

surface free energies, are used to relate the magnitude of these forces [28].   

2.5.2.1.1 van der Waals Forces 

Van der Waals forces can be categorized into three types: London’s dispersion 

effect, Keesom’s dipole orienting effect and Debye’s induced dipole effect [24].  Van 
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der Waals forces are short range electromagnetic forces acting between two atoms or 

molecules [22].  The distance between the molecules at the interface must converge 

toward molecular intervals for these forces to be effective and requires one material to 

be capable of complete spreading over the other [24].  This force can also act between 

two macroscopic bodies such as two particles or a particle and a wall.  Microscopic 

forces are determined using the London-van der Waals theory and macroscopic forces 

are determined using the Lifshitz-van der Waals theory [22].  The London-van der 

Waals theory assumes dispersion forces act between symmetrical, electrically neutral 

atoms or molecules and approximate the potential energy as E = - β11/r6 , where r is the 

center-to-center distance between the molecules and β11 is a constant defined by the 

molecular characteristics [22].   

2.5.2.1.2 Dispersion Forces 

Asymmetric charge distributions within the electron clouds of all atoms create 

attractions to one another when brought into sufficiently close contact.  These 

attracting forces between atoms or molecules occur in several forms.  Dispersion 

forces, also known as London forces, are created by fluctuations in the electron cloud 

density and are common to all matter.  These fluctuations create temporary electrical 

dipoles and are responsible for the universal attraction in matter.  Dispersion forces are 

relatively weak atomic interactions that range between 1 and 5 KJ/mol, but combining 

all the interactions of the involved atoms gives a large cumulative effect [25].  These 

forces are responsible for cohesion and adhesion in aliphatic hydrocarbons 

(hydrocarbons that do not contain benzene rings).  The distance of separation between 
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the atoms involved greatly affects the strength of the dispersion forces.  These forces 

decrease as the seventh power of the distance between two atoms [25].  

2.5.2.1.3 Other Forces 

In specific cases, the other van der Waals forces can contribute significantly to 

adhesion.  The first of these other forces is the permanent dipole, whose strength 

ranges between 1 and 10 KJ/mol [28].  When the more positive end of one dipole is 

facing the more negative end of another dipole, the head-to-tail interaction potential 

energy is given by the following equation: 

  U = -2µ1µ2/r3                  (2.4) 

where µ1 and µ2 are the dipole moments in the lowest energy configuration and r 

represents the center-to-center distance between the two dipoles [25].  The potential 

energy of a dipole- induced dipole is evaluated using the following equation: 

  U = (-µ1
2α2 + µ2

2α1)/r6                 (2.5) 

where α1 and α2 are the molecular polarizabilities [25].  Acid-base interactions occur 

across the interface and can lead to strong bonding as in the case of hydrogen bonding 

(whose strength ranges between 5 and 50 KJ/mol), Lewis acid-base interactions, and 

Brønsted type acid-base interactions [25].   

2.5.2.1.4 Surface Roughness 

Surface roughness may be the largest deterrent for molecular adhesion because 

even small imperfections in the nanometer range can push bodies outside the range of 

atomic forces and prevent adhesion.  Highly polished glass and steel can have 

imperfections 100 times larger than the 1 nm gap that destroys molecular adhesion 
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[27].  A particle sitting on a surface will adhere differently depending on the 

roughness of the surface.  Figure 2-11 shows a particle with three different surface 

conditions: smooth, wavy with large diameter roughness and rough with small 

diameter asperities.  On a smooth surface, a smooth particle requires the following 

force of removal (F): 

  WDF π
4
3

−=                    (2.6) 

where D is the particle diameter and W is the adhesion energy [27].  When a smooth 

particle is in a large diameter hollow, the removal force is greater than that of the same 

diameter particle on a smooth surface.  When a smooth particle is placed on a surface 

with small diameter asperities, the removal force is less than that of the particle on a 

smooth surface [27]. 

 
Figure 2-11  Smooth spherical particle on three different surfaces:  (a) smooth, 
(b) wavy, and (c) rough [27] 

 

2.5.2.1.5 Elastic Deformation 

Molecular adhesion forces act within an atomically short range which is the 

reason elastic deformation is important in adhesion.  This deformation allows the 

atoms of the two phases to be pushed closer together under pressure and increases the 

(a) (b) (c) 
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atomic contact and adhesion.  Soft rubbers are good adhesives because they can be 

squeezed into imperfections and perfect molecular contact can be achieved.  Glue is 

able to fill in the gaps between the molecules and increase the adhesion between two 

surfaces by a factor of 1000 [27].   

2.5.2.2 Other Theories of Adhesion 

This discussion of molecular adhesion only explains the underlying principle 

of adhesion.  Many other adhesion theories exist and are used to explain adhesion in 

various systems.  These theories include a simple mechanical theory, an electrostatic 

theory, a diffusion theory and a chemical bonding theory.  The oldest theory of 

adhesion is based on the mechanical anchoring of an adhesive into pores and 

irregularities of an adherent as shown in Figure 2-12.  This mechanism is generally 

discussed in reference to porous materials like wood [24].  This theory is not 

considered to be universal, as good adhesion is achievable between two smooth 

surfaces [28].  Surface roughness is the main factor affecting adhesion in the 

mechanical interlocking theory.  The direct relationship between surface roughness 

and interfacial adhesion is likely due to the increase in interfacial area [29]. 

   

Figure 2-12  Mechanical interlocking 
 

Adherent

Adhesive
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The electrostatic theory suggests that contact or transfer of potentials between 

the adherent and adhesive give rise to the adhesive force holding the bond together.  

This theory states that the transfer potential across the interface causes a build up of an 

electric double layer, as shown in Figure 2-13, and leads to Coulombic attraction 

between the two components [24].  This transfer potential exists, but the significance 

of this force is still in question and a clear correlation between the interfacial 

parameters and the work of adhesion does not usually exist [28].  Other possible forces 

within the electrostatic theory include the image force that acts between a charged 

particle and a neutral surface and the particle-charge interaction that acts between two 

charged particles [22].   

 

Figure 2-13  Electrical double layer 
 

Inter-diffusion also may lead to high adhesion strength, but is only possible 

between certain polymers [25].  The diffusion theory is only applicable to the bonding 

of polymers to themselves (autohesion) or to each other (interdiffusion) [28].  
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creating an interphase [24].  For this mechanism to occur the macromolecule chains or 

the chain segments must be mobile and mutually soluble [28]. 

Covalent bonding between the adhesive and the adherent by either chemical 

reactions or high energy radiation may lead to very strong bonding [25].  The chemical 

bonding theory states that chemical bonds formed across the interface of adhesive and 

adherent will greatly increase the level of adhesion between the materials.  These 

bonds are considered to be primary bonds in comparison to secondary physical 

interactions such as van der Waals.  The strength of a primary bond is on the order of 

100-1000 KJ/mol, whereas that of secondary interactions does not exceed 50 KJ/mol 

[28].   

2.5.3 Measurement 

Many techniques are used to determine the adhesion strength of various 

systems.  Being able to measure adhesion strength allows one to optimize conditions 

and procedures to give the desired adhesion, determine which materials give 

acceptable adhesion, and gain fundamental insight into the mechanism of adhesion 

[23].  Adhesion can be measured experimentally by the force or work necessary to 

detach or separate two adhering phases.  Some mechanical methods include:  direct 

pull-off, ultracentrifugal, ultrasonic, moment or topple, adhesive tape, peel, tangential 

shear, scratch/stylus/scribe, blister and abrasion [23].  Kendall reasoned that the term 

“adhesion” should only be used to describe phenomena that require a normal force to 

separate materials and not to describe frictional affects measured by shearing or 

sliding forces [27].   
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2.5.3.1 Thermodynamic Work of Adhesion 

The thermodynamic work of adhesion is the work needed to separate a solid 

from a liquid without viscous or elastic deformation of either phase [25].  Perhaps the 

simplest and most direct approach to measuring the thermodynamic work of adhesion 

is through the contact angle equilibrium.  The contact angle of a liquid on a solid at 

equilibrium, shown in Figure 2-14, can be measured and the following assumptions 

apply: 1) a droplet of liquid or adhesive has a finite contact angle and 2) the magnitude 

of this contact angle is dependent on two factors: the force of attraction between the 

liquid and the solid and the surface tension of the liquid [25].  Young proposed the 

following force balance to relate the contact angle (θ) to the forces affecting it: 

  γsg = γlg cosθ + γsl                 (2.7) 

where γsg is the surface tension of the solid in contact with gas, γlg is the surface 

tension of the liquid in equilibrium with the gas and γsl is the interfacial tension 

between the solid and the liquid [25].  Dupré suggested that new solid-gas and liquid-

gas interfaces are created when a solid is separated from a liquid, destroying the solid-

liquid interface.  Dupré defined the thermodynamic work of adhesion (Wa) as follows: 

  Wa = γlg + γsg - γsl                 (2.8) 

Combining these two equations gives the Young-Dupré equation: 

  Wa = γlg (1 + cosθ)                 (2.9) 

which allows the work of adhesion to be obtained through contact angle (θ) and 

surface tension measurements [25].  This type of experiment was used to show that 

adhesion may be maximized thermodynamically at a relatively high contact angle, 

suggesting that spreading is not required for good adhesion. However, spreading is 
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important in maximizing contact area and minimizing interfacial defects.  A direct 

causal relationship between mechanical strength and the thermodynamic work of 

adhesion has not been found to exist.  Apparently, they are both causally related to the 

molecular properties of the phase.  Attempts to predict the mechanical strength of an 

adhering system using the thermodynamic work of adhesion have all led to values that 

are orders of magnitudes larger than the observed values [30]. 

 

Figure 2-14  The contact angle of a liquid drop at equilibrium 
 

2.5.3.2 Other Measurement Techniques 

The most familiar test of adhesion involves the detachment of materials from 

one another, using a pull-off force.  Tension is applied to materials until they come 

apart and this force is defined as the adhesion force.  Small particles with smooth 

surfaces will leap into contact when brought close to one another (within ~10 nm) 

[27].  These molecular adhesion forces can only act at short distances, allowing 

atomically smooth surfaces to stick together.  An atomic force microscope (AFM) can 

be used to measure adhesion by moving the sample towards the probe while observing 
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the deflection of the cantilever.  As the probe comes into the range of the adhesion 

forces, the probe is attracted to the surface and pulled down.  The probe is then pulled 

off the surface by moving the sample down and the detachment force is obtained [27].  

This pull-off force may range between 1 and 1000 nN using this technique [31].   

The knife, stylus or scribe test measures adhesion strength using the force 

required for a sharp object to scrape the film away (107 – 109 Pa).  In the pull-off test, 

the force to pull a film directly from the substrate determines the adhesion strength 

(~107 Pa).  In the tension test, the film is pulled from either end until it fractures.   The 

adhesion force (~10 – 102 N) is measured as the force applied at the fracture [32].   

The adhesive tape test consists of placing a piece of adhesive tape over the film 

and then pulling it off at a 90° angle to the substrate.  This test subjects the film to a 

~50 N adhesion force.  Applying a tangential shear to a film by passing a fluid over 

the film or by attaching a grip to the film and mechanically shearing the deposit places 

a ~10 N adhesion force on the film [32].  

The gas (nitrogen) impingement test subjects the deposited film to a stream of 

gas, normal to the surface.  An adhesion force (0.08 – 0.4 N) is determined by the 

following equation: 

  A
Ud

UF
4/1

2 20225.0 





=
νρ               (2.10) 

where ρ (g/cm2) is the gas density, U (cm/s) is the gas velocity before impact, d (cm) 

is the diameter of the deposit removed, υ (cm2/s) is the gas kinematic viscosity, and A 

(cm2) is the area of the removed deposit [32].    
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The ultracentrifugal test consists of placing the coated substrate in an 

ultracentrifuge facing outward from the center.  This adhesion force (~10-8 10-5 N for 3 

µm diameter particles)  acting on a particle is evaluated using the volume of the 

deposit V (cm3), the density of the particle or film ρ  (g/cm3), the angular velocity of 

the centrifuge ω (rad/s) and the radius of the rotation l (cm) in the following equation 

[32]: 

  l2ρωVF =                 (2.11) 

In the ultrasonic method, the film coated substrate is placed in front of an 

ultrasonic horn.  The adhesion force (~10-7 N) acting on the film is evaluated using the 

mass, m (Kg), of the film, the frequency, υ (s-2), of the ultrasonic horn and the 

distance, y (m), from the horn in the following equation [32]:  

  )4( 22 ymF νπ=                (2.12) 

2.5.4 Summary 

No single theory is able to cover all the aspects of adhesive bonding [24].  

Considering the number of involved phenomena, the various materials to be bonded 

and the extensive bonding situations, it is unlikely that a single theory can encompass 

or explain all experimental observations.  Although in practice several mechanisms 

may be involved, the adsorption or thermodynamic theory generally defines the main 

mechanism and exhibits the widest applicability as it describes the achievement of 

intimate contact and the development of physical forces at the interface [28].  At the 

moment, the theory of adhesion and the physically measurable adhesion force are 

considerably apart.  Other factors including surface roughness, atmospheric impurities, 
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joint design, type of stress and aging also influence the strength of the adhesive bond 

[24]. 

2.6 Degradation 

Understanding the degradation of organic material is important in the 

processing of CRT displays and the use of coatings for environmental remediation 

processes.  Thermal degradation is used in the processing of CRT displays to remove 

the organic material that may outgas during the life of the CRT.  For emissive display 

screen production, it is ideal if the organic materials used to deposit phosphor are 

completely degraded below 450 °C, the softening temperature of glass.  Polymers, 

such as polymethyl methacrylate (PMMA), a component of Positive Cromalin®, 

thermally degrade initially by depolymerization to their monomers.  PMMA degrades 

to methyl methacrylate monomer.  Further heating degrades the monomer to small 

gaseous molecules.  These molecules are generally combustible and additional heating 

causes combustion [33].  Thermogravimetric analysis (TGA) is used to test the 

thermal stability of polymers [34].  As a material becomes volatile and combusts, the 

total mass of the material decreases.  This allows determination of a residual mass of 

the remaining product at various temperatures. 

The extent of photodegradation needs to be understood if polymer films are to 

be used in the operation of environmental remediation processes.  Many of these 

processes use UV light to initiate catalytic reactions to degrade environmentally 

harmful wastes and materials used in these processes must withstand exposure to UV 

radiation.  Many polymers undergo photodegradation when exposed to actinic, UV 
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radiation.  Chain scission and/or crosslinking takes place when polyacrylates are 

exposed to UV radiation.  PMMA is photodegraded by a mechanism in which radicals 

cause random scission of the polymers backbone.  This main chain scission is 

followed by depolymerization to monomer [35,36].  This degradation is studied by 

exposing samples to the light source under investigation.  Mechanical tests and UV-

Vis spectroscopy are used to evaluate changes in mechanical behavior and absorption 

intensities [37].  As many of these remediation processes are water based, the 

solubility of the material is important.  A breakdown in polymer molecules increases 

the solubility of a compound.  This solubility change increases the intensity of the UV-

Vis absorption spectrum, as more material dissolves in solution.    

 

 

This chapter, in part, has been submitted for publication of the material as it 

appears in the Journal of the Electrochemical Society, 152, H178, Hurt, Michielle; 

Talbot, Jan B., 2005 and SID Symposium Digest 36, 487, Hurt, Michielle; Talbot, Jan 

B., 2005.  The dissertation author was the primary investigator and the co-author of 

these papers. 
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3 Experimental Procedure 

The first objective of this research was to understand the capability of adapting 

the DuPont Tacky Dot® technology to be used for various patterning applications.  

These applications include the patterning of phosphor screens for information 

displays, catalysts for use in environmental remediation processes and nanomaterials 

for experimental investigations and nanocomposites.  The second objective was to 

investigate the mechanism of adhesion.  Therefore, experiments were performed to 

study the patterning and deposition of various particles, the adhesion of these particles 

to the tacky photopolymer, and the degradation of the photopolymer layer of Positive 

Cromalin®.   

First, a patterning procedure was developed which included testing the 

wavelength of light necessary to polymerize and pattern the material.  Resolution 

targets were then used to determine the possible resolution achievable with the 

available setup. 

Deposition of particles onto the tacky surface was tested by varying the size 

distribution and patterning procedures to evaluate the maximum deposit density on 

one layer of the tacky photopolymer.  Adhesion of these particles was evaluated 

through a tape test procedure.  Phosphor samples contain a relatively wide size 

distribution of faceted and irregularly shaped particles.  In order to better understand 

deposition and adhesion, these tests were repeated using alumina samples because of 

their more narrow size distribution and various shapes. 
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Finally, degradation of the photopolymer was tested by thermal and UV 

exposure.  Thermal degradation was evaluated to determine the likelihood of Positive 

Cromalin® degrading during the heating cycle of CRT manufacturing.  This is 

important because any organic material that does not degrade during this process will 

outgas during operation of the CRT.  These gases may cause a drop in electrode 

emission [1]. 

UV degradation was tested to determine the effects of continuous UV exposure 

on the adhesion of particles previously adhered to the surface.  This adhesion is 

important if the photopolymer is to be used to adhere photocatalysts such as titania, 

used to decompose environmental contaminants.  For this type of application, the 

solubility of the photopolymer in water is also important and was evaluated.  

3.1 Materials 

As described in Section 2.2.2, Positive Cromalin® contains a photopolymer 

layer.  This photopolymer is tacky, allowing particle adhesion.  After exposure to UV 

light, this photopolymer polymerizes and becomes non-tacky.  Particles will not 

adhere to the polymerized areas.  The adhesive layer is made of an acrylic polymer 

binder, polymethylmethacrylate (PMMA), acrylic monomers, photoinitiator, chain 

transfer agent, sensitizer, and solvents [2].  Many of the components that make up this 

photopolymer were obtained and tested.  Table 3-1 lists the components that make up 

the photopolymer and ones which were obtained for testing [2]. 
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Table 3-1  Cromalin® components [2] 

Group Component Wt. % Tested 
Acrylic Polymer 
Binders 

PMMA (polymethylmethacrylate) 
Aldrich, Cas #:  9011-14-7 28.59 Yes 

Acrylic  
Monomers: 

Monoacrylate of resin from bisphenol A and 
epichlorohydrin 21.9 No 

 PETA (pentaerythritol triacrylate)    
Alfa Aesar, Cas #:  3524-68-3 25.41 Yes 

 
TDMA  
(tetraethylene glycol dimethacrylate) 
Aldrich, Cas #: 109-17-1  

15.77 Yes 

Photoinitiator 
 

2,2’-Bis(o-chlorophenyl)-4,4’,5,5’-
tetraphenyl –biimidazole 7.31  No 

Chain Transfer 
Agent  

LCV (leuco crystal violet) 
Aldrich, Cas #:  603-48-5 0.48 Yes 

Sensitizer 
 

EMK (ethyl Michler’s ketone) 
4,4’-Bis(diethylamino)benzophenone 
Aldrich, Cas #:  90-93-7 

0.44 Yes 

 1,4,4-Trimethyl-2,3-diazobicyclo-(3,2,3)-non-
2-ene-dioxide 0.05 No 

Solvent 
 4-Methoxyphenol, Cas #:  150-76-5 0.05 No 

 

As one objective of this research was to pattern phosphor screens for use in 

information displays, a couple types of phosphor were used in these experiments.  

Phosphor samples come in a range of mean diameters.  Each sample has a relatively 

wide particle size distribution.  One type of phosphor used in these experiments was 

Nichia ZnS:Cu, which emits green light when excited.  Figure 3-1 shows this 

relatively wide range of particle sizes in Nichia ZnS:Cu phosphor [3].  The mean 

diameters of the ZnS:Cu phosphor used in these experiments were ~6 and ~3µm.  The 

reported specific gravity of ZnS is 4.10 [4].   

The second objective of this research was to explore the mechanism of 

adhesion.  For this, alumina particles were used based on their more narrow size 
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distribution and various sizes and shapes.  For these experiments, Buehler 0.3, 1.0 and 

3.0 µm alumina particles were used.  Alumina has a reported specific gravity of 3.99 

[4].  The Buehler 0.3 and 1.0 µm samples were Micropolish® II deagglomerated alpha 

alumina. 
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Figure 3-1  Particle size distribution of Nichia ZnS:Cu phosphor [3] 
 

3.2 Patterning Procedure 

First, a patterning procedure was developed for the photopolymer.  Then, 

deposition, adhesion and decomposition of the photopolymer were evaluated to 

determine the applicability of adapting the DuPont Tacky Dot® technology to produce 

emissive display screens, pattern photocatalysts for environmental remediation 

processes, and pattern nanomaterials for nanocomposites.  The patterning procedure 

for the photopolymer consists of four basic steps as illustrated in Figure 3-2 [5].  First, 
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the protective polypropylene sheet was removed while carefully laminating the 

Cromalin® onto the preferred substrate, the glass faceplate in the case of a CRT or a 

glass slide in the experiments, using slight pressure with a squeegee to ensure an even, 

bubble free Cromalin® layer.  The photopolymer was then patterned by placing a mask 

over the film and exposing it to UV light, activating the photoinitiator component of 

Cromalin® to initiate polymerization of the film.  Next, the Mylar® coversheet was 

removed and the tacky pattern was exposed.  An ionizing gas gun, Simco Top GunTM, 

operated using nitrogen was used to deplete any charge built up on the surface that 

may interfere with particle deposition.  The final step consisted of dusting phosphor or 

other particles over the pattern allowing the particles to adhere to the unexposed areas.  

The dusting of particles was carried out using a few different methods.  The first 

method consisted of placing the Cromalin®-covered substrate inside a box filled with 

particles and then tapping the box to allow the particles to slide over the surface of the 

tacky film.  A second brushing method used a camel hair brush to dust particles onto 

the film.  A third dusting method used a toning pad, which was filled with particles 

and then patted over the surface of the tacky polymer.  The final method used for 

particle deposition consisted of a rubber roller covered with a trimmed toning pad.  

This setup was rolled in a sample of particles and then rolled over the substrate.  Some 

coated slides were then exposed either to heat from a hotplate at ~45 °C, vibration 

from a sonicator or both before the excess particles were removed with Las-Stik® 

cloth and the ionizing gas gun.  Other experiments implemented UV exposure of the 

slides, from a 15 W actinic fluorescent black light lamp (F15T8/BL) after phosphor 

deposition, to increase adhesion of phosphor particles to the surface. 
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3.3 Activator 

The wavelength of light at which Positive Cromalin® is polymerized through 

radical-induced crosslinking is determined by the photoinitiator used to develop the 

adhesive.  The photoinitiator used in this tacky, photohardenable film is activated by 

365 nm wavelength light [2].  UV-Vis spectroscopy was used to determine the range 

of the absorption band by comparing samples of the photopolymer which had been 

exposed to UV light with unexposed samples.  A sample of Cromalin® on Kapton® 

was exposed to UV light from a 15 W fluorescent lamp that emits a wavelength range 

of 350-365 nm for 2 minutes.  Another sample remained unexposed and both samples 

were dissolved in acetone.  Quartz cuvettes containing the acetone solutions were 

placed into a Hewlett Packard 8452 A Diode Array Spectrophotometer and the UV-

Vis spectra were measured.  Once the wavelength range was verified, the appropriate 

lamp was used to expose the photopolymer in other experiments. 

3.4 Resolution Target Masks 

The resolution attainable from patterning Cromalin® is important for the 

display screen production process and also in the patterning of nanoparticles.  The 

resolution can be determined through various means and is dependent on the exposure 

time and intensity and wavelength range of the light source.  Two types of resolution 

masks were used, the 1951 United States Air Force resolution target (USAF 1951) and 

the Ugra plate control wedge 1982©.  As the available light sources were limited, the 

exposure time was varied in an attempt to obtain the reported 4 µm resolution [6].     
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3.4.1 USAF Grid 

The USAF 1951 resolution target, shown in Figure 3-3, has generally been 

used to calibrate or evaluate the resolution of various imaging systems [7].  Each line 

pattern of the USAF grid consists of three equal width lines, each separated by a space 

equal to the line width.  Therefore, the length of these lines is five times the line width.  

The frequency and width of lines within each element of each group is shown in Table 

3-2.  The resolution limit using this grid is Group 7 Element 6, which has a line width 

of 2.19 µm [7].  The exposure time used to create these patterns was varied and the 

resolution evaluated.   

Positive Cromalin® on Kapton® was cut into squares and the USAF target was 

placed printed side down on the samples.  This method was adopted as the target is 

printed on one side of a piece of soda glass.  When used right side up, UV light is 

scattered as it passes the image pattern and goes through the glass to the Cromalin®.  

By placing the target upside down, this scattering is avoided.  A Mineralight® Lamp 

(UVGL-25, 115 V, 60 Hz, 0.16 Amps) is a multiband UV light that emits either in the 

shortwave UV region (254 nm) or in the longwave UV region (366 nm).  The 

shortwave UV emission was used because the longwave emission polymerized the 

Cromalin® samples within 3 seconds.  Samples were exposed to the shortwave UV 

irradiation for times ranging from 40-45 seconds.  The exposed samples were also 

dusted with carbon nanotubes and DuPont CC28 cyan toner (1-1.5 µm) using a camel 

hair brush.  These samples were then observed under a Leitz SM-LUX optical 

microscope with 63 X magnification to determine the best resolution.       
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Figure 3-3  USAF 1951 resolution target [7] 
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Table 3-2  1951 USAF resolution target data [7] 

Group Element Frequency 
(line/mm) 

Line 
Width 
(um) 

Group Element Frequency 
(line/mm) 

Line 
Width 
(um) 

-2 1 0.2500 2000 -1 1 0.5000 100 
  2 0.2806 1782   2 0.5612 891 
  3 0.3150 1587   3 0.6300 794 
  4 0.3536 1414   4 0.7071 707 
  5 0.3969 1260   5 0.7937 630 
 6 0.4454 1122   6 0.8909 561 
0 1 1.00 500 1 1 2.000 250 
  2 1.122 445   2 2.245 223 
  3 1.260 397   3 2.520 198 
  4 1.414 354   4 2.828 177 
  5 1.587 315   5 3.174 157 
  6 1.782 281   6 3.564 140 
2 1 4.00 125 3 1 8.000 62.5 
  2 4.490 111   2 8.980 55.7 
  3 5.040 99.2   3 10.08 49.6 
  4 5.657 88.4   4 11.31 44.2 
  5 6.350 78.7   5 12.70 39.4 
  6 7.127 70.2   6 14.25 35.1 
4 1 16.00 31.3 5 1 32.00 15.6 
  2 17.96 27.8   2 35.92 13.9 
  3 20.16 24.8   3 40.32 12.4 
  4 22.63 22.1   4 45.25 11.0 
  5 25.40 19.7   5 50.80 9.84 
 6 28.51 17.5   6 57.02 8.77 
6 1 64.00 7.81 7 1 128.0 3.91 
  2 71.84 6.96   2 143.7 3.48 
  3 80.63 6.20   3 161.3 3.10 
  4 90.51 5.52   4 181.0 2.76 
  5 101.6 4.92   5 203.2 2.46 
  6 114.0 4.38   6 228.1 2.19 
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3.4.2 Ugra Plate Control Wedge 1982© 

The Ugra plate control wedge 1982© is another means used to test resolution.  

The plate control wedge contains six control panels used in the printing industry to 

control the plate making process [8].  The plate control wedge may be used to 

determine exposure, gradation, rendering of half tone dots and resolution.  The 

resolution panel of the plate control wedge contains concentric circles of various line 

widths.  Each set of concentric circles is set with half of the circle set as clear lines on 

a black background and the other half as black lines on a clear background, allowing 

positive and negative working films to be tested.  This microline resolution panel has 

twelve of these concentric circle patterns, each representing a different, defined 

resolution between 4 and 70 µm.  Initially, four samples of Positive Cromalin® on 

Kapton® were placed below the resolution panel and exposed to shortwave UV 

irradiation from the Mineralight® Lamp for 20, 30, 40 and 50 seconds.  The protective 

Mylar® was removed and the samples were exposed to the ionizing air gun.  DuPont 

CC28 cyan toner was then brushed over the samples using a camel hair brush.  These 

samples were then observed under a Leitz SM-LUX optical microscope with 63 X 

magnification to determine the best resolution, where the microlines are clearly 

defined.  Again, four samples were exposed to the shortwave UV irradiation this time 

for 45, 50, 55 and 60 seconds.  These samples were also dusted with DuPont CC28 

cyan toner and observed under 63 X magnification to determine the best resolution.   

 

 



 

 

61

 

 
Figure 3-4  Ugra plate control wedge 1982© with enlarged resolution panel [8] 
 

3.5 Phosphor Deposition Experiments 

3.5.1 Particle Size and Shape Analysis 

The size and shape of particles affects their deposition properties.  An FEI XL 

30 Environmental Scanning Electron Microscope (SEM) was used to obtain images of 

the actual particles used in the phosphor experiments.  Particles from the ~6 and ~3 

µm diameter Nichia ZnS:Cu phosphor samples were initially adhered directly to 

double-sided carbon tape attached to the SEM mounts.  A Denton Discovery 18 

Sputtering System was used to deposit a ~20 Å thick layer of gold over the samples.  

These gold covered samples were then placed in the SEM and micrographs at various 

magnifications were taken.  The ~6 and ~3 µm diameter phosphor particles were then 

deposited on Positive Cromalin® covered glass slides.  These slides were also 

deposited with a gold layer and placed in the SEM to obtain micrographs of the 

particles at various magnifications. 
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3.5.2 Different Particle Size Ratios 

The size distribution of phosphor particles deposited onto the photopolymer 

surface is important.  As discussed in Section 2.4, mixing particles of different sizes 

may allow the voids between larger particles to be filled with the smaller particles.  By 

filling in these voids, the deposit density (mg/cm2) should increase and the amount of 

light allowed to pass through the samples should decrease. 

3.5.2.1 Deposit Density 

As discussed in Section 2.3.5, concerning the CRT screen production criteria, 

the deposit density is an important factor in CRT screen production.  The deposition 

properties of the photopolymer were evaluated by dusting phosphor onto Cromalin® 

coated slides, calculating the deposit mass per area and measuring the transmitted light 

intensity through the samples.  To decrease pinholes due to interstitial voids, phosphor 

powders of large and small average diameters were mixed in various mass ratios.  

Before any tests were performed, sample distributions were created with Nichia 

phosphors; green ~3 µm average diameter particles were mixed with either blue ~5 

µm average diameter particles or green ~6 µm average diameter particles in mass 

ratios of 0, 20, 50, 80, and 100 percent.  First, glass slides (2.5 cm x 7.5 cm) were 

laminated with Cromalin® and weighed.  Then, two slides were dusted with particles 

from each of the nine different phosphor samples and re-weighed.  The deposit mass 

per area was determined by first coating a pre-determined area of a glass slide with the 

photopolymer and then weighing the sample before and after phosphor deposition. 
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3.5.2.2 Transmitted Intensity 

Samples with better phosphor coverage would allow less light to be transmitted 

through the phosphor-covered slides.  By measuring the intensity of light transmitted 

through phosphor-covered slides, a relative comparison can be made to determine 

which slides have better coverage.  The light intensity transmitted through the samples 

was measured with a Minolta CS 1000 spectroradiometer.  Figure 3-5 shows a 

schematic of the setup for measuring transmitted intensity.  The phosphor-covered 

slides from the previous experiments were each placed inside a box with a 4.7 cm x 

2.0 cm cutout which allowed a diffuse red light to shine through the slide. The 

intensity of this light was measured in candelas per square meter by a 

spectroradiometer (± 2 candelas/m2) placed 82.5 cm away.  This test was also 

performed using a simple photoresistor to evaluate the change in resistance caused by 

a change in light intensity emitted through the slides, as will be discussed. 

 

 
Figure 3-5  Transmittance setup to measure diffuse light intensity transmitted 
through a phosphor covered slide. 
 
 

Minolta CS-1000 
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Glass Slide (7.5 cm X 2.5 cm) w/
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3.5.3 Variations in Patterning Procedure 

Additional processing steps, after initial phosphor deposition, were added to 

evaluate their effects and to determine the best patterning procedure in terms of 

adhesion and coverage.  Phosphor was dusted over the slides by first, adhering a 

toning pad to a softer rubber brayer.  This toning pad was trimmed so that it did not hit 

the handle of the brayer.  A bed of Nichia green ~6 µm phosphor was used to roll and 

coat the toning pad.  This phosphor-coated toning pad/brayer setup was then rolled 

without any added weight in a cross-hatched pattern (five times in each direction) 

across the thirty slides used in these experiments.  The extra processing steps were :  

1) heating the slides to ~45 °C on a hotplate for 1 minute, 2) vibration in a sonicator 

for 1 minute, 3) a combination of heat and vibration, 4) added pressure, and 5) an 

added layer of phosphor of a smaller average diameter.  Six separate experiments were 

performed, using slides (2.5 cm x 7.5 cm) laminated with Cromalin®.  The standard 

experimental procedure consisted of:  1) removing the Mylar, 2) weighing the slide, 3) 

removing static with the ionizing gas gun, 4) dusting with phosphor (Nichia green ~6 

µm effective diameter), 5) cleaning excess phosphor with Las-Stik® cloth, 6) 

removing static with the ionizing gas gun, and 7) re-weighing.  The second experiment 

followed the standard procedure except the slides were heated for one minute on a hot 

plate (45 °C) between steps four and five.  The third experiment followed the standard 

procedure and added a vibration step where the slides were placed on a glass dish 

which was floated on water in a sonicator.  The fourth experiment added both the 

heating and vibration steps.  The fifth experiment followed the standard experiment, 

except pressure was added to the particle layer on the slides between steps four and 
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five.  This pressure was added by placing a glass plate over the slides and then a 

weighted brayer (825 g) was rolled over the slides ten times.  The sixth experiment 

was the same as the standard, but after step six, a second layer of phosphor (Nichia 

green ~3 µm effective diameter) was deposited and steps five and six were repeated 

before a final weighing.  The deposit density of the adhered particles was then 

calculated.  The mass of the Cromalin®-coated slides before and after phosphor 

deposition was measured along with the area of the Cromalin®.  These measurements 

were used to determine the mass per area of phosphor deposited onto the slides.  These 

experiments are listed in Table 3-3. 

 

Table 3-3  Experimental process conditions for phosphor deposition 

 

Next, a transmitted intensity test was performed for all six process conditions 

listed in Table 3-3.  A Parallax Basic Stamp® HomeWork Board was used with a 

photoresistor to evaluate the resistor-capacitor (RC) time, as shown in Figure 3-6.  RC 

time is a measure of the time it takes for a capacitor to lose a specified amount of its 

stored charge as it supplies current to a resistor [9].  The photoresistor had a cadmium 

sulfide (CdS) coated light collecting surface that changed resistance depending on the 

Experiment  
Number 

Process condition 

1 Standard 
2 Heat at ~45 °C for 1 min 
3 Vibration:  sonification for 1 min 
4 Heat and vibration: heat for 1 min and sonicate for 1 min 
5 Added pressure (280 g/cm2) 
6 Add layer of Nichia green (~3 µm dia.) phosphor 
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intensity of light exposure.  A 0.1 µF ceramic capacitor was used to hold a charge for 

short durations of time.  In this test, an increase in light intensity decreased the 

resistance of the photoresistor and decreased the time for the charge to drop in the 

capacitor.  A lower light intensity increased the time it took the capacitor to lose 

charge because the photoresistor had a higher resistance.  Therefore, samples with the 

longest RC time allowed less light to be transmitted, indicating better coverage due to 

fewer pinholes.  Each slide was placed in a slide holder on a box with a cutout.  The 

diffuse red light was shown onto the slide and the Basic Stamp® setup with the 

photoresistor was placed inside the box.  The Parallax Basic Stamp® computer 

program was used to control the Basic Stamp® and log the RC time output.  This 

method of measuring the transmitted intensity is illustrated in Figure 3-7. 

 

 
Figure 3-6  Basic Stamp® photoresist RC time:  (a) wiring diagram and (b) circuit 
schematic 
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Figure 3-7  Transmitted intensity setup using a photoresistor 

Next, adhesion of the phosphor particles to the tacky photopolymer was 

studied by a Scotch® Tape Test [10].  This test was chosen because it applies a ~50 N 

force to the particles when pulled off as opposed to an ultracentrifuge test which 

applies ~10-8 -10-5 N to 3 µm particles [11].  A brayer was also used for these tape test 

measurements.  One strip of double-sided Scotch® tape (7.5 cm x 1.9 cm) was adhered 

around the soft rubber roller.  The Cromalin®-coated slide dusted with phosphor (1.15-

1.40 mg/cm2) was placed in a recessed slide holder and held in place using double-

sided tape.  A 288.5 g weight was placed on the brayer over the roller and this setup 

was then rolled once, lengthwise, over the slide.  The circumference of the brayer 

roller was just larger than the length of the slide.  A new strip of tape was used for 

each of the thirty slides.  These slides were then weighed to determine the weight loss 

from phosphor removal during the tape test and the removal percentage (± 0.6 %) as 

Basic Stamp in box w/ cut out 

Red light 

Resistor 

Capacitor 

To computer 

Particle covered slide
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compared to the deposit density.  A side and top view of the setup used in this tape test 

is shown in Figure 3-8.  This type of tape test was chosen so that the adhesion pressure 

and the pull-off angle would remain constant for each slide.   

 

 
Figure 3-8  Tape test using a softer rubber roller 

 

3.6 Alumina Deposition Experiments 

3.6.1 Particle Size and Shape Analysis 

Alumina particles were used to understand the differences in deposition 

characteristics from particles of different sizes and shapes.  A Denton Discovery 18 

Sputtering System and an FEI XL 30 Environmental SEM were used to obtain images 

of Buehler 0.3, 1.0, and 3.0 µm diameter alumina particles.  The procedure was the 

same as the phosphor SEM procedure given in Section 3.5.1.  Again, images of the 

particles directly on the SEM mounts and adhered to Positive Cromalin® were taken at 

various magnifications.   
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The particle size distributions of the Buehler alumina (0.3, 1.0 and 3.0 µm) 

were measured by a SEM and Brookhaven Instruments ZetaPlus.  The ZetaPlus, zeta 

potential analyzer was equipped with the 90Plus/BI-MAS Multi Angle Particle Sizing 

Option (MAS OPTION) which uses quasi elastic light scattering (QELS) for particle 

sizing.  The MAS OPTION uses fluctuations in the time intensity of light scattered by 

particles in solution to calculate the translational diffusion coefficient of these 

particles.  From this diffusion coefficient, the particle diameter is calculated.  The 

upper limit of the particle size analysis function for the MAS OPTION is 3 µm.  Small 

portions of alumina and a surfactant, dioctyl sodium sulfosuccinate (DSS), were mixed 

with water.  This mixture was then sonicated for 15 minutes.  The Brookhaven 

ZetaPlus Particle Sizing Software Version 3.48 was then used to evaluate the particle 

size distribution of each sample.   

3.6.2 Deposit Density of Different Particle Size Ratios 

The effect of particle size distribution on deposit density was evaluated with 

alumina.  As discussed in Section 2.4, mixing particles of different sizes may allow the 

voids between larger particles to be filled with the smaller particles.  Different size 

distributions were created by mixing alumina samples of different narrowly dispersed 

diameters.  Deposition tests were performed using Buehler alumina; 3.0 µm diameter 

alumina particles mixed with 0.3 µm diameter deagglomerated alpha alumina particles 

in mass ratios of:  0, 20, 50, 80, and 100 percent.  This 1:10 diameter ratio should 

ensure the small particles will fill in the voids left by the large particles.  The deposit 
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density of various alumina size distributions was evaluated in the same manner as that 

of the phosphor samples, as outlined in Section 3.5.2.1. 

3.6.3 Variations in Patterning Procedure 

Alumina was used in experiments to tests the variations in patterning 

procedure, due to the narrow size distribution and varied shapes of these samples.  Six 

experiments, with five slides each, were performed using 3.0 µm alumina particles.  

First, Positive Cromalin® was laminated onto the glass slides (7.5 cm x 2.5 cm) used 

in these six experiments, as outlined in the patterning procedure of Figure 3-2.  The 

Mylar® coversheet was removed and the slides were weighed to determine their mass 

before deposition.  The charge buildup created by the coversheet removal was 

discharged using the ionizing gas gun.  A bed of 3.0 µm diameter alumina was used to 

roll and coat the toning pad.  This alumina-coated toning pad/brayer setup was then 

rolled without any added weight in a cross-hatched pattern (five times in each 

direction) across the thirty slides used in these experiments.  These six experiments 

followed the same procedure set out in Section 3.5.3 and listed in Table 3-3.  The 

slides from experiment six were again coated using a toning pad-covered brayer with 

Buehler 0.3 µm deagglomerated alpha alumina particles.  This 1:10 size ratio ensured 

the small particles would fit within the interstices of the large particles.  The slides 

from this experiment were again cleaned using Las-Stik® cloth and the ionizing gas 

gun.  At this point, all the slides were re-weighed.  As in the phosphor experiments, 

the deposit density of the adhered particles was calculated using the mass of the 

Cromalin® coated slides before and after alumina deposition and area of Cromalin®. 
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The transmitted intensity test was then performed for each of the six 

experiments.  The resistor-capacitor (RC) time was recorded as in the phosphor 

experiments, in Section 3.5.3.  In this test, samples with the longest RC time allowed 

less light to be transmitted through, indicating fewer pinholes and better coverage.   

Next, adhesion of the alumina particles to the tacky photopolymer was studied 

by a Scotch® Tape Test as done for the phosphor experiments in Section 3.5.3 [10].  

The tape test was performed on the Cromalin®-coated slides dusted with alumina 

(0.50-0.56 mg/cm2) and these slides were weighed to determine the weight loss from 

alumina removal and the removal percentage (± 0.5 %) as compared to the deposit 

density. 

Buehler 3.0 µm alumina has a hexagonal platelet shape and Buehler 1.0 µm 

deagglomerated alpha alumina is more spherical.  In order to evaluate the deposition 

and adhesion differences between these two particle geometries, the standard and 

layering experiments were repeated using the 1.0 µm and 0.3 µm alumina.  The 

deposit density, transmitted intensity (RC time) and adhesion were once again 

evaluated in the same manner as described previously. 

3.6.4 Profilometry 

The surface roughness of an adhesive affects how particles of different sizes 

adhere to the surface, as discussed in Section 2.5.2.1.4.  If the surface is smooth, 

particles of all diameters will be able to access the surface.  If the surface is rough, 

particles with a diameter greater than the period of the rough surface will not have as 

much access to the surface.  This difference will affect the effective area of deposition 
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for particles onto rough surfaces.  Figure 3-9 shows the surface access of different 

diameter particles on flat and rough surfaces.   

 

Figure 3-9  Comparing small diameter and large diameter particles on:  (a) a 
smooth and (b) a rough surface 
  

Positive Cromalin® was adhered to a glass slide and then exposed to a UV 

source to polymerize the material.  This Cromalin®-coated slide was then used to 

determine the surface roughness by profilometry of the photopolymer without 

particles.  A Dektak® 3030 Profilometer was used to perform these tests using a 15 mg 

stylus force and two scan lengths, 1 mm and 50 µm.  The larger scan length was used 

to give an estimate of the overall surface topography and the smaller scan length 

allowed for a more focused analysis of the surface.  This test was also performed to 

evaluate the surface roughness of samples with various alumina powders adhered to 

the surface.  These samples included 0.3 µm deagglomerated alpha alumina, 1.0 µm 

deagglomerated alpha alumina, 1.0 µm alumina layered with 0.3 µm alumina, and 3.0 

µm alumina.  

(b) (a) 
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3.7 Nanometer-sized Materials Deposition Experiments 

The ability of Cromalin® to bond to and pattern various nanoparticles 

including nanotubes, mesoporous powders, magnetic nanoparticles, nanowires and 

fluorescent nanoparticles, was studied [12].  Using the patterning procedure described 

in Section 3.2, nanoparticles of different materials was adhered to the tacky surface of 

Positive Cromalin®.  Carbon nanotubes, mesoporous silica powder, magnetite 

nanoparticles, silver nanowires and fluorescent zinc 8-hydroxy-quinoline 

nanoparticles were simply brushed over the non-patterned surface of Positive 

Cromalin® to determine whether adhesion would occur among various types of 

nanoparticles [12].  The carbon nanotubes, silica and magnetite were also dusted onto 

Positive Cromalin® that had been patterned using the USAF grid.  

Experiments also consisted of placing silicon wafers covered with carbon 

nanotube forest growth onto unpatterned Positive Cromalin® and Negative Cromalin® 

on Kapton®.  The Positive Cromalin® was then exposed to a UV light source to 

encapsulate the transferred carbon nanotubes in the positive polymer surface as it 

hardened from polymerization.  The Negative Cromalin® was exposed to UV light and 

the Mylar® coversheet was removed to expose the tacky surface on which the carbon 

nanotubes were adhered.  Figure 3-10 shows the experimental setup for transferring 

carbon nanotubes onto Cromalin® [12]. 
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Figure 3-10  Transferring carbon nanotubes, grown on a substrate, onto the 
surface of Cromalin [12] 
 

3.8 Degradation 

3.8.1 Thermal Degradation 

The thermal degradation properties of the DuPont adhesive were studied 

through thermogravimetric analysis (TGA) and pyrolysis.  For emissive display screen 

production, it is ideal if the organic materials used to deposit phosphor are completely 

degraded by 450 °C, as explained in Section 2.3.5.  The photopolymer (15-20 mg) was 

degraded with a thermogravimetric analyzer (Netzsch Sta 409 PC Luxx®) first in air 

(at the Georgia Institute of Technology) and then in argon (at the University of 

California, Los Angeles) heating at 10 °C/min up to 600 °C.  The percent of original 

mass remaining at 450 °C was then evaluated.  Once the amount of remaining mass 

Si or quartz substrate 

Cromalin on Kapton® 

Carbon nanotubes 
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was determined, TGA results of various components of Cromalin® were compared to 

evaluate which ones contributed to the residual mass.   

Pyrolysis of the Tacky Dot® material (15-30 mg) was performed in an 800 

Watt Lindberg/Blue M 55035 Mini-MiteTM Tube Furnace.  The degradation of 

Positive Cromalin® under argon using a heating rate of 10 °C/min up to 450 °C was 

studied.  The time at this temperature was only a few minutes; upon reaching this 

temperature the furnace was turned off.  Additionally, the components of the Tacky 

Dot® material were pyrolyzed to compare the residual mass of the tacky photopolymer 

and its constituents to determine the nature of the residual products.  Table 3-1 in 

Section 3.1 shows the main components of Positive Cromalin® along with the 

percentage of each [2].  Seventy wt% of Positive Cromalin® components were 

obtained for testing and are listed in Table 3-1. 

3.8.2 UV degradation 

The effect of UV degradation on Cromalin® was studied to determine its 

plausibility for use in environmental remediation processes.  Many of these processes 

use UV light to initiate catalytic reactions to degrade environmentally harmful wastes.  

If Cromalin® is to be used in these processes, it must not degrade when exposed to UV 

irradiation for extended time periods.  Also, as these processes are used to remove 

contaminants from water, the solubility of the material is important.  Experiments 

were performed to study the behavior of Cromalin® after UV exposure.  The first was 

an adhesive tape test, used to determine if the material becomes less adhesive after 
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exposure to UV light.  Then, the solubility of the material and its components in water 

and acetone was measured by UV-Vis spectroscopy.       

3.8.2.1 Adhesion of Positive Cromalin® 

The adhesive tape test was used to determine the effect that extended UV 

exposure had on the adhesion of alumina to the photopolymer.  Positive Cromalin® 

was laminated onto 25 slides (7.5 cm x 2.5 cm) and Simco Top GunTM ionizing air 

gun was used to remove any static charge build up.  A mortar and pestle was used to 

break up agglomerated 3.0 µm alumina from Buehler.  This alumina (0.47 mg/cm2) 

was then dusted over the slides with a toning pad.  Las-Stik® cloth was used to remove 

excess alumina and the slides were weighed.  UV exposure of each sample was then 

varied (no exposure, 1 min, 1 hour, 1 day, 10 days).  Immediately after exposure, a 

tape test was performed on each sample.  A tape tab (2.5cm x 1.3 cm) was weighed, 

placed onto the alumina covered Cromalin®, removed at a ~90 ° angle and re-weighed.  

These data were used to calculate the percent removal. 

3.8.2.2 Solubility of Positive Cromalin® 

Initially, the solubility of Positive Cromalin® was tested by placing unexposed 

samples (9 cm2) of the Positive Cromalin® on Kapton® into water and acetone (5 mL).  

These two samples were then placed in quartz cuvettes in the Hewlett Packard 8452 A 

Diode Array Spectrophotometer.  Also, a sample (4 cm2) of unexposed polymer on 

Kapton® was placed directly into the spectrophotometer.  The UV-Vis spectra of these 

three unexposed samples were then compared to determine the solubility of the 

unexposed polymer.  Next, five of the main components of Positive Cromalin® (~0.5 



 

 

77

mL) were placed, unexposed to UV light, into acetone and also into water (~3 mL).  

UV-Vis spectroscopy was then performed to determine component solubility in each 

solvent.   

The solubility and possible degradation of Positive Cromalin® exposed to a 

UV source was then tested by comparing samples which were exposed to UV light for 

increasing time increments and placed in either acetone or water.  Cromalin® was 

laminated onto a silicon wafer which was then cut using a diamond tipped scribe into 

three samples.  Sample one was placed under the 15 Watt UV lamp for one week, then 

sample two was exposed for one hour and sample three was left unexposed.  Two 1.2 

cm x 1.2 cm sections were then cut from each sample and one was placed in 5 ml of 

acetone while the other was placed in 5 ml of water.  Each sample was placed in a 

quartz cuvette for UV-Vis analysis and the solvent was used as the blank. 

 

 

This chapter, in part, has been submitted for publication of the material as it 

appears in the Journal of the Electrochemical Society, 152, H178, Hurt, Michielle; 

Talbot, Jan B., 2005 and SID Symposium Digest 36, 487, Hurt, Michielle; Talbot, Jan 

B., 2005.  The dissertation author was the primary investigator and the co-author of 

these papers. 

 



 

 

78

References 
 
 
1.  K. Y. Sasaki and J. B. Talbot, Advanced Materials, 11 (2), 91 (1999). 
 
2.  A. Cairncross and J. E. Gantzhorn, Jr., E. I. du Pont de Nemours & Company,  
“Method for Precise Placement of an Array of Single Particles on a Surface,” US 
Patent, 6 143 374 (2000). 
  
3.  M. J. Shane, “Analysis of the Electrophoretic Deposition of Particles,” Ph.D. 
Dissertation, University of California, San Diego (1994). 
 
4.  R. H. Perry, D. Green and J. O. Maloney, Perry’s Chemical Engineers’ Handbook, 
Sixth Edition, McGraw-Hill (1984). 
 
5.  M. Hurt and J. B. Talbot, “Use of a Photodetackifiable Film for Dry Screening 
Phosphor Displays,” Patent Disclosure, University of California, San Diego (2004). 
 
6.  A. Beikmohamadi, A. Cairncross, J. E. Gantzhorn, Jr., B. R. Quinn, and M. A. 
Saltzberg,  “Tacky Dots® Technology for Flip Chip and BGA Solder Bumping”, 
Proceeding of the 48th  Electronic Components and Technology Conference, Seattle, 
Washington, May 25-28, 434  (1998). 
 
7.  www.edmundoptics.com/techSupport/DisplayArticle.cfm?articleid=249 (accessed 
06/2005). 
 
8.  www.ugra.ch/index.php?session=1761264&show=91 (accessed 06/205). 
 
9.  A. Lindsay, What’s a Microcontroller? Version 2.2, Parallax Inc., Rocklin, CA 
(2002). 
 
10.  ASTM D 3359, “Standard Test Methods for Measuring Adhesion by Tape Test," 
ASTM International, West Conshohocken, PA (1997). 
 
11.  B. E. Russ and J. B. Talbot, Journal of Adhesion, 68, 257-268 (1998). 
 
12.  M. Hurt, J. B. Talbot, and D. Ye, “Dry Adhesion and Patterning of Nanomaterials 
on Tacky Photopolymer,” Patent Disclosure, University of California, San Diego 
(2005). 



 

 79

4 Results and Discussion 

4.1 Patterning Procedure 

First, a patterning procedure was developed for the photopolymer before the 

deposit characteristics, adhesion and decomposition of the photopolymer were 

evaluated. The goal of this research was to evaluate the applicability of adapting the 

DuPont Tacky Dot® technology for use in the production of emissive display screens 

and for patterning photocatalysts and nanoparticles.  The patterning procedure for the 

photopolymer consists of four basic steps as illustrated in Figure 3-2.  First, a mask 

was created by printing the pattern (i.e., a UCSD logo) onto an ink jet transparency.  

Positive Cromalin® prepared on a Kapton® substrate, a flexible polymer film that is 

transparent to UV light, was then used to create the patterns.  The photopolymer was 

patterned by placing a mask over the film and exposing it to the 15 Watt UV lamp for 

25 seconds.  The exposed areas polymerized, changing the previously tacky areas.  

Next, the Mylar® coversheet was removed exposing the tacky pattern.  Samples of 

Nichia green and blue phosphor were dusted onto the patterned films and adhered to 

the unexposed areas.  The UCSD logos created using Positive Cromalin®, in Figure 

4-1, show the patterning capability of this photopolymer. 
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4.2 Activator 

The wavelength of light at which Positive Cromalin® is polymerized through 

radical induced crosslinking is determined by the photoinitiator used to develop the 

adhesive.  UV-Vis spectroscopy was used to determine the absorption band of the 

photoinitiator by comparing samples of the photopolymer which had been exposed to 

UV light and unexposed samples.  Samples of exposed and unexposed Positive 

Cromalin® on Kapton® were dissolved in acetone and the UV-Vis spectra were 

measured.  These UV-Vis spectra are shown in Figure 4-2.  Comparing the exposed 

and unexposed samples of Positive Cromalin®, a drop in photoinitiator concentration 

is shown as the reduced peak absorbing in the 340-370 nm wavelength range.  This 

experiment measured the wavelength range at which this photopolymer is activated. 
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Figure 4-2 UV spectra comparing exposed and unexposed Positive Cromalin® 
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4.3 Resolution Target Masks 

The resolution attainable from patterning Cromalin® is important for the 

display screen production process and also in the patterning of photocatalysts and 

nanoparticles.  The resolution can be determined through various means and is 

dependent on the exposure time and the intensity and wavelength range of the light 

source.  Two types of resolution masks were used, the 1951 United States Air Force 

resolution target (USAF 1951) and the Ugra plate control wedge 1982©.   

4.3.1 USAF Grid 

The USAF 1951 resolution target discussed in Section 3.4.1 was used to create 

the USAF patterns shown in Figure 4-3.  The pattern in Figure 4-3(a) was created by 

dusting DuPont CC28 cyan toner (1-1.5 µm diameter) onto the patterned Cromalin® 

surface after shortwave (254 nm) UV exposure for 41 seconds.  The patterned 

photopolymer was also dusted with carbon nanotubes (~20-30 nm diameter, ~1 µm 

length), as shown in Figure 4-3(b).  The last complete feature in these patterns, group 

4 element 5, has a line length of 98.45 µm and resolution of ~19.7 µm, as shown in 

Table 3-2.  The exposure time used to create these patterns was determined through a 

trial and error procedure.  As the resolution is affected by the time of exposure and the 

wavelength and intensity of the light source, it is unlikely that this is the optimum 

resolution of this positive-imaging photopolymer.  However, this ~19.7 µm line 

resolution is significantly higher than that of the ~76 µm line resolution of a Trinitron 

screen, as shown in Figure 2.9 of Section 2.3.6.  
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Figure 4-3  USAF patterns on Positive Cromalin® with:  (a) DuPont CC28 cyan 
toner and (b) carbon nanotubes  
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4.3.2 Ugra Plate Control Wedge 1982© 

The Ugra plate control wedge 1982© contains six control panels which are 

used in the printing industry to control the plate making process [1].  The resolution 

panel of the Ugra plate control wedge contains concentric circles of various line 

widths.  Each set of concentric circles is configured with half of the circle set as clear 

lines on a black background and the other half as black lines on a clear background so 

that positive and negative working films can be tested.  After the Positive Cromalin® 

on Kapton® was exposed to a shortwave (254 nm) UV light, DuPont CC28 cyan toner 

(1-1.5 µm) was brushed over the samples.  The samples were then observed under a 

Leitz SM-LUX optical microscope.  Figure 4-4 shows two sets of concentric circles:  

(a) with 70 µm width lines and (b) with 55 µm width lines.  After 45 seconds of 

exposure, both samples are slightly underexposed and have clearly defined microlines 

on a clear background; however, the portion of the concentric circles set as clear lines 

on a black background is only well defined in the 70 µm resolution pattern.  Although 

this resolution could be improved by using a 365 nm light source and accurate timing, 

it is on the order of the ~76 µm line width of a Trinitron screen, as shown in Figure 

2.9 of Section 2.3.6 [2].  
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Figure 4-4  Ugra patterns created with DuPont CC28 cyan toner:  (a) 70 µm 
resolution (b) 55 µm resolution 
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4.4 Phosphor Deposition Results 

4.4.1 Particle Size and Shape Analysis 

Images of Nichia ZnS:Cu ~6 and ~3 µm diameter phosphor adhered to double-

sided carbon tape were taken with an SEM.  Figure 4-5 shows SEM micrographs of 

the ~6 µm diameter Nichia green phosphor and Figure 4-6 shows SEM micrographs of 

a sample of this type of phosphor with an average particle diameter of ~3 µm.  From 

these micrographs, the non-uniformity of the particle size and the faceted, non-

spherical shape of phosphor are shown.  Many of the faceted phosphor particles are 

below the reported mean diameter, while a few are much larger with a more cube-like 

geometry. 

Figure 4-7 shows SEM micrographs of the ~6 µm diameter phosphor and 

Figure 4-8 shows SEM micrographs of the ~3 µm diameter phosphor adhered to 

Positive Cromalin®.  These figures do not show the agglomeration of particles that 

was present in the previous SEM micrographs.  Also, these figures show the faceted 

phosphor particles as a closely packed monolayer that is possibly embedded into the 

tacky photopolymer surface. 
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Figure 4-5  SEM micrographs of Nichia green phosphor (ZnS: Cu ~6 µm) 
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Figure 4-6  SEM micrographs of Nichia green phosphor (ZnS: Cu ~3 µm) 
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Figure 4-7  SEM micrographs of Nichia green (ZnS: Cu), ~6 µm phosphor 
adhered to Positive Cromalin® 
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Figure 4-8  SEM micrographs of Nichia green (ZnS: Cu), ~3 µm phosphor 
adhered to Positive Cromalin® 
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4.4.2 Different Particle Size Ratios 

The size distribution of phosphor particles affects the packing of the particles 

deposited onto the photopolymer surface as discussed in Section 2.4.  Mixing particles 

of different sizes may allow the voids between larger particles to be filled with smaller 

particles.  By filling in these voids, the deposit density (mg/cm2) should increase and 

the amount of light allowed to pass through samples should decrease. 

4.4.2.1 Deposit Density 

The deposition process was evaluated by varying the size distribution of 

particles deposited.  Different size distributions were created by mixing phosphor 

types of different average diameters.  Deposition tests were performed using Nichia 

phosphors: ~3 µm average diameter green particles were mixed with either ~5 µm 

average diameter blue particles or ~6 µm average diameter green particles in mass 

ratios of:  0, 20, 50, 80, and 100 percent.  These various mixtures were adhered to the 

tacky photopolymer on a slide and the mass of phosphor per area of slide covered was 

measured.  Figure 4-9 shows there is a larger mass deposited per area for distributions 

with a smaller proportion of the ~3 µm phosphor since the larger diameter particles 

have a larger mass.  However, the largest mass per area (0.90 mg/cm2) was deposited 

for the sample of 80% ~6 µm and 20% ~3 µm phosphor particles, as opposed to the 

100% ~6 µm sample (0.86 mg/cm2), showing that this size disparity and mixture ratio 

allowed for more particles to adhere to the tacky surface.  The samples containing 

mixtures of ~5 µm diameter blue particles with ~3 µm diameter green particles do not 
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show this same trend.  This is likely due to the smaller size difference between the two 

average diameters. 
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Figure 4-9  Effect of the average particle size distribution on deposit density:     
A: Nichia blue ZnS: Ag, Cl (~5 µm), B: Nichia green ZnS: Cu (~6 µm), and C: 
Nichia green ZnS: Cu (~3 µm) 
 

4.4.2.2 Transmitted Intensity 

A transmittance test was used to study the light intensity transmitted through 

the phosphor-covered slides.  In this test, a lower intensity of light transmitted through 

the slides indicates more complete coverage and fewer pinholes.  By measuring the 

intensity of light transmitted through a group of phosphor-covered slides using a 

spectroradiometer, a relative comparison was made to determine which slides have 

better coverage.  Figure 4-10 shows that the transmittance for slides with a larger 

proportion of ~3 µm phosphor have better coverage since the area between particles is 
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reduced.  The sample with 80% ~6 µm and 20% ~3 µm phosphor particles shows the 

least amount of light transmitted through the slides, indicating that this size mixture 

allowed for better deposition and coverage of the adhesive.  This graph also shows that 

smaller particles can increase voids between the larger particles, as the amount of 

transmitted light increased in the samples using the mixture of 80% ~5 µm and 20% 

~3 µm phosphor particles.  
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Figure 4-10  Transmitted light intensity dependence on particle size distribution 
(lower transmitted intensity = greater phosphor coverage):                                   
A: Nichia blue ZnS: Ag, Cl (~5 µm), B: Nichia green ZnS: Cu (~6 µm), and        
C: Nichia green ZnS: Cu (~3 µm) 
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4.4.3 Variations in Patterning Procedure 

Additional processing steps were evaluated after dusting ~6 µm diameter 

phosphor (ZnS:Cu) on Cromalin® coated slides to determine the best patterning 

procedure in terms of coverage and adhesion.  Six experiments were performed to 

change the dusting and processing conditions as listed in Table 3-3 of Section 3.5.3.  

These steps included:  1) heating the slides to ~45 °C on a hotplate for 1 minute, 2) 

vibration in a sonicator for 1 minute, 3) a combination of heat from a hotplate and 

vibration from a sonicator, 4) added pressure (280 g/cm2), and 5) a second layer of a 

smaller average diameter phosphor (ZnS:Cu, ~3 µm).  

4.4.3.1 Deposit Density 

The phosphor particle deposit density was measured for the various processing 

conditions in the six experiments listed in Table 3-3.  Figure 4-11 shows the phosphor 

deposit density as a function of processing condition.  Heating the samples appears to 

increase the deposition, while vibration appears to slightly decrease the deposit 

density.  Combined heat and vibration has an overall increased deposit over the 

standard.  Adding pressure to the phosphor deposits does not appear to increase the 

deposit density.  From these experiments, the best result was obtained by layering the 

sample of large effective diameter particles with a sample of small effective diameter 

particles.  This shows the advantage of a bimodal size distribution of particles where 

the small particles can fill in voids between the larger particles.  
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Figure 4-11  Phosphor deposit density dependence on various process conditions, 
as listed in Table 3-3 
 

4.4.3.2 Transmitted Intensity  

Figure 4-12 shows the transmitted intensity as RC time through the phosphor 

coated slides.  In this test, an increased transmittance occurred in samples where less 

light was blocked by particles and allowed to transmit through the slides.  This 

increase in light transmission decreases the resistor capacitor time by decreasing the 

resistance of the resistor.  The addition of heat, vibration and the combination of the 

two created an increased coverage of phosphor over the slides.  This is an interesting 

result, as the deposit density of slides from the vibration experiment was slightly lower 

than those from the standard experiment.  Apparently, vibration causes the phosphor 

particles to spread more uniformly over the surface and not as much phosphor is 

needed to gain the same coverage.  The applied pressure experiment showed an 
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interesting result, that deposit density increased above the standard, but the transmitted 

intensity appeared unchanged.  This may be due to the phosphor particles becoming 

embedded into the tacky photopolymer, allowing layering but not increasing the slide 

coverage.  The best coverage and the least amount of light transmitted came from the 

phosphor layering experiment.  As shown by the increased deposit density, these 

samples had the most phosphor adhered to the Cromalin® and also the best coverage.   
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Figure 4-12  Transmitted light intensity measured as resistor-capacitor time and 
its dependence on process conditions with phosphor, as listed in Table 3-3 
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4.4.3.3 Adhesion 

The adhesion of phosphor particles from the experiments listed in Table 3-3 

was tested by a Scotch® Tape Test.  The results of these experiments are shown in 

Figure 4-13.  The experiments using vibration, a combination of heat and vibration 

and pressure all have less phosphor removed during the tape test.  Vibration was 

shown in Figure 4-12 to increase the slide coverage.  This indicates that the particles 

were better spread over the surface of the Cromalin®, which may also explain the 

increased adhesion.  As the particles spread over the surface, contact between particles 

and the tacky photopolymers surface is increased. The increase in adhesion from the 

experiment with added pressure is likely due to particles becoming embedded in the 

adhesive polymer.  The experiment with added pressure had an increased deposit 

density but the transmitted intensity was unchanged, which suggests particles 

vertically embedded into the surface allowing for some layering.  These embedded 

particles are not easily removed by the tape test, increasing adhesion.  This tape test 

evaluation, which requires an adhesion of ~50 N to withstand complete removal, 

indicates that the overall adhesion is quite strong, as compared to electrophoretic 

deposition methods which have adhesion values ranging from 0.08 – 0.4 N, and 

suitable for the display screen application [3]. 
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Figure 4-13  Adhesion evaluation using a tape test for phosphor deposits from 
experiments 6-10 of Table 3-3 
 

4.5 Alumina Deposition Results 

4.5.1 Particle Size and Shape Analysis 

Images of Buehler 0.3, 1.0 and 3.0 µm diameter alumina adhered to double-

sided carbon tape were taken with an SEM.  Figure 4-14 shows an SEM micrograph of 

the 0.3 µm alumina and Figure 4-15 shows an SEM micrograph of the 1.0 µm 

alumina.  These samples are deagglomerated alpha alumina with globular, spherically 

shaped particles. Figure 4-16 shows an SEM micrograph of the 3.0 µm alumina.  The 

shape of these particles is known as hexagonal platelet; however, this micrograph 

shows a mixture of coarse platelet shapes of various sizes.  From these SEM 

micrographs, the different available particle sizes and shapes of alumina are revealed. 
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Figure 4-17 shows SEM micrographs of the 0.3 µm diameter deagglomerated 

alpha alumina and Figure 4-18 shows SEM micrographs of the 3.0 µm diameter 

alumina adhered to Positive Cromalin®.  These figures show the 0.3 and 3.0 µm 

diameter alumina particles embedded into the tacky photopolymer surface.  The 0.3 

µm diameter alumina appears to be almost completely engulfed by the 4 µm thick 

polymer layer. 

 

 
Figure 4-14  SEM micrograph of Buehler 0.3 µm deagglomerated alpha alumina 
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Figure 4-15  SEM micrograph of Buehler 1.0 µm deagglomerated alpha alumina 
 

 
Figure 4-16  SEM micrograph of Buehler 3.0 µm alumina 
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Figure 4-17  SEM micrographs of Buehler 0.3 µm alpha alumina adhered to 
Positive Cromalin® 
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Figure 4-18  SEM micrographs of Buehler 3.0 µm alumina adhered to Positive 
Cromalin® 
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The particle sizes of the alumina powder of 0.3, 1.0 and 3.0 µm diameters, as 

given by Buehler were measured using Brookhaven Instruments ZetaPlus.  The 

bimodal results of this analysis for the 0.3 µm alumina is shown in Figure 4-19 and the 

mean diameter was found to be 0.48 ± 0.09 µm for the first mode.  The mean was 

taken at this mode with the assumption that the second mode is formed by 

agglomerated particles.  The particle size distribution for the 1.0 µm alumina is shown 

in Figure 4-20 and the mean diameter was found to be 0.70 ± 0.09 µm.  These values 

were used in calculations requiring particle diameter.  The results shown in Figure 

4-21 for the 3.0 µm alumina, giving a mean diameter of 1.1 ± 0.11 µm, does not 

compare to the SEM micrographs of this sample in Figure 4-16.  As the upper limit of 

particle size measured by the instrument is 3 µm, this may be one possible explanation 

of the disparity in these results.  Other possible reason for this inconsistency may be 

the flat hexagonal shape of the particles and the larger particles may settle out of 

solution.   

This particle size analysis confirmed the size distributions for the alumina 

powders are relatively narrow as compared to the phosphor size distribution.  These 

measurements were taken with the particles suspended in a surfactant, water solution; 

therefore, the particle size may be lower than for the possibly agglomerated dry 

powders. 
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Figure 4-19  Particle size distribution of Buehler 0.3 µm deagglomerated alpha 
alumina 
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Figure 4-20  Particle size distribution of Buehler 1.0 µm deagglomerated alpha 
alumina 
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Figure 4-21  Particle size distribution of Buehler 3.0 µm alumina 
 

4.5.2 Deposit Density of Different Particle Size Ratios 

The size distribution of particles affects the packing of the particles deposited 

onto the photopolymer surface.  Mixing particles of different sizes may allow the 

voids between larger particles to be filled with smaller particles.  By filling in these 

voids, the deposit density (mg/cm2) should increase.  By assuming a monolayer of 

equally sized spherical particles adheres to the surface, the packing fraction can be 

calculated. 

The deposition process was evaluated by varying the size distribution of 

particles deposited.  Different size distributions were created by mixing alumina 

samples of different diameters.  Deposition tests were performed using Buehler 

alumina; 3.0 µm diameter alumina particles mixed with 0.3 µm diameter 
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deagglomerated alpha alumina particles in mass ratios of:  0, 20, 50, 80, and 100 

percent.  This 1:10 diameter ratio should ensure the small particles will fill in the voids 

left by the large particles.  These various mixtures were adhered to the tacky 

photopolymer and the mass of phosphor per area of slide covered was measured.  

Figure 4-22 shows the results of this experiment and shows that larger diameter 

particles have larger deposit densities.   

A theoretical deposit density (g/cm2) of particles can be calculated from the 

density, volume and cross-sectional area of particles in the sample, by Equation 2.2.  

Packing fraction was calculated using Equation 2.3 of Section 2.4.8.  Figure 4-22 

shows the calculated packing fraction of samples with a bimodal distribution of 

particle diameters.  In this figure, a larger packing fraction means an increased 

coverage and smaller voids.  The packing fraction changes with a change in particle 

size ratio, but all of the values are within the calculated standard error of the 

measurements. 
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Figure 4-22  Effect of the average particle size distribution on alumina deposit 
density and packing fraction with percentage of 3.0 µm diameter mixed with 0.3 
µm diameter alumina. 
 

4.5.3 Variations in Patterning Procedure 

Alumina particles were then used in the experiments to test the variations in 

patterning procedure due to their narrow size distribution and varied shapes.  Six 

experiments using Buehler 3.0 µm alumina particles, similar to those listed in Table 3-

3, were performed.  In these experiments, a rubber brayer and toning pad were used to 

deposit the alumina onto the Cromalin®-coated slides.  The first experiment was 

performed without any extra patterning variations.  Variations including pressure, 

heat, vibration, a combination of heat and vibration, and layering were used in 

experiments two through six.  The layering experiment used 0.3 µm deagglomerated 
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alpha alumina particles to ensure with the 1:10 size ratio that the small particles would 

fit within the interstices of the large particles.   

The Buehler 3.0 µm alumina has a hexagonal platelet shape and the Buehler 

1.0 µm deagglomerated alpha alumina is more spherical.  The standard and layering 

experiments were repeated using the 1.0 µm and 0.3 µm alumina to determine the 

effect of particle geometry on deposition and adhesion. 

4.5.3.1 Deposit Density 

Table 3-3 lists the experimental variations used in these alumina deposition 

experiments.  Figure 4-23 shows alumina deposit density from the various 

experiments using 3.0 and 0.3 µm alumina.  These experiments show that all the 

variations increase the deposit density over that of the standard experiment.  The 

combination of heat and vibration has the greatest effect on the deposit density.  The 

effect of embedding alumina particles into the Cromalin® surface was tested by adding 

pressure as a variable.  Added pressure increases the amount of alumina deposited to 

the surface by pressing the 3.0 µm particles into the 4 µm thick layer of photopolymer.  

Vibration increases the deposit density by allowing the particles to spread and become 

attached to the tacky surface.  Heat lowers the viscosity of the photopolymer and 

increases the wettability of the surface which in turn slightly increased deposit density.  

Again, layering is important; however, the much smaller diameter particles have a 

smaller theoretical deposit density compared to that of the larger diameter particles, so 

the increase in coverage is difficult to determine with this test. 
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Figure 4-24 shows the deposit density results of the alumina experiments using 

1.0 and 0.3 µm alumina.  As expected, layering the 1.0 µm alumina with 0.3 µm 

alumina increases the deposit density as the small particles fill in gaps left by the 

larger particles. 
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Figure 4-23  Alumina deposit density dependence on various process conditions 
as listed in Table 3-3 
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Figure 4-24  1.0 µm alumina deposit density and effect of layering with 0.3 µm 
alumina 
 

4.5.3.2 Transmitted Light Intensity 

The transmitted light intensity test was performed using a simple photoresistor 

to evaluate the change in resistance caused by a change in light intensity emitted 

through a slide.  In this test, an increase in light intensity decreased the resistance of 

the photoresistor and decreased the time for the charge to drop in the capacitor.  A 

lower light intensity increased the time for the capacitor to lose charge because the 

photoresistor had a higher resistance.  Therefore, samples with the longest resistor- 

capacitor (RC) time allow less light to be transmitted, suggesting better coverage with 

fewer pinholes.   

The photoresistor setup was used to evaluate the RC time for the experiments using 

3.0 and 0.3 µm alumina; the results are shown in Figure 4-25.  As expected 
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considering the increase in deposit density of Figure 4-23, the experiment using 

combined heat and vibration showed the greatest increase in coverage over the 

standard and other experiments.  The deposit density may not increase substantially 

due to an increase in particle deposition if the added particles have a smaller radius 

than the original particles; however, the additional particles may cover the surface 

more thoroughly. Therefore, the transmitted intensity test is a better method than the 

deposit density test to evaluate increased coverage from layering small diameter 

particles over large diameter particles.  Figure 4-25 shows the advantage of layering 

and filling in the voids.  Comparing the increase in deposit density in Figure 4-23 and 

the increase in RC time in Figure 4-25 for the experiment with added pressure is also 

interesting.  As the pressure increases the amount of phosphor deposited, it appears to 

mainly press the particles into the surface, creating a larger deposit density but a 

smaller increase in slide coverage than the other variations in the patterning procedure. 

Figure 4-26 shows the RC time results for the alumina experiments using 1.0 

and 0.3 µm alumina.  Layering the 1.0 µm with 0.3 µm alumina greatly increases the 

surface coverage.  Again, the RC time test shows how the smaller particles fill in the 

voids around larger particles even though the deposit density is not greatly increased. 
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Figure 4-25  Transmitted light intensity measured as resistor-capacitor time and 
its dependence on process conditions with alumina as listed in Table 3-3 
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Figure 4-26  Transmitted light intensity measured by resistor-capacitor time with 
1.0 µm alumina 
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4.5.3.3 Adhesion 

A tape test was used to estimate the adhesion of the alumina samples from the 

experiments listed in Table 3-3.  A brayer was also used for these tape test 

measurements so the adhesion pressure and the pull-off angle would remain constant 

for each slide.  The removal percentage, as compared to the deposit density, was 

determined and is shown in Figure 4-27 for each of the six experiments.  This figure 

shows the adhesion is quite strong with the maximum removal of ~8 wt.%, from the 

combined heat and vibration experiment, which had the largest deposit density and 

best coverage. 

Figure 4-28 shows the percent removal for the experiments using 1.0 and 0.3 

µm alumina. This figure shows a significant decrease in removal percent, from ~10.6 

% to ~5.2%, after layering with 0.3 µm alumina.  Again the adhesion is quite strong 

and comparable to that of the 3.0 µm standard experiment. 
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Figure 4-27  Tape test adhesion evaluation for 3.0 µm alumina experiments as 
listed in Table 3-3 
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Figure 4-28  Tape test adhesion evaluation for 1.0 µm alumina experiments 
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4.5.4 Profilometry Results 

The surface roughness of an adhesive affects the adherence of particles of 

different sizes to the surface, as discussed in Section 2.5.2.1.4.  If the surface is rough, 

particles with a diameter greater than the period of the rough surface will not have 

access to the entire surface.  However, this rough surface will accommodate relatively 

small particles.  This difference affects the effective area of deposition for rough 

surfaces because the linear distance may be much greater for small diameter particles 

than that for large diameter particles.   

Profilometry of Positive Cromalin® and various alumina adhered to Positive 

Cromalin® were performed using a Dektak® 3030 Profilometer.  The alumina adhered 

to Positive Cromalin® included 0.3 µm deagglomerated alpha alumina, 1.0 µm 

deagglomerated alpha alumina, 1.0 µm deagglomerated alpha alumina layered with 

0.3 µm deagglomerated alpha alumina, and 3.0 µm alumina.  Figure 4-29 shows the 

profilometry results for a polymerized sample of Positive Cromalin®, in which the two 

scan lengths are shown (1000 and 50 µm).  The 1000 µm scan length was used to 

calculate the root-mean-square (RMS) roughness of the surface (0.38 µm).  Figure 

4-30 shows the surface is relatively flat on the scale of the alumina particles giving the 

same relative area for deposition of 0.3, 1.0 and 3.0 µm sized particles.  As discussed 

in Section 4.5.1, the measured diameters for the 0.3 and 1.0 µm diameter particles 

were 0.48 and 0.70 µm, respectively.  

Figure 4-31 and Figure 4-32 show the surface topography of 0.3 µm alumina 

particles adhered to the surface of the photopolymer.  These figures show a relatively 

smooth surface with a few large deviations from the mean.  The RMS roughness for 
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the 1000 µm scan length, shown in Figure 4-31, was found to be 0.93 µm.  This shows 

a larger deviation from the mean surface value than that of the plain Cromalin® 

sample.  However, Figure 4-32 shows a smooth surface and a uniform deposit on 

Positive Cromalin®.  Figure 4-32 also depicts the size of the small 0.3 µm particles.   

The larger 1.0 µm alumina particles were also deposited on the tacky 

photopolymer and the profilometry results are shown in Figure 4-33 and Figure 4-34.  

The surface is still relatively smooth (RMS = 0.38 µm) with some asperities that have 

a diameter relative to that of the 1.0 µm particles.  Next, the 1.0 µm alumina was 

layered with the 0.3 µm alumina and the results of the profilometry evaluation are 

shown in Figure 4-35 and Figure 4-36.  The topography of this sample is also more 

textured than the smooth 0.3 µm sample (RMS = 0.54 µm), but the bumps appear 

smoother than those with the 1.0 µm sample.   

Figure 4-37 and Figure 4-38 represent the profilometry of 3.0 µm alumina 

deposited on Positive Cromalin®.  These figures show a large increase in the surface 

roughness (RMS = 0.97 µm).  The larger features appear to coincide with the large 

diameter of the alumina sample.  Some flat sections are shown that may be contributed 

to the flatter surface of the hexagonal platelet geometry of the 3.0 µm alumina.  

Figure 4-39 shows the amplitude density of the profilometry 1000 µm scan 

length results.  This figure shows the changes in amplitude with respect to the mean 

surface value.  Although the 0.3 µm alumina sample appears very smooth, the few 

large apparently agglomerated deposits account for the increase in RMS.  Whereas the 

3.0 µm alumina sample shows a larger percentage of peaks deviated from the mean 

value.  
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Figure 4-29  Profilometry of polymerized Positive Cromalin® 
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Figure 4-30  Profilometry of polymerized Positive Cromalin® with particle size 
depiction 
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Figure 4-31  Profilometry of 0.3 µm alumina deposited onto Positive Cromalin® 
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Figure 4-32  Profilometry of 0.3 µm alumina deposited onto Positive Cromalin® 
with particle size depiction 
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Figure 4-33  Profilometry of 1.0 µm alumina deposited onto Positive Cromalin® 
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Figure 4-34  Profilometry of 1.0 µm alumina deposited onto Positive Cromalin® 
with particle size depiction 
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Figure 4-35  Profilometry of 1.0 µm with 0.3 µm alumina deposited onto Positive 
Cromalin®  
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Figure 4-36  Profilometry of 1.0 µm with 0.3 µm alumina deposited onto Positive 
Cromalin® with particle size depiction 
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Figure 4-37  Profilometry of 3.0 µm alumina deposited onto Positive Cromalin® 
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Figure 4-38  Profilometry of 3.0 µm alumina deposited onto Positive Cromalin® 
with particle size depiction 
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Figure 4-39  Amplitude density and root-mean-square (RMS) roughness of 
profilometry 1000 µm scan length results 
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4.5.5 Comparison of Phosphor and Alumina Studies 

The deposit density for all the phosphor samples (~1.23 mg/cm2) was greater 

than for all of the alumina samples (~0.52 mg/cm2) due to the difference in diameter 

range of the two types of particles.  Figure 4-40 shows the deposit density (mg/cm2) 

for the phosphor and alumina variation in process procedure experiments.  The larger 

the diameter, the larger the theoretical deposit density will be for particles with 

equivalent specific gravity values, as described by Equation 2.2 in Section 2.4.8.  As 

the specific gravities of alumina (3.99) and phosphor (4.10) are approximately equal, 

the larger diameter particles will produce a larger theoretical deposit density.  The 

resistor-capacitor time is a relative measurement of the amount of light passing 

through the particle-covered slides.  Figure 4-41 compares the phosphor and alumina 

experimental results from the RC time test.  The RC time results can be compared on 

relative terms, but it is difficult to compare the absolute RC time between the 

phosphor and alumina experiments; the nature of this experiment allows minor 

adjustments in the setup to affect the overall outcome.  The adhesion of particles to 

Positive Cromalin® was evaluated by measuring the mass removal percent of the 

particles through a tape test.  Figure 4-42 shows the percent removal from the tape test 

for the phosphor and alumina experiments.  In this experiment, the removal percent of 

alumina was greater for every process variation than for phosphor which shows the 

alumina particles do not adhere as well to the surface of the tacky photopolymer.   
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Figure 4-40  Deposit density of phosphor and alumina for comparison 
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Figure 4-41  Transmitted light intensity (RC time) of phosphor and alumina for 
comparison 
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Figure 4-42  Weight percent removed of phosphor and alumina for comparison 
 

To summarize the results of the previously discussed experiments, the percent 

change in the deposit density, RC time and removal percent for each of the process 

variations, as compared to the standard experiment, was calculated for the phosphor 

and alumina experiments and are shown in Table 4-1.  The first variation discussed 

was heating the deposits at 45 ºC on a hotplate.  Heating the samples increased the 

deposit density for the phosphor experiments by 8.9 ± 0.5 % and only 1.4 ± 0.6 % for 

the 3.0 µm alumina deposits.  Heating Positive Cromalin® allows it to wet the surface 

of the particles more easily.  As the faceted, spherical phosphor particles sink into the 

Positive Cromalin®, an increased number of particles are able to reach the surface and 

adhere.  However, the 3.0 µm alumina has a hexagonal platelet shape; these plates 

may stack and make it more difficult for particles to reach the surface.  Adding heat 

increased the RC time by 2.0 ± 0.1 % for the phosphor deposits and 3.6 ± 0.2 % for 
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the 3.0 µm alumina deposits.  The increase in RC time indicates that the excess 

phosphor particles adhered to areas that would not have been covered without heating.  

The increase in RC time for the phosphor may be less than that for the alumina 

because a monolayer of the faceted spherical alumina will always have voids and 

pinholes.  The platelet alumina can have some slight stacking, creating less voids.  

Heating the samples had relatively no effect on the removal percent for the phosphor 

and the 3.0 µm alumina experiments.  This result shows that heating Positive 

Cromalin® does not cause a break-down in the material, leading to a lower adhesion.  

Also, the additional particles are adhered to the surface as well as the original particles 

deposited before heating. 

Table 4-1  Summary of deposition experiments 

Variation Particle Type  Deposit 
Density 

Coverage Adhesion

Heat Phosphor + 9 % + 2 % No Effect
  Alumina (3.0 µm) + 1 % + 3 % No Effect
Vibration Phosphor No Effect + 1 % + 70 % 
  Alumina (3.0 µm) + 3 % + 5 % - 20 % 
Heat & Vibration Phosphor + 7 % + 2 % + 30 % 
  Alumina (3.0 µm) + 10 % + 11 % - 40 % 
Pressure Phosphor + 2 % No Effect + 50 % 
  Alumina (3.0 µm) + 4 % + 2 % No Effect
Added Layer Phosphor + 10 % + 9 % No Effect
  Alumina (3.0 µm) + 2 % + 7 % - 20 % 
  Alumina (1.0 µm) + 40 % + 11 % + 50 % 

 

The next tested process variable was exposure to vibration.  The vibration had 

relatively no effect on the phosphor deposits, but increased the 3.0 µm alumina 

deposits by 3.1 ± 0.6 %.  Again, this result may be contributed to the difference in the 
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shape of the phosphor and alumina particles.  The faceted spheres of phosphor flow 

more easily over the surface than the alumina platelets; therefore, the vibration does 

not increase phosphor deposition, but allows the alumina to slide around until it 

becomes adhered to an open section of the adhesive photopolymer. Adding vibration 

increased the phosphor RC time by 1.5 ± 0.1 % and increased the 3.0 µm alumina RC 

time by 5.0 ± 0.2 %.  The increase in RC time for phosphor may be explained by the 

phosphor particles being moved into closer contact with the tacky photopolymer.  

Some particles may be adhered to the surface through a small contact area which 

increases with vibration.  This increase in contact pulls the particles closer together, 

decreasing pinholes and increasing RC time.  The increase in RC time for the alumina 

is inherent with more of the platelets covering more of the Cromalin® surface.  

Vibration caused a decrease in the phosphor removal percent by 70 ± 20 % and an 

increase in the 3.0 µm alumina removal percent by 20 ± 10 %.  The decrease in 

phosphor removal also indicates the particles are creating more intimate contact with 

the surface.  An increase in surface area contacted by the adhesive will increase 

adhesion as discussed in Section 2.5.2.1.5.  The increase in removal of alumina 

suggests the excess adhered particles are not as well attached to the surface.  The 

particles were only capable of finding a small area to contact between the already 

attached particles.  

Alumina and phosphor samples were also exposed to a combination of heat 

and vibration.  Heat followed by vibration increased the phosphor deposits by 7.1 ± 

0.5 % and the 3.0 µm alumina deposits by 10.4 ± 0.5 %.  The increase in deposit 

density for the phosphor samples was less than through heating alone.  This suggests 
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that as some particles became increasingly attached to the surface; others may have 

been pushed out of the way.  This combination of heat and vibration created a large 

increase in alumina deposition.  After softening the tacky photopolymer, vibration 

caused the excess, unattached particles to make contact with the surface.  The 

combination of heat and vibration increased the phosphor RC time by 1.6 ± 0.1 % and 

the 3.0 µm alumina RC time by 10.9 ± 0.2 %.  The increase in phosphor RC time is 

again related to the increase in deposition.  The RC time for alumina had a dramatic 

increase, suggesting this combination allowed some stacking of the alumina, creating 

better coverage of the surface.  The phosphor removal percent was decreased by 30 ± 

20 % from this heat and vibration combination and the 3.0 µm alumina removal 

percent was increased by 40 ± 10 %.  The decrease in the removal of phosphor again 

shows the adhesion between the particles and the surface increased.  This increase in 

adhesion can be attributed to the phosphor particles being moved into closer contact 

with the tacky photopolymer, increasing the surface area contacted by the adhesive.  

Again, an increase in alumina removal suggests that the excess deposited particles are 

not as well adhered to the surface as explained previously.  

Pressure was added as a variable in the deposition process by rolling a 

weighted brayer over the particle covered slides.  Placing extra pressure on the 

deposits during processing increased the phosphor deposit density by 1.9 ± 0.6 % and 

also increased the 3.0 µm alumina deposits by 3.5 ± 0.6 %.  The increase in phosphor 

and alumina occurred because the particles were pressed into the elastic surface, 

allowing more particles to reach the surface.  The pressure had relatively no effect on 

the phosphor RC time, but increased the 3.0 µm alumina RC time by 2.2 ± 0.2 %.  The 
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RC time for the phosphor samples may not have been affected because the vertical 

displacement of particles did not increase the surface coverage.  The platelet geometry 

of the alumina samples allows any increase in deposit to increase the surface coverage 

as the particles may overlap slightly.  When pressure was added as a process variable, 

the phosphor removal percent decreased by 50 ± 20 % and the 3.0 µm alumina 

removal percent was relatively unaffected.  The phosphor particles were pressed into 

the surface of the tacky photopolymer and the contact area was increased, increasing 

the adhesion and decreasing the removal percent.  This added pressure also allowed 

the excess alumina particles to become adhered as well as the initially deposited 

particles.  This is a positive outcome because a larger percentage of alumina was 

deposited and adhered as well as the smaller deposit density. 

The final process variable consisted of layering over the standard experiment 

deposit with smaller diameter particles in an attempt to fill in the voids.  The phosphor 

deposits were increased by 10.4 ± 0.5 % when a layer of ~3 µm phosphor was 

deposited.  The 3.0 µm alumina deposits increased by 2.2 ± 0.6 % when a layer of the 

0.3 µm alumina was added and the 1.0 µm alumina deposits increased by 43 ± 2 % 

when a layer of the 0.3 µm alumina was added.  This was the most effective method of 

increasing the phosphor deposit density because the small diameter particles were able 

to fill in gaps between the larger diameter phosphor particles.  The 3.0 µm alumina 

showed less of an increase in deposit density; this may have resulted from two 

possible factors: the odd-shaped voids left by the platelet-shaped alumina or the 1:10 

size ratio of the particles led to a lower deposit density.  The more spherical 1.0 µm 

alumina showed an extensive increase, suggesting the also spherically-shaped 0.3 µm 
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alumina was able to fill voids between the larger particles.  The phosphor RC time was 

increased by 9.4 ± 0.1 % when a layer of ~3 µm phosphor was deposited.  The 3.0 µm 

alumina RC time increased by 7.3 ± 0.2 % when a layer of the 0.3 µm alumina was 

added and the 1.0 µm alumina RC time increased by 10.7 ± 0.2 % when a layer of the 

0.3 µm alumina was added.  As expected, the RC time for all three sample types 

increased.  This layering is again the best result obtained from the process variations 

for the phosphor samples.  Apparently, this layering technique is quite effective at 

filling in voids left by the larger diameter particles.  Although the 3.0 µm layered with 

0.3 µm alumina did not show a large increase in deposit density, a large increase in 

coverage is clear from the increase in RC time.  The 1.0 µm layered with the 0.3 µm 

alumina also has a large increase in RC time, but perhaps not as large as may be 

expected from the increase in deposit density.  One reason for this result may be the 

small diameter of the particles, as compared to the 4 µm thick photopolymer adhesive 

layer.  These small particles may become embedded in the surface, allowing for a 

larger increase in deposit density but not an equally large increase in RC time.  The 

phosphor removal percent was relatively unaffected by an additional layer of ~3 µm 

phosphor.  The 3 µm alumina removal percent increased by 20 ± 10 % when a layer of 

the 0.3 µm alumina was added and the 1.0 µm alumina removal percent decreased by 

50 ± 20 % when a layer of the 0.3 µm alumina was added.  The relatively unchanged 

removal percentage for the phosphor sample is a positive result because the large 

deposit mass is all well adhered to the surface.  Also, these values have the potential to 

be increased by combining the various additions to the process procedure.  The 3.0 µm 

alumina sample increased in removal percent, suggesting the additional particles did 
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not adhere as well to the surface and the particles in the excess layer were unable to 

come into full contact with the surface.  The 1.0 µm alumina sample removal percent 

decreased as a larger portion of small particles became embedded into the surface. 

From these experiments, using different types and shapes of particles with 

variations in the deposition process procedure, the adhesive nature of Cromalin® and 

the effects of particle shape were studied.  Comparing the results from the phosphor 

and alumina experiments, the following conclusions are drawn.  The deposits of 

different particle diameter distributions showed the optimum ratio is dependent upon 

the sample diameters.  Variations in processing conditions generally increased the 

deposit density and coverage of the samples.  The adhesion varied with the process 

variation and generally increased for the phosphor and spherical alumina experiments 

with increased deposit density and decreased for the hexagonal alumina experiments 

with increased deposit density.  This adhesion phenomenon may be a result of the 

geometries of the different particles; the more spherical particles leave larger voids 

allowing excess particles more access to the surface and the flat hexagonal platelet 

may overlap slightly creating only a small contact area relative to the particle size. 

4.6 Nanometer-Sized Materials Results 

The ability of Cromalin® to bond to and pattern various nanomaterials, 

including nanotubes, nanowires, mesoporous powders, magnetic nanoparticles and 

fluorescent nanoparticles, was studied [4].  Carbon nanotubes, silver nanowires, 

mesoporous silica powder, magnetite nanoparticles and fluorescent zinc 8-hydroxy-

quinoline nanoparticles were simply brushed over the non-patterned surface of 
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Positive Cromalin®.  Figure 4-43 shows an SEM micrograph of ~1 µm length, ~20-30 

nm diameter carbon nanotubes adhered to the surface of and embedded in the tacky 

photopolymer of Positive Cromalin®.  Silver nanowires (~20-50 nm diameter) were 

also adhered to the tacky surface of Positive Cromalin®; Figure 4-44 is an image of 

these wires using an optical microscope [4].  Figure 4-45 shows an SEM micrograph 

of mesoporous silica particles (micrometer-sized grain with nanochannels) adhered to 

the tacky photopolymer.  This micrograph shows that the small particles become 

embedded into the surface and also the thickness of the tacky photopolymer layer 

compared to the small particles.  The adhesion of magnetite (Fe3O4) nanoparticles 

(~10 nm) to Positive Cromalin® is shown in Figure 4-46.  Figure 4-47 shows UCSD 

logos made by patterning Positive Cromalin® and then dusting the patterned surface 

with fluorescent zinc 8-hydroxy-quinoline nanoparticles, which were several hundred 

nanometers in diameter.  Figure 4-47(a) shows the logo before excitation with UV 

light and Figure 4-47(b) shows the logo during UV exposure.  These experiments 

indicate Positive Cromalin® is capable of loading and patterning many different types 

of nanomaterials. 
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Figure 4-43  SEM micrograph of carbon nanotubes adhered to Positive 
Cromalin® 
 
 

 
Figure 4-44  Optical microscope image of silver nanowires and nanoparticles 
adhered to Positive Cromalin [4]. 
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Figure 4-45  SEM micrograph of mesoporous silica powder embedded into 
Positive Cromalin® 
 

 
Figure 4-46  SEM micrograph of magnetite nanoparticles adhered to Positive 
Cromalin® 
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Figure 4-47  UCSD logo patterned on Positive Cromalin® and loaded with 
fluorescent zinc 8-hydroxy-quinoline nanoparticles:  (a) before excitation and (b) 
during excitation (UV exposure) 
 

4.7 Degradation 

4.7.1 Thermal Degradation 

For emissive display screen production, it is ideal if the organic materials used 

to deposit the phosphor are completely degraded by 450 °C, below the softening 

temperature of glass.  Thermogravimetric analysis (TGA) was performed to study the 

degradation of the photopolymer.  The TGA data give the weight of the sample as 

temperature is scanned.  First, the TGA was performed in air with an apparatus at the 

Georgia Institute of Technology.  The positive and negative photopolymers were 

heated at 10 °C/min up to 600 °C.  As shown by the TGA curves of Figure 4-48, 

neither the positive nor negative photopolymer degraded completely by 450 °C.  The 

exposed Positive Cromalin® had a residual mass of ~16 wt.% and the unexposed 

Negative Cromalin® had a residual mass of ~25 wt.% at this temperature.  TGA was 

then performed under argon with an apparatus at the University of California, Los 

Angeles.  Both the positive and negative photopolymers were again heated at 10 
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°C/min up to 600 °C and the results are shown in Figure 4-49.  Again, neither polymer 

was completely degraded at 450 °C. The exposed Positive Cromalin® had a residual 

mass of ~17 wt.% and the unexposed Negative Cromalin® had a residual mass of ~34 

wt.% at this temperature.  The components of the Cromalin® which may contribute to 

the residual mass were tested to determine if further degradation would occur during 

the life of a display screen. 

Degradation data (residual mass vs. temperature) found in the literature for 

polymethylmethacrylate (PMMA), a major component of Positive Cromalin®, showed 

that this compound completely degrades by 450 °C [5].  Unable to obtain TGA data 

for each component of the Tacky Dot® material, pyrolysis tests of compounds (acrylic 

polymer binders, acrylic monomers, chain transfer agent, and sensitizer) comprising 

~70 wt.% of the photopolymer were performed.  The results of these tests are shown 

in Table 4-2.  The residual masses of these components were compared to the ~13.6 

wt.% residual mass of the tacky material pyrolyzed under argon.  The remaining 30 

wt.% (mainly an acrylic monomer and the photoinitiator) was not tested since these 

materials were unavailable.  This pyrolysis evaluation showed that PMMA heated 

under argon at a rate of 10 °C/min almost completely degrades by 450 °C.  With a 

residual mass of ~20 wt.%, pentaerythritol triacrylate (PETA), an acrylic monomer 

comprises ~5.1 wt.% of the Cromalin® residual mass and is therefore, a definite 

contributor to the residue.  The remaining ~8.6 wt.% residual mass of the 

photopolymer comes from the untested compounds which compose ~30 wt.% of 

Cromalin®. 
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Figure 4-48  TGA results of Positive and Negative Cromalin® in air at 10 °C/min 
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Figure 4-49  TGA results of Positive and Negative Cromalin® in argon at 10 
°C/min 
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Table 4-2  Pyrolysis of Cromalin® and its components in argon 

  Compound 

Component % 

Cromalin®  

% Residual 

Mass 

% Residual 

Cromalin®  

Positive Cromalin®  100 13.56 13.56 

PMMA polymethylmethacrylate 28.60 0.16 0.05 

PETA Pentaerythritol triacrylate 25.42 19.97 5.08 

EMK ethyl Michler’s ketone 0.44 0.19 0.00 

LCV leuco crystal violet 0.48 0.02 0.00 

TDMA tetraethylene glycol 
dimethacrylate 

15.78 0.37 0.06 

 

4.7.2 UV Degradation 

The effect of UV degradation on Cromalin® was studied to determine its 

plausibility for use as a substrate for TiO2 particles for environmental remediation 

processes.  The UV degradation would also be important for applications if the 

material is to be stored or patterned.  Many of these processes use UV light to initiate 

catalytic reactions to degrade environmentally harmful wastes.  If Cromalin® is to be 

used in these processes, it must not degrade when exposed to UV irradiation for 

extended time periods.  Also, as many of these processes are water-based, the 

solubility of the material is important.   Some experiments were performed to study 

the behavior of Cromalin® after UV exposure.  The first was an adhesive tape test, 

used to determine if the material became less adhesive after exposure to UV light.  

Then, the solubility of the material was tested using UV-Vis spectroscopy to evaluate 

the effects of UV exposure on the solubility of the material and its components.   
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4.7.2.1 Adhesion of Positive Cromalin® 

The effect of UV exposure on the adhesion of 3.0 µm diameter alumina to the 

photopolymer was tested using an adhesive tape test.  UV exposure was varied (no 

exposure, 1 min, 1 hour, 1 day, 10 days) and a tape test, as described in Section 

4.4.3.3, was performed on each sample.  The results of this experiment are shown in 

Figure 4-50.  It appears the particles adhere more strongly to the Cromalin® from this 

amount of UV exposure.  This observation can be contributed to the alumina particles 

becoming embedded into the Cromalin® which becomes more rigid when polymerized 

through UV exposure.  Figure 4-51 is a plot of the removal percent data as a function 

of the exposure time.  This figure shows the adhesion increases most dramatically 

within the first hour of exposure.  The slight decrease in adhesion seen after one week 

of exposure is still within the error of the results found after one day of exposure.   

Polymerization of Positive Cromalin® proceeds through a chain growth 

mechanism induced by a free-radical initiator.  The net rate of free-radical 

polymerization has been evaluated as the rate of change in monomer concentration [6].  

The weight percent removal as a function of UV exposure does not fit any elementary 

reaction kinetics, so the net rate equation for free-radical polymerization was used.  

Assuming the data follow the rate of change in monomer concentration, ln(A/Ao) vs. 

exp(-t/2) was plotted with Ao set as the initial weight percent removal without UV 

exposure, A as the weight percent removal and t as the UV exposure time.  The R2 

value was determined to be 0.884 which suggests that this rate equation can be used to 

make accurate predictions of the data.  As the monomer concentration decreases, the 
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film becomes increasingly polymerized.  This polymerization creates a rigid surface 

that holds the particles in place.    

Assuming the particle adhesion is affected by kinetics related to the substrate 

surface, the data were plotted using the Michaelis-Menten rate equation in terms of 

substrate concentration or the Langmuir isotherm for adsorption of gas molecules on a 

surface [6].  This equation was evaluated by plotting (Ao – A)/t vs. ln(Ao/A)/t, where 

A is again the weight percent removal and t is the time of exposure to a UV source.  

Although this type of rate equation is generally used for enzymatic reactions or gas 

adsorption, it gives an interesting result; the R2 value is exactly one.   
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Figure 4-50  Effect of UV exposure on adhesion using 3.0 µm alumina 
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Figure 4-51  Effect of UV exposure on adhesion of 3.0 µm alumina over time 
 

4.7.2.2 Solubility of Positive Cromalin® 

The solubility of Positive Cromalin® was tested by placing unexposed samples 

of the Positive Cromalin® on Kapton® into water and acetone.  The solubility of these 

two samples, along with a sample of unexposed polymer on Kapton® were evaluated 

using a UV-Vis spectrophotometer.  The UV-Vis spectra of these three unexposed 

samples are shown in Figure 4-52.  The peaks from the unexposed polymer in acetone 

and water show Positive Cromalin® to be partially soluble in acetone and water. 

Next, to determine which of the components of Positive Cromalin® were 

soluble, the available components were placed, unexposed to UV light, into acetone 

and water.  The UV-Vis spectrum of these components in acetone is shown in Figure 
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4-53.  Comparing this figure to Figure 4-52, shows the components EMK (ethyl 

Michler’s ketone) and LCV (leuco crystal violet) are the components of Positive 

Cromalin® that are soluble in acetone.  The UV-Vis spectra of the tested components 

in water are shown in Figure 4-54.  As suspected, a different set of components 

contribute to the solubility of Positive Cromalin® in water. Comparing Figure 4-54 to 

Figure 4-52 shows TDMA (tetraethylene glycol dimethacrylate) and PETA 

(pentaerythritol triacrylate) are the components of Positive Cromalin® that are soluble 

in water.  
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Figure 4-52  Unexposed Positive Cromalin® 
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Figure 4-53  Positive Cromalin® components in acetone 
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Figure 4-54  Positive Cromalin® components in water 
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UV exposure is known to degrade polymers; therefore, a solubility test was 

performed to study any degradation from UV exposure.  In this test, if a polymer is 

sufficiently degraded, the solubility will increase.  The solubility and possible 

degradation of Positive Cromalin® exposed to UV was tested by comparing samples of 

the material which were exposed to UV light for increasing time increments and 

placed in either acetone or water.  Figure 4-55 shows the effect of UV exposure on the 

solubility of Positive Cromalin® in acetone.  UV exposure is shown in this figure to 

decrease the solubility of Positive Cromalin®.  Since EMK and LCV were the main 

contributors to the solubility in acetone; this decrease in solubility is due to these 

components.  As these components represent the sensitizer and chain transfer agent, 

used during the polymerization of the photopolymer, this decrease in solubility is 

expected.  Figure 4-56 shows the effect of UV exposure on the solubility of Positive 

Cromalin® in water.  This figure also shows a decrease in solubility with UV 

exposure.  This decrease in solubility comes from the polymerization of the 

monomers.  This test did not show any degradation of the photopolymer from UV 

exposure.   

Figure 4-57 shows the decrease in absorbance as a function of time for the 

acetone and water samples.  The peak absorbencies from Figure 4-55 and Figure 4-56 

where taken and plotted against their respective times.  This figure shows the 

solubility decreases rapidly at first with UV exposure and then drops more slowly.  

The absorbance data points taken at 194 nm likely represent the monomers (PETA and 

TDMA) of Cromalin® that were previously determined to be soluble in water.  

Likewise, the acetone data points taken at 358 nm may represent the presence of 
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EMK, the sensitizer.  These data were evaluated using the elementary first and second 

order rate equations.  The R2 values were used to determine if a reasonable 

relationship between the data and rate equations exists.  Next, the net rate for free-

radical polymerization based on the change in monomer concentration was used to 

evaluate the change in solubility with UV exposure [6].  Table 4-3 shows the reaction 

rate and the corresponding R2 values for the water and acetone values.  All of the 

tested rate equations give reasonable predictions for the data.  The change in solubility 

of the water-soluble monomers is predicted best by the second order equation and the 

acetone-soluble sensitizer is best fit by the nonelementary rate of change in monomer 

concentration. 

Although these UV degradation experiments are limited in the exposure time 

and lamp intensity, the results show a decrease in solubility which implies the 

photopolymer does not break down after one week of exposure to a 15 W actinic 

source.  These results are promising for the environmental remediation process 

application and suggest UV exposure polymerizes the water soluble monomers and 

increases the adhesion strength by hardening around the attached particles. 
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Figure 4-55  Effect of UV exposure on Positive Cromalin® in acetone 
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Figure 4-56  Effect of UV exposure on Positive Cromalin® in water 
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Figure 4-57  Effect of UV exposure at peak wavelengths 
 

Table 4-3  Comparison of kinetic models 

Rate Equation X-axis Y-axis R2 (Water) R2 (Acetone) 
1st order t ln(A/Ao) 0.9789 0.6134 
2nd order t 1/A 0.9897 0.9289 
Net rate Exp(-t/2) ln(A/Ao) 0.9167 0.9963 

 

 

This chapter, in part, has been submitted for publication of the material as it 

appears in the Journal of the Electrochemical Society, 152, H178, Hurt, Michielle; 

Talbot, Jan B., 2005 and SID Symposium Digest 36, 487, Hurt, Michielle; Talbot, Jan 

B., 2005.  The dissertation author was the primary investigator and the co-author of 

these papers. 
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5 Conclusions 

A photopolymer patterning procedure was developed to deposit and pattern 

particles onto the tacky photopolymer Cromalin®.  The photopolymer was found to 

absorb light in the 340 – 370 nm wavelength range through UV-Vis evaluation.  The 

minimum line width resolution of Positive Cromalin® was found using the USAF 

1951 resolution target to be ~19.7 µm.  The Ugra plate control wedge 1982© showed a 

resolution of 70 µm.  Both of these resolution tests gave a resolution lower than that of 

the ~76 µm line width of a Trinitron CRT screen.  This resolution may be improved 

by using a mercury lamp and more accurate time control during exposure.    

Phosphor was used in deposition and adhesion experiments to determine 

whether Positive Cromalin® could be used to pattern screens for CRTs and other 

emissive displays.  The largest deposit mass of phosphor using 80% ~6 µm ZnS: Cu 

and 20% ~3 µm ZnS: Cu was found to be 0.90 mg/cm2.  This deposit also had a 

relatively lower amount of light transmitted through the phosphor covered slide (136 

cd/m2) than the other size distribution deposits.  For comparison, the transmitted 

intensity of a slide only coated with Positive Cromalin® is 697 cd/m2.  Varying the 

patterning procedure of Nichia phosphor gave the highest deposition (1.40 mg/cm2) 

when the larger diameter (~6 µm) phosphor layer was followed by a layer of smaller 

diameter (~3 µm) phosphor.  This procedure also gave the highest resistor-capacitance 

(RC) time in the transmitted intensity test (1782 µs), meaning this layering process 

had the least amount of light transmitted through the sample.  Although, this process 
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procedure gave the largest percent phosphor removed (4.0 ± 0.6 wt.%) with the ~50 N 

tape test, this small amount is comparable to the standard experiment and suggests that 

adhesion of the particles to the tacky polymer is sufficient for the patterning of CRTs 

and other emissive displays.  The limitation of these phosphor experiments comes 

from the deposit density.  This could possibly be improved by using Positive 

Cromalin® with a thicker layer of the tacky photopolymer which would allow for 

multiple layers of phosphor to be deposited.  Another possible solution may be to add 

a layer of Cromalin® after phosphor deposition and then deposit more phosphor onto 

the screen.  A final solution may be to combine more of the patterning variations, such 

as, added pressure with layering. 

Experiments were then performed using alumina powders to evaluate 

differences in deposition and adhesion resulting from different particle shapes and 

narrow particle size distributions.  The result of depositing a mixture of 3.0 µm 

diameter alumina particles (80%) with 0.3 µm diameter alumina particles (20%) gave 

a deposit density of (0.28 ± 0.03 mg/cm2) and a packing fraction, assuming identical 

spherical particles, of (0.43 ± 0.05).  This compares to a deposit density of (0.10 ± 

0.02 mg/cm2) and packing fraction of (0.4 ± 0.1) for a 20% mixture of 3.0 µm 

diameter alumina particles with 80% 0.3 µm alumina particles.  When varying the 

patterning procedure of 3.0 µm diameter alumina, the combined heat and vibration 

experiment gave the highest deposit density (0.56 mg/cm2).  This experiment also 

gave the highest RC time (1560 µs), followed by the layering with 0.3 µm diameter 

alumina (1510 µs).  The combined heat and vibration experiment also had the highest 

alumina removal percent (7.5 wt.%).  This value, considering the ~50 N force of the 
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tape test, is still quite low.  Adding a layer of 0.3 µm alumina to previously deposited 

1.0 µm alumina increased the deposit density to 0.219 ± 0.002 mg/cm2, a 43 ± 2 % 

increase.  The RC time for this experimental variation increased by 10.7 ± 0.2 % to 

1230 µs and the removal percent decreased by 50 ± 20 %. 

Various types of nanomaterials, including carbon nanotubes, mesoporous silica 

nanoparticles, silver nanowires and magnetic magnetite nanoparticles were adhered to 

Positive Cromalin®.  These particles were shown to become adhered and embedded 

within the tacky photopolymer layer.  Patterning of these nanoparticles was also found 

to be successful. 

Multiple adhesion mechanisms may contribute to the adhesion of numerous 

particle shapes and compositions to Positive Cromalin®.  The elastic behavior of 

adhesives and in this case, unexposed Positive Cromalin®, allows particles to become 

completely or partially embedded into the tacky photopolymer layer.  This intimate 

contact allows surface forces, such as van der Waals, to act at the interface of the 

polymer and adhered particle, as described by the adsorption or thermodynamic theory 

of adhesion.  This elastic behavior also allows for a larger surface area of the particle 

to become in contact with the tacky polymer as it deforms around the particle and into 

cavities.  The mechanical theory of adhesion is also relevant.  As a particle becomes 

embedded in the elastic polymer surface of tacky Positive Cromalin®, it becomes 

trapped.  The polymer may then be hardened through polymerization by UV 

activation.  The particle is then mechanically interlocked into the hardened polymer. 

The degradation and solubility of Positive Cromalin® was evaluated to 

determine the plausibility of its use for display screen production and environmental 
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remediation processes.  Thermal degradation of Positive Cromalin® showed ~83-86 

wt.% of this photopolymer is degraded when heated to ~450 °C, below the softening 

temperature of glass.  Although the material does not completely degrade by this 

temperature, it may be possible to use a getter to absorb any evolved gases during 

CRT operation.  UV degradation of the tacky photopolymer was not seen after one 

week of exposure to a 15 W UV source.  This UV exposure caused the alumina 

particles to adhere more strongly as shown by a decrease in the percent removal over 

time.  This percent removal had a minimum after one day of exposure (3.5 ± 1.4 

wt.%).  The solubility of Positive Cromalin® also decreased with UV exposure.  This 

decrease occurred most rapidly within the first hour of exposure.  These UV 

degradation experiments are limited in the exposure time and lamp intensity.   

Overall, the tacky photopolymer, Positive Cromalin® was found to have 

excellent qualities and potential for use in the screening of phosphors for emissive 

displays, depositing photocatalysts for use in environmental remediation processes, 

and for adhering nanomaterials for use in developing nanocomposites. 
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6 Recommendations for Future Work 

Future characterizations of DuPont Cromalin® should include further adhesion 

measurements using an AFM in tapping mode.  This would allow for measurement of 

the attractive force when the tip is brought close to the polymer surface and also the 

force to pull the tip off of the tacky photopolymer.  This experiment would allow for a 

more quantitative analysis of pull off force and work of adhesion.  Presently, however, 

this method is only capable of measuring pull off forces up to 1000 nN.  

The resolution of Positive Cromalin® could be found more accurately in the 

patterning experiments with exposure with a mercury lamp and a more accurate time 

control.  Although the currently observed resolution is comparable or slightly better 

than the current CRT resolution, a more accurately determined resolution may allow a 

better understanding of the extensive possibilities of patterning with Positive 

Cromalin®, including high resolution screens.  

A better analysis of the decomposition of Cromalin® components could be 

found through thermogravimetric analysis (TGA) of the components in an oxygen-

containing environment, which may reduce the residual mass.  This analysis should 

also include a longer soak time, at least one hour.  In the current CRT manufacturing 

process the screens are allowed to remain at ~450 °C, allowing for further degradation 

of the organic materials. 

UV radiation experiments using a mercury lamp and longer exposure times 

would give a better understanding of the photodecomposition of Cromalin®.  It may be 

valuable to perform experiments with longer exposure times and a more intense light 
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source to determine at what point this organic material is decomposed by actinic 

radiation. 

The plausibility of using Positive Cromalin® for protein patterning should be 

tested.  By patterning the photopolymer before adhering it to a silicon substrate, a 

patterned silicon substrate could be obtained.  The protein would then only attach in 

the areas not covered by polymer. 

 

 

This chapter, in part, has been submitted for publication of the material as it 

appears in the Journal of the Electrochemical Society, 152, H178, Hurt, Michielle; 

Talbot, Jan B., 2005 and SID Symposium Digest 36, 487, Hurt, Michielle; Talbot, Jan 

B., 2005.  The dissertation author was the primary investigator and the co-author of 

these papers. 

 

 




