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ABSTRACT 

Optimization of dichromated gelatin (DCG) film coatings for holographic 

recording is presented. The Taguchi optimization method is applied to DCG film 

coatings to obtain high uniformity. Two-level factorial design is used to optimize 

the emulsion curing conditions for high diffraction efficiency. Film thicknesses rang

ing from 6.0 to 23.4 fim are obtained with uniformities between 4.0 and 8.0 %. Peak 

diffraction efficiencies between 87.0 and 96.9 % axe obtained using the optimized 

curing conditions. A possible holographic formation mechanism is introduced and 

experimental results for shrinkage and swelling are summarized. Both reflection 

type substrate mode holograms and polarization selective transmission type holo

grams are fabricated using optimized films. An improved Brewster angle method is 

also used to obtain an accurate measurement of the refractive index of DCG films, 

which are important in the design of holographic optical elements. 
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CHAPTER 1 

INTRODUCTION 

1.1 Historical Background of Dichromated Gelatin Film Plate for Holo

graphic Recordings 

The light sensitivity of dichromated gelatin (DCG) was discovered by 

Suckow in 1830 [Kosar, 1965]. In one DCG film the areas exposed to light are 

hardened and become less soluble than the unexposed areas. The unexposed areas 

can be washed away and as a result the surface relief structures can be formed. 

These characteristics have been widely used for printing and photography. The 

use of DCG to produce surface relief holograms followed from its use in printing 

applications. 

A volume phase holograms recorded in DCG film was discovered by Shankoff 

[Shankoff, 1968]. The efficiency of a hologram recorded in DCG could be greatly 

increased by treatment with isopropanol immediately after washing in water, and 

that high efficiency was also obtained from DCG films hardened before process

ing to minimize surface distortion. A detailed description for phase holograms in 

dichromated gelatin was described by Meyerhofer [Meyerhofer, 1972], [Meyerhofer, 

1977]. This volume phase recording process has become the method of choice for 

DCG holographic recordings. 

One method for preparing DCG holographic film is to extract silver halide 

from a photographic emulsion such as Kodak 649F spectroscopic plates and then 

sensitizing with ammonium dichromate. Experiments leading to a procedure which 

has given good results in the production of holographic optical elements (HOEs) 

using DCG films derived from Kodak 649F plates have been reported by Case 

[Case, 1976] and Chang and Leonard [Chang and Leonard, 1979]. A simplified 

DCG hologram recording process has also been reported by Georgekutty and Liu 

[Georgekutty and Liu, 1987]. 
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Investigations show that DCG is one of the most important holographic 

recording materials. This is due to its excellent optical properties, such as, ex

tremely high transparency, low optical noise, and high diffraction efficiency [Newell, 

1987], [Pawluczyk, et al., 1988], [Syms, 1990]. However, further investigation of 

DCG is required because there are still unsolved issues, such as, obtaining repeat-

able results, homogeneous surfaces, and understanding the hologram formation 

mechanism. 

1.2 Various Methods of DCG Film Plate Fabrication 

There are no really available commercial DCG films. However, DCG films 

can be obtained by two major methods. One is by removing silver halide from 

commercially available Kodak 649F photographic plate and then sensitizing with 

ammonium dichromate. The other is by coating dichromated gelatin solution onto 

a substrate. Suitable coating methods are casting [McCauley et al., 1973], spinning, 

spraying and dipping [Brandes, 1969], and doctor-blading [Sjolinder, 1981]. Rod 

coating is also possible method for DCG film plate fabrication. 

Coating films of DCG solutions onto a glass substrate involve the selection 

of a coating method that gives good quality control with regard to film unifor

mity, thickness, exposure and development characteristics. The doctor blade, spin, 

and dip coat techniques are widely used methods. Spinning is also a well known 

technique for photoresist coating. However, it is relatively difficult to obtain high 

uniformity for the thick DCG films (5 - 25 /mi). 

1.3 Merits of Spin Coatings 

The main advantage of spin coating is that the film thickness can be made 

uniform and repeatable once the spinning process is optimized. Different thick

nesses can be obtained by varying the concentration of DCG solutions and spinning 

rate. Spin coating is also a relatively quick procedure for making thick films. 
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1.4 Goals of The Thesis 

The main goals of this thesis are to optimize the spin coating techniques 

to obtain high uniformity DCG film plates, optimization of curing conditions for 

high diffraction efficiency holograms, and the design and fabrication of HOEs using 

optimized DCG film plates. 

1.5 Report Outline 

In chapter 2, the characteristics of basic materials (gelatin and ammonium 

dichromate) used for DCG coatings are introduced. Also, the dynamics of DCG 

spin coating are presented. A procedure for an experimental design to optimize the 

uniformity of DCG spin coated films is treated in chapter 3. In chapter 4, the defi

nition of diffraction efficiency based on coupled wave analysis is introduced. Then, 

the optimization of curing conditions for high diffraction efficiency holograms is 

treated and a possible holographic formation mechanism for DCG holograms is 

explained In addition the results of the effects of pH are presented and experi

mental results for the film swelling and shrinkage are summarized. In chapter 5, 

an improved Brewster angle method is presented to obtain an accurate refractive 

index measurement for spin coated DCG film. The design examples of both re

flection type substrate mode hologram and S-P (TE-TM) selective hologram are 

presented. Finally, the overall results are summarized in chapter 6. 

1.6 Contributions 

The contributions of this research axe, 

1) Establishment of optimized DCG spin coatings for high uniformity emulsion 

layers. 

2) Accomplishment of optimized curing conditions for high diffraction efficiency 

holograms formed in spin coated DCG films. 

3) Summary of a possible hologram formation mechanism. 
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4) Summary of the important role of pH and finding the importance of isoelec

tric point (IEP) of gelatin in DCG process. 

5) Improvement of the Brewster angle method to obtain an accurate refractive 

index measurement. 

6) Applicable examples of HOE design method. 
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CHAPTER 2 

BASES FOR SPIN COATINGS OF DCG 

Spin coatings of dichromated gelatin (DCG) require special controls in ob

taining holographic films of good uniformity. One of the most important consider

ations in DCG solutions for spin coatings is the basic emulsion material, gelatin. 

It has a relatively low viscosity compared with other photosensitive materials such 

as photoresist, and makes spinning difficult. The low viscosity of gelatin requires 

l o w  s p i n n i n g  r a t e s  t o  o b t a i n  t h i c k  h o l o g r a p h i c  f i l m s  ( 4 0  -  2 0 0  R P M ,  5 - 2 5  / / m )  

compared with rates for photoresists (3000 - 7000 RPM, 0.2 - 7.5 /zm). In ad

dition to low viscosity, it is a complicated organic material and very sensitive to 

environmental changes. The addition of ammonium dichromate, used to sensitize 

the gelatin film also affects the coating process. As a result, spin coating DCG 

solutions requires precise control of experimental variables, such as temperature, 

relative humidity, pH, material concentrations, and spinning speed. Therefore, in 

order to optimize spin coated DCG emulsions for holographic recordings, it is nec

essary to understand the basic material characteristics of gelatin and ammonium 

dichromate and their effect on spin coated films. 

In this chapter, the general characteristics of two key materials, gelatin and 

ammonium dichromate, are introduced in the view of the spin coating process. The 

dynamics of DCG spin coated films for holographic recordings is also presented. 

2.1 Gelatin 

2.1.1 Properties 

Gelatin is a heterogeneous mixture of water-soluble proteins with high aver

age molecular weight [Budavari, 1989]. It contains 9 to 10 % water under ordinary 

conditions of temperature and humidity, and has a relative density of 1.3 to 1.4. 

When immersed in water, gelatin swells and absorbs 5 to 10 times its weight in 

water, and forms a gel at temperatures lower than 35 - 40°C. When heated above 
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40° C, the swollen gel becomes a solution. Gelatin is also soluble in solutions of 

polyhydric alcohol, such as glycerol and propylene glycol. It is insoluble in most 

organic solvents such as benzene, petroleum ether, pure alcohol, acetone, carbon 

tetrachloride, carbon disulfide, etc. [GMIA, Inc., 1973]. 

Dry gelatin stored in air-tight containers at room temperature remains un

changed for long periods of time. When heated in air above 100°C, it swells, 

becomes soft and breaks down into mixtures of pyridine and ammonia and finally 

to a carbonaceous mass. Pure solutions of gelatin can be stored indefinitely at cold 

temperature, but at elevated temperatures the solutions are subjected to hydrolysis 

or rupture of peptide bonds, with an increase in the number of free amino groups. 

Gelatin molecules range in size from a few molecule groups to the huge 

collagen chain from which it was derived. In other words, gelatin is not a single 

chemical entity but a generic term used to describe a mixture of different molecules. 

These molecules are composed entirely of amino acid radicals joined together by 

peptide links to form linear polymers , which vary in molecular weight from about 

15,000 to 300,000. The average molecular diameter is about 14 A and the length 

is about 2850 A, so that the molecule looks like a long rod [James, 1977]. 

Since gelatin is derived from collagen, it is properly classified as a protein 

compound. It behaves as a protein in chemical reactions and can be hydrolyzed 

by most of the proteolytic (hydrolysis of proteins or peptides) systems to yield 

its peptide or amino acid components. Its basic functional group has the general 

formula as shown in Fig 2-1 (a). Here, R' is one of many different amine acid 

residues. It is composed of 50.5 % carbon, 25.2 % oxygen, 17 % nitrogen and 

6.8 % hydrogen. By interconnections of their amine and carboxyl groups these 

amino acids form polypeptide chains of various lengths, of the schematic structure 

as shown in Fig 2-1 (b). 

Several properties of gelatin make it an excellent binder for classical photo

graphic layers. When spread on the plane surface of a substrate it forms uniform 
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Fig. 2.1 Gelatin structures, (a) Chemical formula for gelatin, 
(b) Schematic structure for polypeptide chains. 
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transparent layers with a refractive index in the dry state near that of plastic and 

glass (i.e. around 1.5). Since it is permeable to aqueous processing solutions and 

dries to an optical quality layer, it is possible to conduct aqueous processing oper

ations such as developing bleaching, fixing and washing to form the photographic 

or holographic images. 

2.1.2 Manufacturing Process 

A brief review of the gelatin manufacturing process is now presented. This 

will help in understanding the properties of gelatin and the differences which exist 

between its several types and grades [GMIA, Inc., 1973]. 

The chief raw materials used in gelatin manufacture are selected from cattle 

bones, hide pieces — which becomes so called Type B gelatin — and from fresh 

or frozen porkskins — which becomes so called Type A gelatin. The production 

of gelatin begins with the refinement of these collagen-bearing materials. These 

substances also include other tissue constituents, such as minerals from the bone, 

fats and albuminoids from skin. Removal of extraneous substances by chemical 

and physical treatment leaves a purified, insoluble collagen which is then converted 

to soluble gelatin by treatment with hot water. 

For Type B gelatin, bones are first demineralized with dilute acid to remove 

calcium salts, primarily the phosphate. After such treatment bone collagen is 

known as "ossein". From this point on both ossein and hide pieces receive the 

prolonged action of calcium hydroxide (lime) and water which dissolves and removes 

most of the extraneous matter such as keratin, globulins, mucopolysaccharides, 

albumins and elastin. Ammonia is evolved during this liming procedure and this 

is probably due to hydrolysis of amide groups in the collagen. The collagen is 

next washed thoroughly with cold water, the pH adjusted with acid to compensate 

the excess alkalinity, and the product heated with water in extraction kettles to 

convert collagen into soluble gelatin. Several hot water extractions are made, and 

are designated as "first run", "second run", etc. [personal talk with Mr. Busscher 

from Grayslake Gelatin Co.]. 



19 

In general, gelatin made from the first extraction exceeds later extractions in 

jelly strength. The dilute gelatin solution from a hot water extraction is pressure-

filtered, concentrated by vacuum evaporation, and filtered again to prepare it for 

final drying. The warm solution is then cooled almost to its congealing point, 

poured onto a conveyer belt, and immediately transferred to a refrigerated chamber 

where it is chilled rapidly forming a gel. This jelly sheet is subsequently transferred 

to wire screens and dried in warm air ovens. The rate of drying must be closely 

regulated so as to avoid melting and hardening. When moisture in the gelatin 

sheet has been reduced to about 10%, the gelatin is removed from the oven in 

sheet form, which may then be coarsely broken in a hammer mill to give flake 

gelatin, or pulverized to form granulated gelatin. The dried gelatin is finally tested 

for different material properties. 

For Type A gelatin, porkskins are washed with cold water and then soaked 

in cold dilute mineral acid until maximum swelling has occurred. They are next 

washed with cold water to remove excess acid and are finally extracted with hot 

water for conversion to gelatin. The process from this point is similar to that 

already described for lime processed Type B gelatins. 

Throughout the entire process several precautions are taken to insure the 

purity of the gelatin. Aluminum and stainless steel equipment is commonly em

ployed, and contamination by impure chemicals bacteria and proteolytic enzyme 

are carefully monitored [GMIA, Inc., 1973]. 

2.1.3 Gelatin Characterization 

1) Viscosity 

The low viscosity of a gelatin has a major effect on spin coating quality. The 

viscosity is a measure of resistance to fluid deformation when a tangential force is 

applied. The viscosity of gelatin is measured by determining the time for 100 ml of 

a 6.67 % solution of the gelatin in water at 60°C to flow through a special type of 

pippet viscometer. The viscosity of water is 1.002 cps [centipoise] at 20°C, where 
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poise is defined as dyne-sec/cm2 or gm/cm-sec, whereas gelatin samples for DCG 

spin coatings have a viscosity around 35-55 mps [millipoise] at 60°C. For liquids, 

viscosity arises mainly from the cohesive force of molecules and is dependent on 

temperature. The temperature dependence of viscosity for gelatin will be discussed 

more in section 2.3. 

2) Jelly Strength (Bloom) 

Gel formation, although not fully understood, is believed to result from 

hydrogen bonding between gelatin molecules. Some gelatins of higher gel strength 

may have lower viscosity values than gelatins of lower gel strength. The molecular 

weight distribution seems to play a much more important part in the effect on 

viscosity than it does on gel strength. Since gelatin is used in many products for 

its gel-forming quality, the quantitative measurement of this property, called Bloom 

or gel strength, is a very important indicator for the amount of gelatin required for 

a given purpose. 

The gel strength as determined by the Bloom Gelometer is a measure of 

the rigidity of a gel formed from a solution of definite concentration and prepared 

according to standardized conditions. The standard procedure is to prepare a water 

solution containing 6.67 % gelatin in a special, wide mouth bottle, which is then 

placed in a chill bath maintained at 10±0.1°C for 17 hours. At the end of this time 

the firmness of the resulting gel is measured by the gelometer. The bloom unit is 

a measure of the force (weight) required to depress a prescribed area of the surface 

of this sample a distance of 4 mm. 

3) pH and Isoelectric Point 

Typical pH values for type A gelatin is 3.8 - 5.5, and 5.0 - 7.5 for Type B. 

Typically, the pH is measured in a gelatin solution concentration 1.5 % by weight 

at a temperature 25 °C. These pH values are determined by the raw materials and 

manufacturing process. 
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Gelatin solutions can have either acidic or basic properties depending on 

the pH of water used in preparing it. In a strongly acidic solution the gelatin is 

positively charged, and the gelatin molecule will migrate as a cation (+) in an 

electric field (Fig. 2.2(a)). In a strongly alkaline solution it is negatively charged, 

and will migrate as an anion (—) as shown in Fig.2.2(a) [Kowalski, 1972]. The 

intermediate point, where the net charge is zero and no movement occurs, is known 

as the isoelectric point (IEP). In other words, IEP is the pH at which a substance 

is electrically neutral. 

Type A gelatin (processed in an acidic solution) has a broad isoelectric pH 

range from 7.0 to 9.3, while Type B gelatin (lime processed) has an IEP pH region 

between 4.7 to 5.3. Equilibrium between the ionized acid and basic groups at the 

isoelectric point results in strong intramolecular attractions which make the gelatin 

molecules curl up, but at other pH values they remain stretched as shown in Fig. 

2-2 (b). This clustering or stretching out influences the physical and mechanical 

properties of the gelatin, and therefore leads to considerable variations of the vis

cosity of gelatin solutions. The viscosity reaches a very pronounced minimum at 

the isoelectric point as shown in Fig. 2-2 (c). 

4) Ash 

The ash content of gelatin is determined by the type of gelatin and the 

method of processing. Porkskin gelatins (Type A) contain small amounts of chlo

rides or sulfates. Ossein gelatins (Type B) contain calcium phosphate. Typically 

Type A gelatins contain less ash content than Type B, and edible gelatins usually 

have less than 2 % ash content. More than 2 % indicates that there are inorganic 

residues from raw gelatin or processing chemicals. 

In manufacturing, ion-exchange procedures for demineralizing or deashing 

gelatin have been employed. Hence, treated gelatins require more control in man

ufacturing and axe used in special applications in which especially high quality 

materials are required, such as photographic or holographic films. 
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COOH NH3
+ NH3* COOH COO" NHt NH3
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in acid medium at isoelectric point in alkaline medium 
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Fig. 2.2 pH dependence of gelatin, (a) Ionization of gelatin, (b) pH effect on 
gelatin molecule configuration (two different stretches may be caused 
by two different viscosities), (c) Effect of pH on the viscosity of gelatin 
solutions (Type B gelatin). 
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2.1.4 Specifications for Sample Gelatins 

Most of gelatin samples used in the experiment were produced by Grayslake 

Gelatin Co. Table 2.1 represents typical properties of gelatin used for experiments. 

The values were obtained from Grayslake Gelatin Co. 

Table 2.1 Analysis for Gelatins 

5261 
Type B 

5215 
Type B 

GG748-OH 
Type A 

10474 
Type A 

Gel Strength 
(grams) 

225 230 225 303 

Viscosity 
(mps) 

52 42 37 49 

PH 5.6 5.3 5.2 4.8 
Moisture 

(%) 
10.20 10.00 8.75 8.4 

Ash 
(%) 

1.25 0.75 0.70 0.75 

2.2 Ammonium Dichromate 

Photosensitive layers can be formed by adding water soluble chromates or 

dichromates to the gelatin. Among several photosensitizing materials, ammonium 

dichromate seems best suited for making holographic recording films. Ammo

nium dichromate consist of orange-red crystals, which are ordorless and non-

hydroscopic, and are unaffected by exposure to air and light. In aqueous solution 

saturation occurs with 30.8 grams of ammonium dichromate per 100 ml at 15°C, 

and 89 grams per 100 ml at 30°C. The high solubility of ammonium dichromate in 

water permits high concentrations in the presence of colloids without crystallizing 

when the coated layer is dried. This might be one reason for ammonium dichromate 

to have slightly higher sensitivity than other sensitizing materials [Kosar, 1965]. 

The chemical formula for ammonium dichromate is (NHLĵ C^Ot, and has 

a molecular weight of 252.10. It consists of Cr 41.26 %, H 3.20 %, N 11.11%, 0 



24 

44.42 %, and is prepared from ammonium sulfate and sodium dichromate or by 

the interaction of ammonia gas and chromic acid in solution. A 1 % solution has 

a pH of 3.95 and a 10 % solution has a pH of 3.45 [Budavari, 1989]. The pH of 

DI water, which is used to make solution, is typically between 4.5 and 6.0. These 

lower pH values are very important for maintaining high quality sensitized layers 

because the spectral sensitivity of DCG film is maximum in lower pH regions. 

It is poisonous so it needs special care. Dermal contact with dichromate 

solutions normally used in the photographic or printing industry can cause painful 

skin sores. It is irritant in action and can produce dermatitis and local ulceration 

to a serious degree. 

2.3 Dynamics of Spin Coating 

Spin coating is one of the best techniques for coating thin, uniform, organic 

films. This method is used widely with optical recording media to coat photoresist 

masters, organic recording layers, and other layers of various kinds [Marchant, 

1990]. 

The spin coating process is a complex interplay of physical effects as shown 

in Fig 2.3. The major dynamic factors are centrifugal force, viscosity, hot air 

flow speed and evaporation. Spinning low viscosity DCG solutions at low RPM is 

greatly influenced by the air flow speed and temperature. To improve the initial 

distribution of DCG solution over the plate, the solution is dispensed in a zig-zag 

form on the glass. 

In typical spinning case, the dynamic balance of viscosity and centrifu

gal force creates a vertical gradient in the radial fluid velocity (v) distribution 

[Marchant, 1990], which is given by, 

dv _ (6 - z)pru2 

dz T) ' 

where, 8 is the film thickness, p is the density, r  is the radial location on the plate, 

rj is the solution viscosity and u> is the angular rotation rate. 
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Fig. 2.3 Spinning mechanism for DCG films. 
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If the thickness is assumed independent of r ,  then the thickness distribution is 

given by 

here, t is the effective time for spinning. 

The film thickness quickly approximates a constant value and the time t can 

be interpreted as the elapsed time from the beginning of the spinning cycle to reach 

this value. Initially, drying rate is insignificant compared with the rate at which 

solution spins off the disk. However, as the coating becomes thinner, the drying 

rate increases, while the viscous flow slows down. Eventually, drying dominates 

and the entire film suddenly gelifies. In our case, the hot air flow may contribute 

to this drying process significantly, and continued spinning will not affect the final 

thickness. 

For liquids, viscosity arises mainly from the cohesive force of molecules. 

With the rise in temperature, the cohesive force in liquid decreases and so does 

the viscosity. The variation of the viscosity of a liquid with temperature may be 

approximated by an exponential equation of the form [Roy, 1988], 

where, A and B are constants and T is the absolute temperature. This relation 

indicates that a temperature increase reduces the viscosity and the final spin coated 

film thickness. At a nominal temperature of 40° C the viscosity will change by about 

0.5 % with a 1°C variation in T for the viscosity 40 mps case [Roy, 1988]. Thus, a 

0.5 % viscosity change and a 1 °C variation in T results in a thickness change of 

about 0.3 % according to equation (2.2) with typical coating parameters; 77 = 40 

mps, p = 1.3, oj = 27r(80 RPM), and t = 30 sec. 

The humidity and other environmental conditions can also affect the final 

thickness by changing the drying rate. Optimization of spin coatings for uniform 

films and experimental quantification of thickness distribution will be presented in 

Chapter 3. 

(2.2) 

r j  =  AeB 'T ,  (2.3) 



27 

CHAPTER 3 

OPTIMIZATION OF DCG SPIN COATINGS 

FOR HIGH UNIFORMITY FILMS 

In this chapter a procedure for an experimental design of multiple input and 

output variables is presented. This method is applied to optimize DCG spin coated 

films to obtain high uniformity. 

3.1 Experimental Design 

The design begins by screening potentially important variables to establish 

the sensitivity of the output parameters to changes in their value. After establishing 

a useful set of variables, they are set into a statistical model based on two-level 

factorial or Taguchi methods for multivariable experiments [E.I. Dupont, 1975], 

[Dehnad, 1989]. A typical sequence of events axe summarized in Table 3.1. 

Table 3.1 Steps in Research Experimentation 

Starting Point 

i 
An apparatus or pilot process 

that embodies a new 
basic concept 

Step 1 
(Screening Experiment) 

! 

Identify key variables 

Step 2 
(Limited Response Surface) 

1 

Predict the linear effects 
and interactions by the typical 

factorial design 

Step 3 
(Response Surface Experiment) 

1 

Develop higher quality 
prediction equations 

Ending Point Summary of 
obtained information 
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3.2 Primary Approaches for Finding Optimum Spin Coatings 

The low viscosity of DCG solution requires a very low spin rate (40 - 200 

RPM) to get thick holographic films (5 - 25 ^m). This low viscosity and low 

spinning rate make the spin coatings extremely difficult for high uniformity films. 

In addition, gelatin is a very complicated organic material and changes to liquid 

at temperatures near 35 to 40°C. Therefore, a special type of spinner and spinning 

conditions are necessary to obtain optimum spin coatings. Also, other factors such 

as non-uniformity, gelification by abrupt temperature drop, and uncleanliness of 

film caused by contamination during process, have to be considered. 

After several spin coating trials, several critical factors were identified and 

incorporated into the procedure: 1) Constant spin speed is necessary for uniform 

coatings in the 40 - 400 RPM range. 2) A glass syringe gives the most consistent 

result for depositing the DCG solution in a zig-zag form on the 4 by 5 inch plain 

glass substrate. 3) The spinner was levelled precisely to obtain uniform coatings 

within ± 0.5 fxm. DCG solution must be kept in a hot water bath above 35 - 40°C 

to remain in a solution state. 4) Air flow over the coated plate is also an important 

factor for obtaining uniform films. 5) Heated air was forced over the coating plate 

during spinning. 6) The spin coating environment must be kept clean. This was 

accomplished with a class 100 clean cabinet placed over the spinner with a HEPA 

filter (Terra Universal Inc., Filter Element 100). The particle count was monitored 

with Climet Particle Counter and kept to a class 100 standard. 7) Finally the glass 

substrate had to be cleaned to enhance adhesion of the gelatin. Plates were first 

scrubbed with a soap solution then ultrasonically cleaned followed by a soft bake 

at 50°C for about 20 minutes. 

In the screening experiment, the code [ammonium dichromate-gelatin-DI 

water] = [10-30-250] in gram weight gave the good uniformity as shown in Table 

3.3. The lower concentration of gelatin gives the lower viscosity. The temperature 

during pouring was fixed around 40°C. The viscosity variations according to the 

small temperature variations are not severe. Thus, the uniformity and the thickness 
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of spin coated film is almost insensitive in that small temperature variations as 

shown in Section 2.3. 

After standardizing these parameters the following parameters are the most 

important to be optimized to provide high uniformity films. 

1) Hot fan position; 

2) Hot air flow speed and temperature; 

3.3 Optimization for High Uniformity Films 

3.3.1 Introduction 

Through screening experiments hot fan position and air flow speed were 

found to be the most important variables for high uniformity films in spin coatings 

of DCG solution. The air flow can be adjusted from low to high speed at every 

position of hot fan. The air flow speed is distributed from 100 to 580 feet per 

minute on the 4x5 inch glass substrate as hot fan speed and position varies. 

The distribution of temperature on the surface of 4x5 inch glass substrate 

is dependent on the hot fan position and air flow speed, and also it is dependent 

on the environmental temperature. When the air flow speed increases the temper

ature decreases. The temperature in front of hot fan is usually maximum. The 

temperature distribution on the 4x5 inch glass substrate is from 32.2 °C to 46.3 

°C as air flow speed varies from 100 to 580 feet per minute with a hot coil at room 

temperature. The distributions of air flow speed and temperature are monitored 

by a digital air velocity meter (Kurz Instrument Inc.). In order to quantify these 

distributions, the coordinates were established in the given spinner space as shown 

in Fig. 3.1. Four of their distribution cases are shown in Fig. 3.2(a) - (d). There 

may be an optimized point between the centrifugal force (caused by spinning) and 

the air flow force for obtaining high uniformity films. 

The goal for this optimization of hot fan position and air flow speed is to 

obtain uniform DCG films of different thicknesses by varying the spin rate. That 

is, obtaining the uniform DCG films which are robust to spinning rate (RPM) is 
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one of the most important considerations. It is also important that the thickness 

variation is minimized over the surface of the 4x5 inch plate. 

3.3.2 Optimization Approach and Experiment 

For this experimental design, the Taguchi's design is best suited because 

multiple input variables and output variables have to be examined [Dehnad, 1989]. 

Taguchi's design uses a fractional factorial method which; 1) makes experimental 

results insensitive to design factors, 2) makes experimental results insensitive to 

the variation of secondary variables, 3) minimizes mean square error about the 

goal value, and 4) gives consistent and reliable results [Box, et al., 1987]. 

For problems of this kind the Taguchi method usually employs designs ob

tained by multiplication of an inner array (design variables) and an outer array 

(secondary variables). Each experimental run provides elements for the inner ar

ray. Typically the primary design factors axe varied over a large range. The other 

array elements correspond to interaction of secondary factors when the secondary 

factors are varied (Table 3.2). 

The experiment was performed by varying the air flow speed (AFS) and the 

hot fan position (HFP) (Fig. 3.2(a) - (d)). The resulting film must be uniform and 

not sensitive to the spinning rate (RPM). In addition the resulting uniformity must 

stay within a narrow range of values determined from sampling points located on 

an inner and outer circle (10) in a film as shown in Fig. 3.3. 

Four settings were chosen from 24 different air flow speeds and hot fan 

position settings in the screening experiments. Each setting forms different distri

butions of the air flow speed and temperature on the 4x5 inch glass substrate as 

shown in Fig.3.2(a) - (d). Table 3.2 shows the data used for the experiment chosen 

from four experimental runs. 

Each factor is tested at a high level indicated by H and a low level indicated 

by L as shown in Fig.3.2(a) - (d). The inner array values AFS and HFP are 

increased and decreased as shown on the left hand side of the table. At the top of 
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the table a second factorial design (outer array) is shown for the secondary factors 

RPM and 10. The numbers listed in Table 3.2 are the film uniformity values defined 

Uniformity(%).d^7'-d»—'xXOO, („ 
d(thinnest) 

where d is the emulsion thickness. 

Table 3.2 Data from the film uniformity robustness experiment 

Design Variables Secondary Variables 

(inner array) (outer array) 

RPM L L L H H H 

IO L H CE L H CE 

Run AFS HFP 

1 L L 2.4 4.8 9.6 4.0 2.9 9.6 

2 L H 0.6 1.6 8.8 5.4 3.6 11.1 

3 H L 4.9 2.2 4.6 1.8 1.7 5.2 

4 H H 3.5 2.4 14.2 2.7 4.0 10.0 

AFS; air flow speed 

HFP; hot fan position 

RPM; spining rate, revolutions per minute 

(L; 60, H; 100 RPM) 

IO; sampling points located on inner or outer circle of a film 

(L; inner circle, H; outer circle, 

CE; average value between inner and outer thickness measurements) 

Here, the numbers denote uniformity. 
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Hot fan speed control part 

fan speed 
increase 

hot fan 

6 O'clock air flow 

inch 10.5 

4 by 5 inch 
glass 

. substrate 

(a) 

(inch) 

7.3 
6.8 

4 by 5 inch 

glass 
substrate 

2.3 

(0,0) 2.1 6.1 7.1 x 
(inch) 

(b) 

Fig. 3.1 Established coordinates for the quantification of experimental 
variables. ^ Qross sectional view, (b) Top view. 

* Hot fan speed is controlled by the clockwise scaled knob. 

© ; Denotes the center of hot fan. 
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M ^edge; 310(238) ,40.7°b 

(b) 

Fig. 3.2 Air flow speed and temperature distribution on the 4 x 5 inch glass 
substrate. 
(a) at AFS High and HFP Low. (b) at AFS High and HFP High, 
(c) at AFS Low and HFP Low. (d) at AFS Low and HFP High. 
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Fig. 3.3 Sampling points of thickness measurement 
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In this experiment eight different spin coated films were obtained at each 

combination of design variables (inner array) and secondary variables (outer ar

ray). The emulsion uniformity was evaluated by measuring the film thickness d. 

Film thickness measurements were performed with a Tancor Alpha-Step surface 

profiler. This instrument measures the surface profile of a sample with a mechan

ically tracked stylus. It has an accuracy of about 1 % on each scale, i.e., ± 0.1 

fim in the 10 /jm full scale setting. Nine grooves were made in the films coated 

on 4x5 inch plain glass plates (PPG Glass Co.) as shown in Fig.3.3. Each groove 

has a cut of approximately 0.5 to 1.5 mm wide and about 1 inch length into the 

emulsion. The stylus is positioned on one edge of the groove and tracked across to 

the other edge. Thickness measurements were performed one or two days after the 

film was coated and cured. Film thicknesses can vary by 10 or 15 % according to 

environmental conditions during curing and storage. 

3.3.3 Experimental Results 

This experiment is designed to find the highest uniformity over the full range 

of secondary variables (RPM, 10). Therefore, run number 3 with AFS high (H) 

and HFP low (L) (refer Table 3.2 and Fig. 3.2(a)) gives the best results, that is, 

the uniformity is high even when the secondary variables RPM and 10 change. 

After determining the optimum hot fan position and air flow speed as men

tioned in the previous paragraph, several different film thickness values were estab

lished. They were obtained by varying the concentration of DCG and spinning rate 

(RPM) at the optimized hot fan position and air flow speed setting. A summary 

of these parameters are given in Table 3.3. The emulsion thickness variation with 

spinning speed is shown in Fig. 3.4. The uniformity for the optimized films is 

usually less than 4 % (calculated the worst case among eight grooves located on 

inner or outer circles on the emulsion as shown in Fig. 3.3). 
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Table 3.3 Summary of Experiment for getting uniform thickness- 6 

set#; [Code] Uniformity(%) 6(nm), (rpm) T(°C) 
10th; [10-30-250] 3.6 8.5 (80) 40 
14th; [10-30-250] 8.3 6.3 (100) 40 

?> 7.3 8.5 (80) 40 
?J 6.5 9.5 (60) 40 

15th; [8-30-150] 8.3 20.1 (100) 40 
5) 4.9 21.1 (80) 40 

4.3 23.4 (60) 40 
16th; [8-30-150] 4.1 12.4 (200) 45 

6.0 15.3 (120) 45 
5? 6.5 17.4 (100) 45 

17th; [10-30-250] 8.8 6.0 (120) 40 
6.2 8.4 (80) 40 

M 7.1 8.7 (80) 40 
17th; [20-30-250] 8.1 6.5 (120) 40 
18th; [20-30-200] 7.6 6.8 (200) 45 

55 6.8 7.6 (160) 45 
5? 6.0 8.7 (120) 45 
5? 6.7 10.7 (100) 45 

• Uniformity; calculated the worst case among nine grooves (Fig. 3.3). 

• Usually the thickness measurement from the center groove gives the worst 

uniformity. The center area will not usually be used to record holograms. 

• T(°C); temperature during applying DCG solutions on the substrate. 
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Fig. 3.4. Film thickness as a function of spin rate. 
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3.4 Optimized Spin Coating Process 

An optimized spin coating process for high uniformity film can now be es

tablished. This process is fairly good for research conditions, however, it may need 

more work for mass production. A summary of the optimized spin coating process 

is as follows; 

I. SUBSTRATE PREPARATION 

1. Clean the plates with soap and warm tap water and then rinse them. 

2. Clean the ultrasonic cleaner and fill it with warm tap water up to 1 inch 

from the top and add a capful of Branson ultrasonic cleaning solution. 

3. Run ultrasonic cleaner for about 5 min. until all the bubbles are out. 

4. Suspend the plates in the cleaner and ultrasonically clean them for 5 min

utes. 

5. Remove the plates from the cleaner and hold them vertically over the sink 

and rinse with warm tap water severely and rinse with DI water, making 

sure that water runs off easily and uniformily. 

6. Remove water spots by shaking plates. 

7. Place plates vertically in 55° C oven to bake for 20 min. 

II. DCG FORMULA 

1. Soak X g of gelatin in Y ml of distilled water for 20 min. at room tempera

ture, mix very slightly every 5 minutes. 

2. Warm the mixture in a 60°C bath until the gelatin is fully dissolved , stirring 

often to prevent the gelatin from clumping (Dim Red Light). 

3. Dissolve Z g of ammonium dichromate in the solution for 10 min (Dim Red 

Light). 

4. Cool the solution to 40°C under the clean hood (Dim Red Light). 
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III. DCG FILM MAKING 

(Safe Red Light) 

1. Center warm substrate on vacuum chuck and apply the vacuum. 

2. Use a glass syringe to uniformly apply 15 ml of solution to the 4x5 glass 

substrate with zig zag motion. 

3. Spin coat the solution for 5 min. at XX rpm. 

4. Remove the plate and let it dry horizontally in the laminar flow clean hood. 

5. Bake the plate at 50°C for 20 min. in the oven and store it in the humidity 

control chamber with a YY % relative humidity. 
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CHAPTER 4 

HOLOGRAMS FORMED WITH SPIN COATED FILMS 

In this chapter, the results of using optimized spin coated DCG emulsions 

for recording holographic gratings axe presented. To obtain higher diffraction 

efficiency^), it is also necessary to optimize the emulsion curing conditions. A 

theoretical model describing diffraction efficiency is presented. Then, the opti

mized conditions for curing emulsions to obtain maximum diffraction efficiency is 

explained using a two-level factorial design. The characteristics of transmission 

holograms formed in spin coated gelatin film plates and Kodak 649F photographic 

plates are compared. Also, the photographic hardening mechanism of DCG films 

and the possible mechanism of holographic formation, DCG spectral sensitivity, as 

well as the phenomena of swelling and shrinkage for spin coated DCG films are 

presented. 

4.1 Diffraction Efficiency Based on Coupled Wave Analysis 

The analysis of light diffraction from volume gratings can be explained us

ing approximate coupled wave theory [Kogelnik, 1969]. This theory assumes that 

diffraction occurs at or near Bragg condition, and that only a reconstruction beam 

R, and one diffracted beam S exist within the gratings. It also assumes that higher 

diffraction orders can be neglected. 

The underlying assumptions of the approximate coupled wave theory are; 

1) the grating index modulation is small compared to the average refractive index; 

2) absorption per wavelength is very small; 3) second-order derivatives of the field 

amplititudes are neglected (weak coupling); and, 4) the electric field vector of the 

waves are polarized either perpendicular or parallel to the plane of incidence, i.e., 

the cross coupling of polarization state are not considered. 
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The grating diffraction efficiency is defined as the diffracted optical power 

over the incident power. For transmission type phase gratings (Fig. 4.1), the 

diffraction efficiency 77 is given by 

here, 

1 = ̂  + • (""J 

7rnl(1 tA 1 L\ v = T7 wa' (4-16) A(c^cs)1/2' 

2 cs' 
£ = ^ (4.1c) 

and 

cR  -  y = cos 0, (4.2) 

cs = = cos 6 — cos (4.3) 

<"—2=  ̂

(«) 

where A is the wavelength in free space, k is coupling coefficient which describes 

the coupling between the reference wave R and the signal wave S, n\ is the spatial 

modulation of the refractive index, j3 is the average propagation constant, CR and 

cs are obliquity factors as shown in Fig.4.1 (b), 1? is the dephasing measure, and 

the other parameters are defined in Fig. 4.1 (a) and (b). 

For unslanted, lossless transmission gratings reconstructed at the Bragg an

gle, the diffraction efficiency rj becomes 

(4-6) 
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n—ci

te) 

The grating parameters are; 
6 : angle of incidence in the medium 
K: grating vector, perpendicular to the fringe planes 
A: grating space 

0: slant angle 
d: grating thickness 

(After Kogelnik, BSTJ, 1969) 

(b) 

Fig. 4.1 Model for volume phase transmission hologram, (a) Model of a thick 
hologram grating with slanted fringes, (b) Pand <5 > the propagation 
vectors of the reference wave R and the signal wave S, and their rela
tion to the grating vector & . 
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4.2 Optimization of Environmental Variables to Obtain Maximum 

Diffraction Efficiency 

4.2.1 Introduction 

The film prehardening (or initial bias hardening) state is dependent on the 

curing conditions of the film after coating the film and before holographic expo

sure. The hardening can be evaluated by either swelling ratio or melting point 

[Samoilovich, 1980]. If the initial hardening is too high, the refractive index modu

lation (ni) will be reduced, and if it is too low, the gelatin will be partially dissolved 

during development and increases scatter. [Georgekutty and Liu, 1987], [Chang, 

1980]. Therefore, prehardening is one of the main factors governing the diffraction 

efficiency [Samoilovich, 1980]. 

The initial bias hardness may be optimized at slightly higher than a dissolv

ing (threshold) hardness of DCG layer because the bias hardness can be further 

controlled during the development process. The film thickness (d), relative humid

ity (RH), and curing time (Te) can be optimized to find the prehardening state to 

give maximum diffraction efficiency (77). In addition to high diffraction efficiency 

the curing conditions must be optimized to reduce emulsion thickness variation 

(swelling ratio, Ad/d). This is necessary to reduce Bragg angle shifts. 

The diffraction efficiency ij(%) is defined by, 

TJ(%) =  dlffracted) x 10O, corrected for surface reflection losses, (4.7) 
•••(incident) 

and the swelling (or shrinkage) ratio Ad/d(%) is defined by, 

^4(%) = ^(after process) ~ ^(before process) ^ ^ 

d d(before process) 

where d is the emulsion thickness. 

In this section an optimization method which examines the multiple input 

variables (d, RH, Te) and output variables (77, Ad/d) will be presented. 
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4.2.2 Optimization Approach 

For this optimization experiment, a two-level factorial design is used because 

the effects of several factors must be estimated simultaneously [EI DuPont, 1976] 

[Kostuk, 1991]. Information about interaction of several output parameters can 

also be examined with this method. This optimization is executed by making 

experimental runs with all combinations p-factors with I levels per factor. The 

number of experimental runs required is N = lp. In particular, for two levels and 

p factors, the number of required runs is N = 2P. This two-level factorial design is 

highly useful for a wide variety of problems. 

For the factorial design, three input parameters are used; therefore, eight 

experimental runs are required. Runs are conducted with the combinations shown 

in Table 4.1, where Xi = d, X2 = RH, X3 = Te. H indicates a high variable level 

and L indicates a low level for each independent input variable. The thickness d fol

low level was about 6.2 - 6.3 /zm and high level 7.5 - 7.8 fim. The relative humidity 

RH for low level was about 20.0 - 35.0 % and high level 55.0 - 58.1 %. The curing 

time Te for low level was about 10:00 - 15:00 hours and high level 23:00 - 25:00 

hours. All low (L) and high (H) levels were chosen from the results of screening 

experiments. The results (responses) of the factorial design axe diffraction efficiency 

77 (Yi) and swelling ratio Ad/d (Y2) as shown in Table 4.2. 

The relative effects of different levels on the above response parameters are 

obtained by; 1) summing the response values corresponding to high level values, 

2) summing the response values corresponding to low level values, 3) taking the 

difference of these sums, and 4) dividing the difference by the number of high (or 

low) level values (four in this case). This procedure is carried out for each column 

of input parameters (X;) including those for interactions between combinations 

of individual parameters (X,Xj and X1X2X3). If the result is a positive number 

then increasing the input level will increase the output parameter as long as the 

response-to-input parameter relation is still linear. Negative numbers indicate the 

opposite dependence on the input parameter. 
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Table 4.1 Two-level factorial design for three input variables 

Run Xi x2 x3 X!X2 XxX3 X2X3 X!X2X3 

1 L L L H H H L 

2 L L H H L L H 

3 L H L L H L H 

4 L H H L L H L 

5 H L L L L H H 

6 H L H L H L L 

7 H H L H L L L 

8 H H H H H H H 

X,-; input variable 

X,X?', X1X2X3; combinations of input parameters 

4.2.3 Experimental Results and Discussion 

Data for this optimization design are shown in Table 4.2 and the brief sum

mary of individual experiments is in Table 4.3. Tabulated results (Table 4.2) show 

that the relative humidity RH has the most significant effect on diffraction effi

ciency; however it has little effect on thickness variation after hologram formation. 

A thicker film gives slightly lower diffraction efficiency and more swelling with 

the same input conditions (RH and Te). A longer curing time produces higher 

diffraction efficiency and a small change in thickness. 

However, the interaction effect between thickness and relative humidity pro

duces higher diffraction efficiency and decreases thickness change. The combined 

results of relative humidity and curing time show the biggest decrease in thickness 

change and a small increase in diffraction efficiency, but the higher RH and Te may 
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Table 4.2 Data from the improving r j  experiment 

Input Parameters Output Parameters 

XI x2 x3 YI Y2 

Run d RH Te n Ad/d 

1 L L L 68.8 13.1 
2 L L H 71.3 6.0 
3 L H L 71.7 28.4 
4 L H H 88.1 1.8 
5 H L L 44.6 20.5 
6 H L H 56.1 17.3 
7 H H L 80.7 19.3 
8 H H H 92.2 6.3 

Effect Interaction Effect 

d RH Te d-RH d-Te RHT e d-RHTe 

n -6.6 23.0 10.5 13.1 1.0 3.5 -3.5 
Ad/d 3.5 -0.3 1.8 -5.8 4.4 -7.3 2.4 

d ; film thickness, before process 

RH; relative humidity 

Te; curing time, time duration after spinning before exposing 

77; diffraction efficiency defined in eq (4.7) 

Ad/d; swelling ratio defined in eq (4.8) 
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cause crystalization of chromium and gives less diffraction efficiency (refer to Sec

tion 4.5). 

These results indicate that the optimum prehardening conditions should 

have high RH, and longer Te. In summary, the results of the factorial design to 

optimize curing conditions are 

1) Relative humidity: 50 % < RH < 60 % ; 

2) Curing time: Te ^ 24:00 hours; 

3) Film thickness: 6.0 < d < 9.5 pm. 

A film thickness is chosen which gives a diffraction efficiency greater than 87 % 

and less than 7 % change in thickness. The resulting peak diffraction efficiency at 

these conditions is between 87.0 and 96.9 %. 

Table 4.3 Brief Summary of Experiment for improving 77 

set # >?(%) Ad/d (%) d(^m) RH(%) Te(hrs) 
20th 89.6 0.7 7.5 50.0 23:30 

5) 56.1 17.3 7.5 35.0 23:30 
89.8 -2.7 6.3 50.0 23:30 
56.1 6.0 6.3 35.0 23:30 

21st 67.3 7.9 7.9 55.0 5:15 
23rd 87.3 -1.6 7.7 72.0 15:55 

>5 44.6 20.5 7.7 20.0 15:55 
84.3 6.6 6.2 72.0 16:25 

JJ 68.8 13.1 6.2 20.0 16:25 
24th 75.4 19.3 7.8 58.1 10:27 

67.4 28.4 6.2 58.1 10:27 
25th 89.4 0.9 7.8 58.0 24:20 

88.1 1.8 6.2 58.0 24:20 
26th 90.2 12.5 9.0 53.0 25:05 

87.0 6.7 7.7 53.0 25:05 
28th 92.2 6.3 7.8 58.0 25:40 
30th 96.9 ~7.0* 7.8 57.4 24:00 

*; This value was deduced from other results. 
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4.2.4 Experimental 

The DCG concentration was fixed at [Ammonium dichromate-Gelatin-DI 

water] = [10-30-250] in gram weight. A Type B gelatin was used for these ex

periments with characteristics as shown in Table 2.1 (Lot #5215). The spinning 

variables were set at the optimized conditions obtained in Chapter 3. The spinner 

and emulsions were kept under a class 100 cleanhood. After baking all the plates 

at 55°C for 20 minutes (section 3.4), the emulsions were cured to optimize the 

prehardening state by controlling relative humidity (RH) and curing time (Te). 

RH during curing was controlled using a desiccator CaCl2 (RH 31.0 % in satura

tion state) in one beaker and water in another beaker in a sealed enclosure. The 

films were cured for about 24 hours. This method kept the RH at a target value 

(between 50 and 60 %) ±3% during the curing period. After prehardening, a back 

coating was applied to the glass side of film plates to limit the multiple reflections 

during exposure. The time duration between exposure and development was kept 

to a minimum. 

Unslanted transmission holograms were fabricated for these experiments. 

The recording geometry for fabricating holograms is shown in Fig.4.2. Holograms 

were recorded on spin coated DCG films with the 488 nm wavelength light from a 

Spectra Physics Model 2020 argon ion laser. The laser beam was spatially filtered 

with a 40x microscope objective lens (NA 0.65) and 10 fim pinhole P\. The di

verging beam is then collimated with lens L (f = 250 mm, f/10). Beam uniformity 

in exposure plate is less than 5 %. The beam splitter BS splits the beam into 

two paths, which are directed with mirrors M\ and M2 to the recording plate H. 

Mirrors M\ and M2, and the beam splitter have a rated surface quality of A/10. 

Each construction beam angle was 41° relative to the normal of the holographic 

plate. The exposed beam diameters are controlled by two adjustable irises .ASi 

and AS2 placed close to the recording plane. Exposure duration is controlled with 

an electronic shutter S. 
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Fig. 4.2 Optics Arrangement for Hologram Recording 
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For consistency, all holograms used in a comparison were processed with 

development solutions from the same chemical stock, and holograms were kept 

for about 24 hours at room temperature and relative humidity under 40 % before 

measurements. The procedures used for holographic development axe listed in 

Table 4.4. 

Table 4.4 Development procedures 

1. Agitate plate in a 25°C solution of Kodak fixer A (100 ml) with hardener 

(fixer B 13 ml) and photoflo (2 ml) in 285 ml DI water for 3 minutes (Total 

400 ml solution). 

2. Agitate plate in 25° C DI water for 30 seconds. 

3. Agitate plate in a 65°C solution of 50 % isopropyl alcohol and 50 % DI 

water for 30 seconds. 

4. Agitate plate in 25°C DI water for 30 seconds. 

5. Agitate plate in 65°C isopropyl alcohol (100%) for 30 seconds. 

6. Agitate plate in 65°C isopropyl alcohol (100%) for 30 seconds. 

7. Bake plate at 70°C for about 10 minutes. 

4.3 Comparisons between 649F plate and spin coated plate 

The Kodak 649F plate is the most widely used commercially available film 

for recording holograms in DCG layer. According to the Inspec Data Base, at least 

285 papers about DCG holograms have been reported since 1960, almost all of 

them are related to Kodak 649F plate. Therefore, a brief comparison between the 

Kodak 649F plate and a spin coated plate will help to show the performance level 

of both emulsions. 

The process for holographic fabrication with the Kodak 649F plate is com

plicated [Meyerhofer, 1972], [Case, 1976], [Georgekutty and Liu, 1987] compared to 
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the optimized process for the spin coated plate shown in Section 3.4 and 4.2.4. The 

shelf life of Kodak 649F plate after presensitizing is very short (usually, less than 

a day) compared to the spin coated plate (about one month). Spun film plates 

which were kept for one day, two weeks and four weeks in the dark state under 

RH 40 % at room temperature showed almost the same diffraction efficiency. The 

film thickness of Kodak 649F plate is fixed around 15 fim. However, the thickness 

of optimized spin coated film can be chosen between 6 and 23 /xm for the spe

cific purpose (thicker than 10 /jtm films may need another optimization for curing 

conditions). 

Unslanted transmission holograms were formed on Kodak 649F emulsions 

and spun emulsions with a 30° interbeam angle in air. Holograms on Kodak 649F 

plates are fabricated by the simplified processing [Georgekutty and Liu, 1987] (sen

sitized with 5 % ammonium dichromate and kept for 19:00 hours after presensitizing 

under RH 40 %) [O'Connor, 1989]. The maximum diffraction efficiency of spun 

emulsions was 92.7 % at 20 mJ and the maximum of Kodak 649F plate was 91.0 

% at 35 mJ. Many experimental results show that the first peak of diffraction effi

ciency as a function of exposure energy in spin coated film appears earlier (around 

10 - 30 mJ) than the peak in 649F plate (around 35 - 80 mJ). 

The diffraction efficiency as a function of reconstruction angle in the air is 

shown in Fig. 4.3. The angular bandwidth according to the film thickness varia

tions corresponds well to the theoretical calculation, i.e., if the thickness decreases 

the angular bandwidth at FWHM increases. Two dotted lines show the angular 

sensitivity of the optimized spin coated plates at two different thicknesses, 7.7 fj,m 

and 9.6 ^m, respectively. The solid line shows the angular sensitivity of the typical 

Kodak 649F plate. 
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Fig. 4.3. Angular sensitivity for different thickness holograms. 
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4.4 Hologram Formation Mechanism 

4.4.1 Crosslinking and Hardening 

As mentioned in Sect. 2.1, when gelatin granules are dissolved in water and 

heated to about 35 - 40° C a colloidal solution is formed which gels when cooled. 

In the absence of hardening agents this process is entirely reversible. Thin dried 

gelatin films obtained from the colloidal solution remain fragile and are easily torn 

or scratched. The introduction of hardeners to the gelatin solution not only make 

the gel insoluble at higher temperatures, but reinforces the mechanical strength of 

gelatin layers. 

The gelatin hardening mechanism is complex, but a simple approximation 

can yield a useful model. Hardening results from the formation of crosslinking 

between the reactive groups of the gelatin molecules and depends on the pH of the 

gelatin solution (refer to Fig. 2.2(a)). The degree of stretching or clustering of 

the molecules (refer to Fig 2.2 (b) and (c)) is determined either by intramolecular 

crosslinking formed at the isoelectric point or by intermolecular crosslinking at 

other pH values as illustrated in Fig.4.4 [Kowaliski, 1972]. 

Inorganic as well as organic compounds can harden the gelatin. The most 

frequently encountered inorganic hardeners are alums and chromium salts, whereas 

aldehydes make up the most common organic hardeners. Hardening with inorganic 

salts produces crosslinking between ionized carboxyl groups. Chemical analyses 

have demonstrated that the addition of chromium salts to a gelatin solution results 

in the formation of the structure as shown in Fig.4.5 over a considerable pH range 

[Kowaliski, 1972]. When hardening occurs in a solution which is too acidic, the 

hardening reaction is slow and incomplete. On the other hand, if the pH is too high 

the rate of diffusion of the inorganic ions through the gelatin layer is insufficient. 

Between the two extremes, there is an optimum pH to give a proper hardening. The 

optimum pH is a function of the types of chromium salts, concentration, charac

ter and environmental conditions (relative humidity and temperature) [Kowaliski, 

1972][Mazakova, 1982][James, 1977]. 
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Fig. 4.4 Intermolecular bond formation in the neighbourhood of 
the isoelectric point, and generation of intermolecular bonds 
at other pH levels. 
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Fig. 4.6 Organic Hardening (a) Hardening with Aldehydes (pH>8.5). 

(b) Hardening with Dialdehydes (giutaraldehyde). 
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Hardening with aldehydes (organic hardening), on the contrary, occurs by 

the formation of crosslinking between the amino groups of the gelatin, and is 

schematically represented by the reaction shown in Fig 4.6 (a). The group — 

NH—CH2—NH— would serve as a crosslink, which would increase the rigidity 

of the gel and raise the melting point. Dialdehydes such as glyoxal, glutaralde-

hyde and succinaldehyde react in similar fashion with gelatin, but they form more 

complete crosslinks as shown in Fig. 4.6 (b) [Kowaliski, 1972]. 

The presence of a hardening compound during the development process, 

which has been correctly buffered at the intermediate pH range, increases the me

chanical strength of the layers. Hardening, however, is complete only after drying, 

which may cause the formation of numerous additional crosslinks and forming a 

solid tridimensional lattice [Nakashima, 1975][Kowaliski, 1972] [Samoilovich, 1980]. 

Since the pH is one of the most important factors in DCG holographic 

recordings, it must be monitored throughout the chemical development process. 

The pH of most solutions used in the process are summarized in Table 4.5. The 

pH is measured with a pH Wand (Cole-Parmer MN-05830-00) after calibrating it 

with standard buffer solutions, pH 4.01 and pH 7.00. 

Table 4.5 pH of Various Solutions 

Tap 
Water 

Disti
lled 

Water 

Fixer 
A, B & 
Photo-

flo 

50% 
Iso-

propyl 
Alcohol 

100% 
Iso-

propyl 
Alcohol 

pH 7.57 4.52 4.19 5.58 6.78 

Gelatin 
Type 

A 

Gelatin 
Type 

A 
(IEP) 

Gelatin 
Type 

B 

Gelatin 
Type 

B 
(IEP) 

De-
ionized 
Water 

pH 4.9 -
5.3* 

7.0 -
9.3* 

5.3-
5.6* 

4.7-
5.2* 

5.07 

*; values are obtained from gelatin company 
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4.4.2 Possible Mechanism for Hologram Formation 

The mechanism of hologram formation is still controversial even though nu

merous investigations have been reported [Lin, 1969], [Curran and Shankoff, 1970], 

[Meyerhofer, 1972], [Case, 1976], [Chang, 1980], [Samoilovich, 1980], [Sjolinder, 

1981]. It is believed that a photochemical hardening reaction takes place during 

the exposure. The hexavalent chromium ion (Cr+6) is either directly or indirectly 

photo-induced to the trivalent ion (Cr+3). This ion is thought to act to form a 

crosslink between carboxylate groups with neighboring gelatin strands as shown in 

Fig. 4.5. The holographic recording in DCG occurs by inducing a modulation of 

gelatin hardness (crosslinking density) which may be regarded as a latent image. 

During development a further crosslinking (either organic or inorganic) may occur. 

After development this modulation appears as high refractive index modulation in 

the layer forming the volume hologram. This high refractive index modulation may 

be caused by the variation in density of gelatin enhanced hardness (depending on 

exposure) during development [Chang, 1980], [Samoilovich, 1980]. 

The remaining chemicals with crosslinked results formed by exposure will 

swell differently between exposed and unexposed areas during washing in DI water. 

As a result differentials in density of a swelled gelatin structure will be induced. 

During dehydration in isopropyl alcohol the density ratio between exposed and 

unexposed areas is probably enhanced. These enhanced state of densities may 

be dependent on the state of original crosslinked density and the state of final 

dehydration or substitution with isopropyl alcohol. The state of final dehydration 

or substitution with isopropyl alcohol may be further controlled by the baking or 

drying conditions [Wreede, 1989]. 

4.5 Spectral Sensitivity 

In dichromated gelatin emulsions, the photo-sensitive dichromates are effi

cient absorbers of light from ultraviolet to about 550 nm wavelengths. The local 

maximum of spectral sensitivity by ammonium dichromates is at A = 367 nm and 
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the minimum is near A = 580 nm as shown in Fig. 4.7 [Kosar, 1965]. In practice, 

however, dichromated gelatin holograms are usually recorded with either the blue 

line (488 nm) or the green line (514.5 nm) of the argon laser. The relative spectral 

sensitivity of dichromated gelatin at wavelength 488 nm is five times higher than 

that at wavelength 514.5 nm. However, much efforts have been done to increase 

the spectral sensitivity of DCG at longer wavelengths by adding suitable dyes, such 

as thiazine, methylene blue, and methylene green [Graube, 1978], [Ose, 1979]. 

The concentration of dichromate ion in the gelatin solution has a marked 

influence on the sensitivity of the coated layer as shown in Fig. 4.8. In practical 

applications a commonly used ratio of ammonium dichromate to gelatin is 1 : 3 by 

weight (Table 4.6). Often ratios range from 1 : 20 to 1 : 2. The limit of dichromate 

concentration in gelatin is determined by the concentration at which crystals form 

in the dried film. 

The light absorption of chromate and dichromate ions differs, and the photo

chemical reactions of dichromate and chromate ions are dependent on the hydrogen 

ion concentration. Thus, the spectral sensitivity of dichromated gelatin layers will 

be influenced by pH variations. At a wavelength of about 490 nm the amount of 

energy needed to harden the DCG layer is about 25 % higher at pH 7.6 than pH 

at 5.6 [Kosar, 1965]. 

The amount of water left in the gelatin layer has a great influence on the 

light sensitivity of the coating and retards or accelerates the hardening process. 

Also, the exposing energy has to be changed to compensate for the effects caused 

by changes in relative humidity. When the humidity is high, the sensitivity to light 

is also high. On the other hand, completely dehydrated coatings do not show any 

light sensitivity [Kosar, 1965]. 
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4.6 Swelling and Shrinkage 

During the hologram fabrication process, dichromated gelatin emulsions will 

typically either swell or shrink. The relative swelling or shrinkage depends on the 

sensitizer (in this case, ammonium dichromate) concentration, pH of the gelatin 

[Grant & Jones, 1982], pH of solutions for development, curing conditions (relative 

humidity and temperature), primary film thickness and the hardening state of holo

gram area (amount of exposed energy). With higher concentration of ammonium 

dichromate, the emulsion after development and baking will not swell as much, and 

in some cases even shrink. When the relative humidity (RH) during curing is high, 

the emulsion swells less. In addition, with longer curing times at certain RH values 

less swelling results after development. These thickness variations are summarized 

in Table 4.6. Here, the swelling ratio is defined in eq. (4.8). Experimental results 

(Table 4.6) for thickness variation as a function of curing time and RH value corre

spond well to the IBM's experimental data shown in Fig.4.9, that is, longer curing 

time and higher RH gives lower swelling ratio [Werlich, 1981]. 

Controllable variables, which affects emulsion thickness change after devel

opment, may be summarized as follows; 1) When sensitizer concentration increases, 

swelling ratio decreases; 2) When the pH of DCG layer is higher, swelling ratio in

creases; 3) When the original film thickness is thicker, the swelling ratio is decreases; 

4) When the RH during curing increases, the swelling ratio decreases; 5) When the 

curing time increases, the swelling ratio decreases. 
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Table 4.6. Summary of Film Thickness Changes 

#,(1) (2) rp+ (3) (4) (5) 
13,[10-30-250] 50.0 23:30 9.02 13.9 4.5 
14,[10-30-250] 47.0 23:23 6.27 35.0 14.5 
15,[8-30-150] 46.1 74:30 23.44 14.6 11.4 
16,[8-30-150] 34.6 23:14 17.42 10.5 5.8 

17,[20-30-250] 24.3 22:22 6.64 -35.6 -31.6 
18,[10-30-200] 22.9 22:44 6.83 34.2 16.0 
20,[10-30-250] 45.0 24:00 7.50 0.0 0.7 

35.0 9 9  9 9  34.7 17.3 
45.0 9 9  6.32 6.0 -2.7 
35.0 9 9  9 9  26.6 6.0 

21,[10-30-250] 55.0 5:15 7.88 23.1 7.9 
35.0 9 9  9 9  21.2 19.9 

22,[10-30-250] 43.1 17:34 7.74 4.7 4.0 
20.0 9 9  9 9  4.7 8.5 
43.1 9 9  6.48 5.8 -2.0 
20.0 9 9  9 9  7.3 0.3 

23, [10-30-250] 72.0 15:55 7.72 3.6 -1.6 
20.0 9 9  9 9  28.9 20.5 
72.0 9 5  6.19 5.0 6.6 
20.0 9 9  

9 9  22.8 13.1 
25,[10-30-250] 58.1 24:20 7.78 0.9 0.9 

20.0 9 9  9 9  25.0 3.0 
26, [10-30-250] 53.0 25:05 7.73 7.4 6.7 

45.0 9 9  9 9  22.9 13.8 

Experimental Set No. 

(1); Code [ammonium dichromate-gelatin-DI water] (in gram weight) 

(2); RH (%) 

*Te; Elapsed Curing Time (hour:minute), the time between film curing and 

holographic exposure 

(3); Film Thickness(^m) before process 

(4);Swelling(%), unexposed area after process 

(5); Swelling(%), exposed area after process 
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CHAPTER 5 

HOLOGRAPHIC OPTICAL ELEMENT DESIGN 

High uniformity films are obtained as described in Chapter 3. Also, holo

grams having high diffraction efficiency and a small variation of swelling ratio are 

formed by using the optimized curing conditions as shown in Chapter 4. Therefore, 

holographic optical elements (HOEs), which require high diffraction efficiency with 

small thickness variation and uniform thickness, can now be fabricated using spin 

coated films. In order to design HOEs, the refractive index of photosensitive film 

must be accurately known before and after holographic fabrication process. 

In this chapter Brewster angle method for the refractive index measurement 

is presented. Then, a reflection hologram reconstructing at normal incident beam 

and yielding a diffracted beam at 45° to the normal of incidence in the emulsion 

is designed. A transmission holographic element, which can separate S-polarized 

light (TE, transverse electric) and P-polarized light (TM, transverse magnetic) 

from an incident beam at 45° to the normal of the grating surface in the emulsion, 

is also designed. Both holograms axe constructed at a wavelength of 488 nm and 

reconstructed with 633 nm light. 

5.1 Refractive Index Measurement 

5.1.1 Introduction 

The refractive index of spin coated DCG films depends on gelatin type, 

DCG solution concentrations, environmental curing conditions, and chemicals for 

development as explained in Chapter 4. Therefore, the frequent measurements 

of refractive index for DCG films before and after chemical process are required 

in order to design HOEs. There are several different techniques to measure the 

refractive index of dielectric layers, i.e., spectrophotometry, ellipsometry, Abbe 
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refractometer method, interferometric measurement and Brewster angle method 

[Pawluczyk, 1990], [Emiliani, 1986], [O'Connor, 1989]. 

For thick spin coated DCG films at different wavelengths, the interferomet

ric measurement and Brewster angle method may be better suited to decide the 

refractive index [O'Connor, 1989]. The interferometric method can be performed 

without the need for any special equipment. However, the interferometric method 

has a problem of cleaning the residual index matching oils and it is limited in 

accuracy (typically 0.01) by the given index matching oil. Therefore, the Brew

ster angle method is a better choice because of its simplicity, measurement speed, 

measurement accuracy and availability of equipment. This method searches for 

the incident angle at which the intensity of the reflected P-polarized light beam 

reaches zero. In reality, it is difficult to find the Brewster angle because the P-

polarized beams reflected at different interfaces interfere, and the reflected beam 

reaches some minimal value instead of zero at the Brewster angle incidence. To 

solve this difficulty, a new improved method for refractive index measurement of 

transparent materials in the form of a layer of variable thickness was proposed by 

Pawluczyk [Pawluczyk, 1990]. This method is used and further developed for the 

measurement of the refractive index of spin coated DCG films. 

5.1.2 Mechanism of Brewster Angle Technique 

When a P-polarized beam is incident to the film plate, light reflected from 

the spin coated DCG emulsion and glass substrate can be approximated by three 

overlapping beams reflected at the interfaces shown in Fig. 5.1. The intensity of 

the reflected beams can be found from the well-known Fresnel equations [Born, 

1965]. In the case of coherent light, the three reflected beams interfere creating 

an interference pattern with an intensity distribution depending not only on the 

intensities of these beams but also on their relative phases [Hecht, 1987]. 



66 

At Brewster angle; 

©INC = ©Bo, air 

INI INI 

DCG layer h 

h Glass 

Substrate 

Air out 
INC 

At Brewster angle; 

0 0 2 

Fig. 5.1 Reflections of light in the holographic plate 
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From Fig. 5.1, the optical path length of beams ra and rj can be calculated, 

OPDi = no Si sin# incj 

= n0(2hi tan^i)sin^inc, (5.1) 

OPD2 = n1-^r. (5.2) 
cos 6\ 

From Snell's law, the refraction angles in the emulsion become, 

n2 

cos#i = 4/1 |sin2ftnc, (5.3) 
n 

tao9i = (no/n,)Sin»,„ (JW) 

1 ~ ^sin ^inc 

Thus, the phase difference A^io becomes, 

2tt 
A^10 = -y \OPDi - OPD21 + 610 

Airh. 
-yjn 1 — "o sin2 ^inc + <$io (5.5) 

where, 8\q is the phase shift upon reflection at the 10 interface as shown in Fig. 

5.1. When n0 < n2, <Sio = n for 0jnc < 0Bo,air and <$i0 = 0 for 0,„c > 0Bo,air, where 

QB0,air is the Brewster angle in air for the air - emulsion interface. 

Similarly, the phase difference A<foo between rays r2 and ro can be obtained 

as, 

A02O ~—^-yJnl ~ n0 sin2 ^inc 

+ —^"\/rl2 ~ n0 sin2 ^inc + $20 (5.6) 

where, 620 is the phase shift upon reflection at the 20 interface. 620 = 7r for 9 inc 

^ @B2,airi <^20 = 0 for 0g2 ja,y < $inc @Bo,air] and S20 = 1" for O'mc @Bo,air\ 

here, 0s2,air is the angle in air which is equivalent to $b2 in the emulsion, and 6b2 

is the Brewster angle in the glass substrate for the air-substrate interface. The 

phase difference Si2 between r\ and r2 can be obtained by subtracting the phase 
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difference A<j>io (eq. (5.5)) from the phase difference A<^20 (eq. (5.6)). Different 

phase change combinations are summarized in Table 5.1 by assuming parameters 

before exposure; n\ = 1.60 and rii — 1.53 at A = 488 nm. After exposure and 

development, the typical refractive index may be assumed as n\ = 1.57 and n<i = 

1.53 at A = 488 nm. The Brewster angles then become 0Bo,air = 58.0 0 (> 0B2,air 

= 56.8 °) for the unprocessed film; 0Bo,air = 57.5 0 (> 6B2,air = 56.8 °) for the 

processed film, and the phase changes <$io and £20 will have values as shown in 

Table 5.1. 

Table 5.1 Phase changes after reflections 

0BO,air(ro) *  *  S o * *  
57.5 £ 8.0° 

®B2 ,air (r2) 
56 

(33.2°, insid 

8° 

; of the glass) 

ro 7T 7T 0 

ri 0 0 0 

r2 0 -7T -7T 

Total fL 
*^10 

7T 7T 0 

O
 

CM 

VD 

7T 0 -7T 

* Assumed n x =1.57, n2 = 1.53 (processed film). 

** Assumed n x = 1.60, n 2 = 1.53 (unprocessed film). 
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5.1.3 Experimental Set-up and Measurement Results 

The Brewster angle of the incident beam to the dielectric layer is defined by 

9b = tan_1(—), (5.7a) 
no 

where no is the refractive index of the incident medium (air in this case) and ni 

is the refractive index of the dielectric layer. The fact that the P-polarized light 

goes to zero at this angle make the Brewster angle measurement possible. After 

determining the Brewster angle, the refractive index of the dielectric layer, nj, can 

be calculated from the relation 

m = no tan<?B. (5.7b) 

A schematic diagram of the experimental set-up used for refractive index 

measurement is shown in Fig 5.2. Here, the PBS (polarization beam splitter) is 

very important because it provides a highly polarized TM wave. A large area 

detector is used to locate the Brewster angle (the minimum power point when the 

holographic plate is rotated around the Brewster angle). 

In order to reduce the measurement error in reading the normal incidence 

angle, the distance from the pin hole aperture to the rotational stage is lengthened. 

The reflected beam from the holographic plate at normal incident angle is observed 

in the pin hole aperture area. The distance x = 2.062 m (refer to Fig. 5.2) is 

needed to read 2.5' accuracy when the laser beam diameter is assumed 3 mm on 

the holographic plate after the pin hole aperture. This is obtained by the simple 

trigonometric calculation, 

tan 2.5' = ^ mm —> x = 2062 mm, (5.8a) 
x 

this error reading is equal to 0.0025 in the refractive index in the Brewster angle 

range. When the reading accuracy of angular rotational stage is 5' the maximum 

error reading is equal to 0.0049 in the refractive index near 9b,air = 57°. Therefore, 

the maximum mean square error becomes, 
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Fig 5.2 Refractive index measurement—Brewster angle method. 
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e = \/0.00252 + 2 x 0.00492 = 0.0074. (5.86) 

From Fig. 5.1, Si and S2 are calculated by 

Si = 2hi tan 81 = 
2hin0 sin0jnc 

(5.9a) 

S2 = 2h2 tan 62 = 

yjxi\-nl sin2 6>inc 

2h2ni sin 6\ 
(5.96) 

and 

Ai = Si cos Oinci here, i = 1,2. (5.10) 

If it is assumed that the incident angle #;nc = 57°, the emulsion thickness 

h\ = 8 fixa. (one of the spin coated DCG layer, measured by alpha-step as in 

Chapter 3), glass substrate /12 = 2.15 ±0.03 mm (for the PPG plain glass used 

in this experiment, measure by micrometer), refractive index of emulsion n 1 = 

1.59, substrate ri2 = 1.54, then the distance between the reflected beams ro and 

r\ (Ai) is 5.40 /Lim, and rj and r2(A2) is 1.52 mm. The beam reflected from 

the substrate-air interface may be eliminated by coating the back surface with an 

antireflection coating materials which may remove the undesirable interference. An 

absorption filter with index matching oil may also be possible to remove undesirable 

interference from the substrate-air interface. 

However, the beams reflected from the air-emulsion and emulsion-substrate 

interface can not be easily separated. These two folded beams present a big prob

lem in the sinusoidal change of intensity in the observing plane. This sinusoidal 

variation is caused by interference between beams ro and ri. This interference 

problem may also be caused by uneven film surfaces which give different optical 

path lengths and phase differences as shown in equation (5.5). The interference of 

light reflected from emulsion air surface and the emulsion substrate surface is the 

most critical problem in measuring the Brewster angle. 
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The intensity of interfering beams 7*0 and r\ may be expressed by [Hecht, 

1987] 
I  =  r o + r i + 2 r o r i  COSA^IQ 

1 + Tq x rj + 2rori cos A^io 

At the Brewster angle, the intensity of a beam r 0  goes to zero. However, the angle 

of the reflected beam r\ will never meet the Brewster angle because the Brewster 

angle for the reflected beam OBI = 43.7° inside the emulsion is larger than the 

c r i t i c a l  a n g l e  3 9 . 0 °  i n s i d e  t h e  e m u l s i o n  ( 4 0 . 5 °  i n s i d e  t h e  s u b s t r a t e )  w h e n  n \  =  

1.59, n% — 1.54. Thus, the intensity of the reflected beam ri can not become zero 

at any incident angle. When the beam, ro, reflects around the Brewster angle, 

the intensity of interfering beams will fluctuate significantly according to the phase 

change A^io as shown in Fig. 5.3a. However, whenever the incident angle meets 

the Brewster angle the interference term 2rori cos A<£io goes to zero because the 

amplitude of beam ro becomes zero at the Brewster angle. This means that the 

intensity of interfering beams has one constant value even though the phase of two 

beams varies. 

The phase term in eq. (5.5) varies according to the emulsion thickness and 

the incident angle as long as the refractive indices are fixed. The layer thicknesses 

of photographic films are varying since there are no ideal 0 % uniformity films. 

In reality, the measured thickness was varying by ± 0.05 lira within a 2,000 /xm 

scanning area for the processed hologram area. The intensities of interfering beams 

for the five different film thicknesses are shown together in Fig. 5.3b. The minimum 

value for the sum of the intensities of two interfering beams at several different 

thicknesses coincides at the Brewster angle as shown in Fig. 5.3c. That is, the fact 

that the resulting minimum intensity does not depend on the interference term (or 

the layer thickness variation) is a key point for this measurement. 
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Fig. 5.3 Intensity of two interfering beams r 0 and ri. 
(a) Intensity of two interfering beams at two different 
thicknesses, (b) At five different thicknesses, (c) At 
five different thicknesses and the sum of them. 
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When the intensities cross for different thickness emulsions the Brewster angle is 

obtained. Consistent Brewster angles were measured using a large area detector 

with background noise closed to zero. 

Based on the above set-up and measurement technique, the measurement 

results of refractive index were obtained as shown in Table 5-2. 

Table 5.2: Results of Refractive Index Measurement 

A = 488.0 nm A = 632.8 nm 

Plain glass 1.54 1.53 
(Brewster Angle) (57°) (56°50') 
(Current Reading) ( 1.10 nA) (5.00 nA) 

Film, before process 1.59 1.57 
(Brewster Angle) (57°50') (57°30') 
(Current Reading) (2.33 nA) (2.50 nA) 
Film, after process 1.57 1.54 
(exposure energy) (at 40 mJ) (at 40 mJ) 
(Brewster Angle) (57°35') (57°) 
(Current Reading) (7.88 nA) ( 7.50 nA) 
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5.2 Input Coupler Design — Reflection Hologram 

With the refractive index measured by the Brewster angle method, the input 

coupler can be designed based on the Ewald sphere construction [Cowley, 1981] or 

Kogelnik's vector diagram [Kogelnik, 1969]. This input coupler is a reflection type 

holographic element which receives normally incident light and diffracts at 9 = 45° 

to the film normal within the substrate as shown in Fig. 5.4 (b). The beam 

diffracted at 45° will be totally internally reflected (TIR) in the substrate. The 

hologram is constructed at wavelength A = 488 nm and reconstructed at wavelength 

A = 632.8 nm as shown in Fig. 5.4 (a). 

From the diagram the average propagation constants are, 

The magnitude of the grating vector must be the same for both wavelengths as 

shown in Fig. 5.4 (a), and is given by the simple trigonometric relation, 

_ 27rn633 
A633 ' 

(5.12a) 

27rn488 
(5.126) 

|K| = y/(LsmQ)2 + (LcosO + L)2 = V2Ly/1 + cos#. (5.13) 

Thus, the construction angle a becomes, 

a — 180 — /? — <t> 

= 180 - [180 - sin-'(®)] -

(5.14) 

Similarly, the other construction angle ft becomes, 

ft = 180 - 2(j>-a 

= 180 — 2(f> — (180 — /3 — <f>) = /3 — (j> 

= 180-Sin-'(H)-sin-'(i|j:). (5.15) 
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Fig. 5.4 input coupler construction and reconstruction design. 

(a) Bragg Diagram for reconstruction at longer wavelength 

(b) Reconstructed beam propagation 
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Fig. 5.5 Diffraction efficiency measurement for input coupler. 
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With the refractive indices of emulsion n = 1.59 at A = 488 nm and n = 

1.54 at A = 632.8 nm (measured by Brewster angle method as in section 5.1), the 

construction angles for forming the input coupler become a = 23.9° and ft = 68.9° 

according to eqs. (5.14) and (5.15). 

Several holograms formed in the optimized DCG films were fabricated to 

verify these construction parameters. The diffraction efficiency for this reflection 

type hologram can be measured using a prism to couple light out of the substrate 

as shown in Fig. 5.5. The diffraction efficiency as a function of exposure energy for 

the input coupler is shown in Fig. 5.6. The measured diffraction efficiency is r]3 = 

84.3 % for S-polarized light, r}p = 78.7 % for P-polaxized light with a 70 mJ/cm2 

exposure, and T]s — 81.3 % for S-, T)p = 78.7 % for P-polarized light with a 90 

mJ/cm2 exposure were obtained. Here, the diffraction efficiency r] is measured and 

calculated by first order diffracted beam power over incident beam power without 

counting the Fresnel losses at interfaces. 
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Fig. 5.6 Diffraction efficiency of input coupler. 
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5.3 S — P Selective SMH 

For the case of a sinusoidal lossless phase gratings, the coupled wave equa

tions which obey the Bragg diffraction of light polarized parallel to the plane of 

incidence become [Kogelnik, 1969], 

CRR' = -JKG lP(r • s)S, (5.16a) 

csS' = -jKStP(r • s)R, (5.166) 

where, CR and CS are the obliquity factor and KSiP is the coupling coefficient for S-

and P- polarized reconstruction beams. When the light is polarized perpendicular 

(S, TE) to the plane of incidence, r-s, becomes 1 as shown in the grating geometry 

of Fig.5.7. 

When the light is polarized parallel (P, TM) to the plane of incidence, the 

value of r • s depends on the inclination angle, and a reduced effective coupling 

coefficient K|| is given by 

K|| = K(JC • s) = — /c cos 2(0 — <F>). (5-17) 

If the P-polarized incident beam angle is 9 = 45° to the normal of the grating vector 

in the emulsion, where r • s = 0 as shown in Fig.5.7, then the coupling coefficient 

/C|| becomes zero. When /«|| = 0, the diffraction efficiency of the P-polarized beam 

becomes zero. 

Based on the above considerations, the S - P selective substrate mode holo

gram whose construction wavelength A = 488 nm and reconstruction wavelength 

A = 632.8 nm can be designed like the input coupler design in the previous sec

tion. The vector diagram for this design is shown in the following Fig. 5.8. With 

the similar calculations as in Section 5.2 the construction beam angle to inside the 

emulsion obtains, 
.  _ i /  | K L  .  _ j  . L s i n d  

s in  (—— '  '  
v2 M 

Here, n^gg) sinc^^emujsi0n) — ^air Sinclair 

W  = S ,n - (^)=s i„- (^) .  (5 .18)  
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• ; denotes the perpendicular to the plane of incidence. 

Fig. 5.7 Schematic diagram for P- polarized beam incidence 
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Fig. 5.8 Selective SMH construction and reconstruction design 
(a) Bragg diagram for reconstruction at longer wavelength 
(b) Reconstructed beam propagation 
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With the refractive indices of emulsion n = 1.59 at A = 488 nm and n = 

1.54 at A = 632.8 nm, the construction angle in the emulsion for an S-P selective, 

unslanted transmission hologram becomes LJ = 31.9° according to equation (5.18) 

by assuming 9 — 45° incident angle to the normal at a reconstruction wavelength 

632.8 nm. 

Several holograms were fabricated with the optimized process of Section 4.2. 

The diffraction characteristics of a S - P selective element are shown in Fig. 5.9. 

At an exposure energy 30 mJ/cm2; DE(S) = 80.4 %, T(S) = 2.7 %, DE(P) = 5.1 

%, T(P) = 78.2 %, resulting in a contrast ratio of 29.8 : 1 for S-polarization, and 

15.3 : 1 for P-polarized light. Diffraction efficiency was measured by coupling in 

and out the TIR beams through two prisms. Here, again, the diffraction efficiency 

T] is measured and calculated by the first order diffracted beam power over the 

incident beam power without counting the Fresnel losses at interfaces. 
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Fig. 5.9 Characteristics of S - P selective hologram. 
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CHAPTER 6 

CONCLUSIONS 

The characteristics of basic materials (gelatin and ammonium dichromate) 

for DCG spin coatings for holographic recording were introduced. A procedure 

for experimental design was presented and DCG spin coatings were optimized for 

high uniformity films by applying Taguchi optimization method. Film thicknesses 

ranging from 6.0 to 23.4 fim were obtained with uniformities between 4.0 and 8.0 

%. Optimized DCG spin coating process was summarized. 

The curing conditions were optimized for high diffraction efficiency holo

grams formed in spun DCG films using two-level factorial design. Peak diffraction 

efficiencies between 87.0 and 96.9 % were obtained using the optimized curing con

ditions. A possible holographic formation mechanism for DCG plate was presented. 

Experimental results for the film swelling and shrinkage were summarized. 

An improved Brewster angle method was presented to obtain accurate re

fractive index measurement for spin coated DCG film. The design examples of both 

reflection type substrate mode hologram and S-P (TE-TM) selective hologram 

were presented. The diffraction efficiency for reflection hologram (input coupler) 

was measured through prism coupling, which were rjs = 84.3 % for S-polarized 

light, rjp = 78.7 % for P-polarized light with a 70 mJ/cm2 exposure. The diffrac

tion efficiency characteristics of a S - P selective element were obtained as follows; 

DE(S) = 80.4 %, T(S) = 2.7 %, DE(P) = 5.1 %, T(P) = 78.2 % at an exposure 

energy 30 mJ/cm2, resulting in a contrast ratio of 29.8 : 1 for S-polarization, and 

15.3 : 1 for P-polarized light. 

Highly uniform DCG films for various thicknesses were obtained. A very 

high diffraction efficiency was obtained using optimized curing conditions. How

ever, further research is needed to obtain the reproducible diffraction efficiency 

results and the homogeneous surfaces in one hologram area. 
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