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ABSTRACT 
 

With a growing demand in industry for cost effective, increased data handling 

capabilities great attention has been paid to the study of various polymer systems for use in 

optical telecommunications. Inorganic crystals, currently used in such systems, have high 

performance, but are more expensive and less obtainable than organic materials. Recent 

advances in techniques for developing highly efficient and inexpensive organic polymeric 

electro-optic (EO) devices compatible with current state-of-the-art electronics have created an 

interest in the commercialization of such electro-optic devices. In light of the many advantages 

of utilizing organic materials for electro-optic applications, numerous methods have been 

developed to produce nonlinear optically (NLO)-active polymeric films for such purposes. Ionic 

self-assembled multilayer (ISAM) films are a recently developed class of materials that allows 

detailed structural and thickness control at the molecular level, combined with ease of 

manufacturing and low cost. However, the layer-by-layer deposition technique utilized for this 

method currently requires lengthy processing times that challenge the feasibility of fabricating a 

thick film suitable for EO modulator device fabrication. This study focuses on addressing the 

influence of several pertinent processing variables affecting these challenges for application to 

electro-optic device fabrication. This study investigated (1) the effect of forced convection, 

varying deposition time and varying dye concentration on the properties of PAH/Procion Brown 

films fabricated via the hybrid reactive deposition scheme, (2) the automation and optimization 

of the fabrication of thick NLO active films and (3) the use of the hybrid covalent-electrostatic 

deposition scheme to fabricate a polymeric waveguide device with an electro-optic coefficient 

comparable to that of lithium niobate (LiNbO3).  

At fixed deposition time and concentration conditions, the presence of convection had 

little demonstrated effect on films with deposition times shorter than 2 minutes. For the 5 minute 

case, the presence of convection correlated with a ~45% increase in χ(2)
zzz values and a 25% 

increase in absorbance per bilayer. At a constant dye concentration of 5 mg/ml, the deposition 

time had little effect on SHG for deposition times less than two minutes. In the presence of 

convection, the increase in deposition time from 2 minutes to 5 minutes showed a 57% increase 



in χ(2)
zzz and a 30% increase in absorbance per bilayer. For a deposition time of 2 minutes in the 

presence of convection, the dye solution concentration was successfully reduced 5-fold (from 5 

mg/ml to 1 mg/ml) with less than a 5% difference in χ(2)
zzz, less than a 15% decrease in 

absorbance per bilayer and no detriment to film quality. These results strongly indicate that the 

deposition conditions remain well outside of the transport-limited regime at a dye concentration 

of 1 mg/ml. Rather, the surface reaction rate apparently is controlling. Depositing slides at an 

elevated temperature (~35°C), had an undetermined effect on χ(2)
zzz, but showed a 15% increase 

in absorbance per bilayer.  

An automatic dipper was programmed to replicate the current manual deposition method 

to fabricate a film suitable for EO modulator devices. Utilizing the optimal conditions for the 

processing variables, an optically-homogeneous, 100 nm-thick film was fabricated utilizing the 

automated process, yielding a χ(2)
zzz~ 23 x 10-9 esu.  

A three-layer coplanar electro-optic device was fabricated utilizing the hybrid reactive 

deposition method. For this device, the presence of added salt was found to increase the electro-

optic coefficient r33 by a factor of 3 compared to its value when made with no added salt. The 

electro-optic coefficient of the added salt case was found to be about 1/2 that of lithium niobate 

(LiNbO3).  
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Chapter 1 
Introduction  

Background 
Electro-Optic (EO) Applications of Organic Thin Films 

Recent advances in techniques for developing highly efficient and inexpensive organic 

polymeric electro-optic devices compatible with current state-of-the-art electronics have created 

an interest in the commercialization of such electro-optic devices.1 The potential applications of 

organic polymeric nonlinear optical (NLO) materials include cable television, analog-to-digital 

(A/D) converters and fiber optic telecommunications. Optical transmission of data involves the 

conversion of an optical signal to an electrical signal which requires encoding at variable 

frequency rates. For such a purpose, a key device utilized is an electro-optic (EO) modulator. 

One such modulator is based on a Mach-Zender (MZ) interferometer. In this device, the 

application of an electric field to one arm of the MZ results in a phase shift of incoming light 

relative to the signal propagating through the second arm and destructive interference at the 

device output.2 This device configuration can be used to fabricate more sophisticated devices 

such an ultra-fast analog to digital converters.3,4  

 

Polymeric EO/NLO Materials 

Since the late sixties organic molecules have attracted an increasing amount of interest 

due to their potential application in nonlinear optical (NLO) devices. This interest is motivated 

not only by the large NLO response, but also by the versatility, ease of processing and ready 

availability of such materials. Organic molecules can also be tailored to possess high 

hyperpolarizabilities and may be processed into good optical quality thin films and NLO active 

crystals.5 Inorganic crystals, such as lithium niobate (LiNbO3)6 and potassium niobate (KNbO3),7 

currently used for fiber optic systems yield high performance in the critical areas of data 

transmission speed and minimal optical loss, but these materials are inferior to organic materials 

in the areas of cost, availability and lengthy processing times for crystal growth.8,9

 



Some advantages of EO modulators based on organic devices are low material cost, low 

optical signal loss, mass production capability and the ability to engineer desired properties. For 

optical devices, transparency is needed in the near-IR region, rather than in the visible region 

because wavelengths between 1.3 µm and 1.5 µm are used in optical telecommunications. 

Organic materials can have high losses in the near-infrared region (0.8-1.6 µm) due to C-H bond 

vibrational absorption. However, these losses can be reduced by the incorporation of heavier 

atoms into the chemistry.10 A strong point for the use of polymeric electro-optic materials is the 

adaptability of these materials to sophisticated processing techniques and the fabrication of 

integrated devices. The large bandwidths, low-drive voltages and ease of integration of 

polymeric electro-optic materials provide a strong argument for increased utilization in 

integrated devices.  

 
The requirements of organic polymeric electro-optic materials for utilization in integrated 

devices include high electro-optic coefficient (r33>30 pm/V), minimal optical loss, no scattering 

or absorption of light and good thermal stability. These materials must have no orientational 

relaxation during operation (25-80ûC) during the lifetime of the device (5-10 years), and also 

minimal physical, chemical and optical activity degradation at short (10-30 minute) excursions to 

temperatures of 250-300°C (temperatures encountered in device fabrication processes). These 

requirements hold generally for most EO device applications. 
 

NLO Film Fabrication Methods 

Several experimental techniques have been developed for creating nonlinear optically 

(NLO) active thin films suitable for optical communication and photonic devices.11, ,12 13  Electric 

field poled polymer films,14,15 Langmuir-Blodgett films10,16 and self-assembled organosilane17 

films have all produced NLO-active films with high nonlinear responses. However, poled 

polymer films face challenges for practical device application due to the instability of the 

acentric alignment of the NLO chromophores, which degrades the electro-optic activity over 

time. Langmuir-Blodgett films are desirable due to their cheap fabrication and fine control on 

film thickness and refractive index. However, problems typically arise in the form of poor 

mechanical stability and high propagation losses due to scattering and insufficient thickness.  
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Ionic Self-Assembled Monolayer (ISAM) Techniques 

Polymer-Polymer Deposition 

Ionic self-assembled multilayer (ISAM) films are a recently developed class of materials 

that allows detailed structural and thickness control at the molecular level, combined with ease of 

manufacturing and low cost. While ISAM films have been shown to have excellent temporal, 

thermal and structural stability, their NLO performance is currently too low for practical devices, 

typically exhibiting χ(2)~ 1 x 10-9 esu. This is mainly due to orientational limitations imparted by 

(1) the necessity of dipole orientation towards layers both above and below the polymeric layer, 

resulting partial cancellation of orientation, (2) the random orientation of dipoles within thicker 

monolayers, and (3) steric constraints on orientation induced by bulky chromophores on the 

polymer backbone. 

 

Polymer-Polymer ISAM Deposition 

The ISAM technique for the deposition of polyelectrolytes has been reviewed in a 

number of recent papers.18, ,19 20 The method involves the alternate dipping of a charged substrate 

into an aqueous solution of a polyanion and polycation at room temperature. The advantages of 

this technique include simple, rapid, inexpensive production and long-term stability of the 

acentric χ(2) without the need for additional processing such as electric-field poling or chemical 

reactions. Polymer-polymer ISAM films fabricated by Heflin et al.21 exhibited linear scaling of 

I2ω
½ vs film thickness (up to 120 nm), demonstrating the uniform maintenance of orientation 

with layer-by-layer growth. This effort has produced the only successful attempt of any group 

working with films of this type thicker than a few tens of bilayers. In addition, the films 

exhibited exceptional thermal stability with no measurable decay of χ(2) at 150°C for more than 

15 hours, in sharp contrast to electric-field poled polymers.  

 

Reactive ISAM Deposition 

ISAM deposition schemes that involve a reactive deposition step alternated with an 

electrostatic deposition step are evolving into a prevalent class of NLO film fabrication 

techniques.22 A novel layer-by-layer methodology for fabricating NLO thin films has been 

developed23,24 with the aim of increasing the stability of chromophore-dipole orientation, 

reducing steric constraints from polymer-backbone attachment (often encountered in traditional 
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ISAM films) and producing a large nonlinear optical response. This method builds films layer-

by-layer by alternately immersing a substrate into aqueous solutions of an NLO-inactive 

polyelectrolyte �glue� and a reactive chromophoric dye. The adsorption of the layers alternates 

between electrostatic interaction and covalent reaction. The chromophore is attached covalently 

which yields anisotropic ordering and high second-order NLO activity in these films. The hybrid 

method has been tested with a number of commercially-available monomeric dyes, including 

Procion Red, Procion Orange and most recently, Procion Brown. Laschewsky et al. recently 

attempted reactive films growth with Procion Red dye and a synthetically-produced amine. The 

films experienced no regular layer-by-layer growth and exhibited no significant nonlinear optical 

activity. 

 

Prior Studies 

Prior studies of the fabrication of NLO active films utilizing the hybrid reactive method 

with Procion Brown yielded exceptional results in nonlinear optical response (χ(2)
zzz= 56 x 10-9 

esu) and thermal stability in comparison to other organic films for similar studies.25  However, 

the layer-by-layer deposition technique utilized for this method currently requires lengthy 

processing times that challenge the feasibility of fabricating a thick film for EO modulator device 

fabrication. The effect of several pertinent processing variables affecting these challenges had 

not been examined to date. In view of these outstanding issues, this study focuses on addressing 

the influence of these processing variables for application to electro-optic device fabrication. 

 

Research Objectives 
This study aims to achieve the following objectives: 

! Examine the effect of forced convection, varying deposition time and varying dye 

concentration on the properties of PAH/Procion Brown films fabricated via the 

hybrid reactive deposition scheme. This study aims to determine the deposition 

conditions that result in the most rapid film deposition utilizing the minimal amount of 

dye. The films fabricated using these optimal deposition conditions are expected to 

produce NLO results comparable to previous studies. The reduction of deposition time 

and dye required is key for practical fabrication of thick (~ 1 µm) films for polymeric 

electro-optic modulator devices. 
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! Automate and optimize the fabrication of thick NLO active films. The objectives of 

this work are: (1) Program an automatic dipper to replicate the current manual deposition 

method to fabricate a 1 micron-thick film suitable for EO modulator devices. (2) 

Optimize the operating parameters of automated dipper operation (i.e. rinse time, etc.) to 

produce optically homogeneous films utilizing a minimal cycle time with minimal 

consumption of materials.  

 
! Investigate the use of the hybrid covalent-electrostatic deposition scheme to 

fabricate a polymeric waveguide device with an electro-optic coefficient comparable 

to that of lithium niobate (LiNbO3). Polymeric electro-optic devices have been 

successfully fabricated utilizing the poled polymer approach. This work will demonstrate 

the feasibility of fabricating polymeric electro-optic devices using the hybrid deposition 

scheme developed in prior work within this group. Furthermore, this work aims to 

demonstrate the performance of such devices in terms of the electro-optic coefficient r33. 

 

Thesis Outline 
Chapter 2: Literature Review 

This chapter gives an overview of the science and technology of organic thin films and their 

applications in electronic device fabrication. The following topics are reviewed in detail: 

! Second order nonlinear optics 

! Electro-optic applications of organic thin films  

! Polymer/azo dye surface adsorption 

! Thin film deposition methods 

 

Chapter 3: Effect of Forced Convection, Deposition Time and Dye Concentration on 

Organic NLO-Active Films 

Chapter 3 discusses the study conducted to address Objective #1. The reactive NLO 

chromophore Procion Brown (Burnt Orange MX-GRN) was used with the optically inactive 

polymer, poly(allylamine hydrochloride) {PAH} to fabricate ionically self-assembled films 

using a manual dipping procedure. This work is a continuation of prior studies that determined 

the following optimal parameters for film deposition: (1) commercially-available 
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chromophore/polymer combination, (2) pH of deposition solutions and (3) ionic strength for 

chromophore deposition. The absorbance, film thickness, tilt angle and second harmonic 

intensity were all measured to determine the minimal deposition time and dye concentration 

required to produce films with suitable quality and optical response for NLO electro-optic 

applications as well as the effect of convection on film formation.  

 

Chapter 4: Automation and Optimization of Thick NLO-Active Film Fabrication 

Chapter 4 discusses the study conducted to address Objective #2 and is a continuation of the 

work described in Chapter 3. The fabrication of ionically self-assembled Procion Brown/PAH 

films was automated to produce device-applicable films utilizing the optimal conditions 

determined in Chapter 3 using a manual deposition procedure. The automated operation 

parameters were closely monitored to optimize deposition conditions. The active flow-through 

bath was modeled as a continuously-stirred tank reactor to determine the effectiveness of the 

rinse step, the most critical step to proper film formation. Automatically fabricated films were 

characterized by absorbance, film thickness, tilt angle and second harmonic susceptibility χ(2). 

The finalized automated procedure was utilized to deposit a 500 nm-thick (total on both sides) 

film onto a glass substrate.  

 

Chapter 5: Organic Polymeric Device Fabrication for Electro-Optic Coefficient 

Measurement 

Chapter 5 discusses the study conducted to address Objective #3. Procion Brown/PAH films 

were deposited onto ITO-coated substrates to fabricate a three-layer coplanar electro-optic 

device. The films were characterized by absorbance, tilt angle and electro-optic coefficient. This 

study probed three major areas: (1) the suitability of ISAM deposited Procion Brown/PAH films 

for waveguide device fabrication, (2) measurement of the electro-optic coefficient of such films 

utilizing a classical reflection modulation technique and (3) the effect of added salt on waveguide 

device performance in terms of electro-optic coefficient. The presence of added salt was found to 

increase the electro-optic coefficient r33 by a factor of 3 compared to its value when made with 

no added salt. The electro-optic coefficient of the added salt case was found to be about 1/2 that 

of lithium niobate (LiNbO3).  
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Chapter 2 
Literature Review 
 

Nonlinear Optics 

The field of nonlinear optics had its birth in 1875 with Kerr�s publication of his findings 

of a quadratic electric field induced change in the refractive index, known as the Kerr effect. The 

observation of this phenomena was followed shortly by other materials, including quartz.1 The 

theory of nonlinear optics builds on the well-understood theory of linear optics, particularly that 

part known as the interaction of light and matter. The fundamental parameter in this light-matter 

interaction theory is the electronic polarization of the material induced by light. When the 

intensity of the light is sufficiently high (i.e. from a laser), a small additional polarization will 

arise, so that the total polarization P can be written as 

NLL PPP +=                (2.1) 

where PL is the linear portion of the polarization and PNL is a nonlinear function of the applied 

field. In linear optics, the nonlinear part of the polarization may be neglected, as given by   

jij EPP )1(
0 χ+=          (2.2) 

where P0 is the static dipole moment and χ(1) is the first order susceptibility and E is the electric 

field strength. 

 

In the nonlinear optical regime, the nonlinear part of the polarization can no longer be 

ignored. The polarization of a material Pi under an applied electric field can be expressed as 

follows 

Κ+++= lkjijkkjijkjiji EEEEEEP )3()2()1( χχχ          (2.3) 

The second-order term χ(2) in Equation 2.3, expressly for a noncentrosymmetric and anisotropic 

material, is the primary focus of this study. 

 

 

 



Second Order Nonlinear Optics 

Second harmonic generation (SHG) involves the conversion of radiation at a frequency ω 

into radiation at a frequency 2ω exiting the nonlinear material. The demonstration of second 

harmonic generation, also known as frequency doubling, in a quartz crystal sparked the study of 

the field of nonlinear optics.2 Another important development in nonlinear optical materials 

occurred in 1970, when Davydov et al.3 reported strong second harmonic generation (SHG) in 

organic molecules having electron donor and acceptor groups connected with a benzene ring. 

Conjugated organic molecules with electron donor and acceptor groups were found to exhibit 

extremely large optical nonlinear responses, lending to promising applications in second 

harmonic generation. This breakthrough led to the emergence of second order nonlinear optics, 

the subject of most advanced device technology development in this field. Second order 

nonlinear optics is chiefly characterized by the second order susceptibility χ(2) which, for an 

organic film can be described by 

θβχ 3)2( cosNF=           (2.4) 

where β is the hyperpolarizability of the chromophore, N is the chromophore number density, θ 

is the dipole tilt angle relative to the film normal vector and F is a local field effect factor. 

 

The three basic requirements for materials exhibiting NLO activity are polarizability, 

asymmetric charge distribution (incorporation of donor and acceptor molecules) and most 

importantly noncentrosymmetry at the macroscopic level (no inversion center).  Such 

requirements are best met by dipolar, highly polarizable donor-π bond-acceptor systems showing 

charge transfer between electron donating and electron drawing groups. The development of 

NLO chromophores aims to design, synthesize and characterize highly active chromophore 

molecules which have a high hyperpolarizability β. Factors such as increased π conjugation 

length, increased planarity and the strength of donors and acceptors all play significant roles in 

the NLO activity of the species.  

 

The design of nonlinear optical chromophores has progressed markedly in recent 

years.4, , ,5 6 7 High quality noncentrosymmetric materials have been fabricated from inorganic 

crystals and organic molecules. Inorganic crystals, such as lithium niobate (LiNbO3)8, ,9 10 and 
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potassium niobate (KNbO3),11, ,12 13 currently used for fiber optic systems yield high performance 

in the critical areas of data transmission speed and minimal optical loss, but these materials are 

inferior in the areas of cost, availability and lengthy processing times for crystal growth.14-15  

Since the late sixties, organic molecules have attracted an increasing amount of interest due to 

their potential application in nonlinear optical (NLO) devices. This interest is motivated not only 

by the large NLO response, but also by the low dielectric constant, ease of processing, physical 

robustness and ready availability of such materials. Organic molecules can also be tailored to 

possess high hyperpolarizabilities and may be processed into good optical quality thin films and 

NLO active crystals.16 Organic materials are now being designed into organized films for a 

variety of functions and applications. In the past, organic films were considered to be too fragile 

and of insufficient purity to yield consistent properties and render useful. However, with newly 

developed materials, many new compounds and polymers are being synthesized and made into 

thin films by a variety of techniques.17 Significant progress had been made in the design and 

preparation of chromophores with large hyperpolarizabilities for use in electro-optic 

applications. There has been an increase in the use of organic thin films in many electronic, 

optical and mechanical devices. For example, organic photoconductors are being used in copiers 

and printers. Liquid crystal displays are now common in watches and laptops. Some new 

applications of organic thin films are light emitting diodes (LEDs), nonlinear optical (NLO) 

materials, photorefractives and organic transistors.18

 

Electro-Optic Effect 

The electro-optic (EO) effect is described as the modification of optical parameters 

produced by the application of low-frequency electric fields. Specifically, the EO effect refers to 

changes in the optical dielectric tensor of a medium when a low frequency field is applied to the 

medium.19 This effect is achieved by placing the medium between two electrodes and applying a 

voltage to the electrodes. The EO effect can alter the absorption as well as refraction properties 

of the medium. A change in the refractive properties with an applied electric field is an effect 

called electro-refraction. This phenomenon is most commonly referred to as the linear electro-

optic effect. For a nonlinear optical medium in the presence of both an optical field (oscillating at 

optical frequency ω) and an applied electric field, the second-order nonlinear polarization of the 

medium can be written as 
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( ) ( )( )ωωω χε kjijki EEP 2
02=           (2.5) 

where ε0 is the dielectric constant, χ(2) is the second order susceptibility, Ej and Ek are the 

electric fields and the subscripts refer to the directions of polarization of the fields. Using 

symmetry relations and the refractive index tensor nijk, the electro-optic (or Pockels) tensor rijk is 

derived 

   22

)2(2

ji

ijk
ijk nn

r
χ

−=           (2.6) 

The symmetry of the electro-optic tensor and tensor algebra is used to reduce the first two 

subscripts and write rijk= rjik → rlk. The subscripts are then transformed to numbers, which gives 

the familiar convention of the linear electro-optic coefficient r33.  

 

The electro-optic effect is significant in the area of device development because the 

electric-field induced variation of refractive index allows the fabrication of various types of 

modulators and switches for use in fiber optic networks and communications devices. A 

commonly-studied type of modulator is a Mach-Zender (MZ) interferometer. In this device, the 

application of an electric field to one arm of the MZ results in a phase shift of incoming light 

relative to the signal propagating through the second arm and destructive interference at the 

device output.20  

 

 

Figure 1. Schematic of MZ interferometer. 
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EO modulators are designed to operate with a minimal halfwave voltage Vπ (preferably, less than 

1 V). The voltage required to obtain a phase shift of π is described as 

 

         
)2(2 χ

λ
π L

hnV =           (2.7) 

where h is the height of the device, L is the arm length and n is the refractive index.   

 

The linear electro-optic coefficient r33 of polymeric electro-optic materials is often 

measured using optical interferometry. The most commonly used methods for measuring the EO 

effect include the waveguide method,21 the Michelson22,23 interferometer, the Fabry�Perot 

interferometer,24, ,25 26 Mach�Zehnder interferometer 27, , ,28 29 30 and the reflection method.31,32 An 

EO measurement can be performed using a number of configurations including two-beam 

wavefront interferometry and single-beam polarization interferometry. The single-beam 

reflection interferometry method was introduced by Teng and Man and later modified by 

others33 This method is based on the polarization rotation of a laser beam due to the electro-optic 

effect. The EO effect is measured while a polymeric film undergoes low-voltage electrical 

poling. For this technique, the electro-optic coefficient is defined as 

     
( )

θ
θ

π
λ

22

2/122
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n
n

IV
I

r
cm

m −
=           (2.8) 

where λ is the wavelength of light, Im is the modulation amplitude, Ic is the half-max laser 

intensity, Vm is the applied modulation voltage, θ is the incident angle of the laser beam and n is 

the refractive index of the film without an applied electric field, also known as n0. This method is 

relatively complicated, but has proven to be (1) more time efficient and (2) more tolerant of light 

absorption, often encountered in polymer systems, than the more conventional waveguiding 

method. With all of these factors considered, the reflection method has proven to lend an 

accurate and widely-used technique to measure the electro-optic coefficient for polymeric 

electro-optic devices. 
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Refractive index is one of the most important parameters in determining the nonlinear 

optical susceptibility as well as designing optical waveguides, because the propagation of waves 

is dominated by the refractive index n of a substrate, waveguide layer and overlying layers. The 

refractive index is modified by the electro-optic coefficient r33 by 

  ⎟
⎠
⎞

⎜
⎝
⎛ −= Ernnn 33

2
00 2

11          (2.9) 

 

where n is the refractive index, and E is the applied electric field. 

 

NLO Film Fabrication Methods 

Ordered thin organic films ranging in thickness from a few to several hundred 

nanometers currently hold considerable technological promise. Electronic and optical devices 

incorporate structures in this thickness range and organic thin films have been proposed as 

fabrication components. Several experimental techniques have been developed for creating 

nonlinear optically (NLO) active thin films suitable for optical communication and photonic 

devices.34, , , , ,35 36 37 38 39  Organic materials that have been studied for second-order nonlinear fall 

into several categories Langmuir-Blodgett (LB) films, poled polymers and self-assembled 

paradigms. 

 

Poled Polymer Films 

By the method of poled polymer films,40, ,41 42 spin-cast chromophores are aligned above 

glass transition temperature Tg by an electric poling field for a specified time on the order of 

minutes to hours.  
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Figure 2. Schematic representation of poled polymer films generated by corona poling. 

 

After poling, the polymer film sample, is cooled by a rapid quench below glass transition 

temperature of the composite, resulting in an oriented film. Shi et al. have demonstrated poled 

polymer devices with full optical modulation at Vπ<1 V and a frequency >100 GHz.43 Singer and 

Dalton and coworkers have produced poled polymer films with χ(2) values in the range of 10-8 to 

10-9 esu. Poled polymer films face challenges for practical device application due to the 

instability of the acentric alignment of the chromophores, which degrades over the course of 

weeks or months at ambient conditions. This degradation of the chromophore orientation is 

problematic for EO devices due to the decay of the EO coefficient as a result of corresponding 

loss of chromophore alignment. Improved films can be fabricated through the use of cross-

linking agents and specially-designed chromophores. ,44 45 The state of the art in poled polymers 

has been claimed by Dalton et al.46  In this work a poled polymer dendrimer with high poling 

efficiency was developed. The film was found to have an electro-optic coefficient (r33= 60 

pm/V) twice that of lithium niobate. Furthermore, the films were found to exhibit unmatched 

thermal stability at 85°C for 1000 hours. Development of poled polymer films with a high poling 

efficiency, large NLO response and good thermal stability are still in development. 
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Alternating Layer Methods 

The study of alternating film structures has attracted wide attention,47, ,48 49 as it has been 

seen as the road to the formation of practical devices which might compete favorably with 

devices formed using alternate methods.  

 

Langmuir-Blodgett Films 

Langmuir-Blodgett films50, ,51 52 (LB) are formed by a deposition process composed of 

alternating dipping steps. These films are formed with molecules intrinsically aligned by the self-

assembly process itself. LB films have been seen as a potential prevention of the orientational 

relaxation seen in poled polymer films. On the upward stroke, hydrophilic interaction is 

responsible for adhesion. The deposition ratio is defined as the ratio of the area of film deposited 

to the change in area at the air/water interface corresponding to this deposition. If this deposition 

ratio is near one for both upward and downward strokes, the material is said to be deposited in 

the Y mode (Figure 3).  

 

Figure 3.  Schematic of the various Langmuir-Blodgett film types. 

If this ratio is near one on the up stroke and near zero on the down stroke, the deposition 

is said to be in the Z mode and the opposite situation leads to deposition in the X mode. Z and X 

deposition would lead to a noncentrosymmetric structure in some cases. But in many cases, there 

is some degree of rearrangement after deposition so that apparent X or Z deposition leads to a 

structure similar to that which one would achieve Y deposition and a structure of regular bilayers 

is produced. Langmuir-Blodgett films are desirable due to their cost-effective fabrication and 

fine control on film thickness and refractive index. However, due to requirements of high surface 

planarity, suitable substrates for LB film deposition are limited in number. Frequently, problems 

typically arise with LB films in the form of poor mechanical stability and high propagation 

losses due to scattering and insufficient thickness.53
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Organosilane Films 

Self-assembled organosilane54, , ,55 56 57 films have also produced NLO-active films with 

high nonlinear responses χ(2). The process involves a layer-by-layer assembly process for the 

formation of intrinsically polar thin films using functionalized, protected deprotecting agents 

(Figure 4).  

 

 

Silyl protecting group 

Repeat 

Chromophore 

Deprotecting/capping group 

Figure 4. Schematic representation of the two-step organosilane self-assembly method. 

 

The chromophore is covalently attached to the system, yielding closely packed films which 

promote chromophore alignment. Furthermore, chromophore orientation is fixed by covalent 

cross-links promoting notable temporal stability within the films. Wang et al. have produced 

siloxane-based films with high χ(2) values (>100 x 10-9 esu), quadratic growth of second 

harmonic intensity with film thickness and good thermal stability. However, the process requires 

complex, prolonged synthesis of interlayer precursors. Also, with deposition times nearing 40 

minutes per bilayer (3.2 nm/40 minutes), this method has limitations for practical film 

fabrication due to lengthy processing times.  

 
 
Polymer-Polymer ISAM Deposition 

The ionically self-assembled monolayer (ISAM) technique for the deposition of 

polyelectrolytes has been reviewed in a number of recent papers.58, ,59 60 The method involves the 
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alternate dipping of a charged substrate into an aqueous solution of a polyanion and polycation at 

room temperature. The advantages of this technique include simple, rapid, inexpensive 

production and long-term stability of the acentric χ(2) without the need for additional processing 

such as electric-field poling or chemical reactions. Polymer-polymer ISAM films fabricated by 

Heflin et al.61 exhibited linear scaling of I2ω
½ vs film thickness (up to 120 nm), demonstrating the 

uniform maintenance of orientation with layer-by-layer growth. This effort has produced the 

only successful attempt of any group working with films of this type thicker than a few tens of 

bilayers. In addition, the films exhibited exceptional thermal stability with no measurable decay 

of χ(2) at 150°C for more than 15 hours, in sharp contrast to electric-field poled polymers. 

However, the films exhibited modest χ(2) values, typically ~ 1x 10-9 esu, in comparison to other 

organic films, likely due to (1) the necessity of dipole orientation towards layers both above and 

below the polymeric layer, resulting partial cancellation of orientation, (2) the random 

orientation of dipoles within thicker monolayers, and (3) steric constraints on orientation induced 

by bulky chromophores on the polymer backbone. 

 

Hybrid Covalent Method 

A novel layer-by-layer methodology for fabricating NLO thin films has been 

developed62,63 with the aim of increasing the stability of chromophore-dipole orientation, 

reducing steric constraints from polymer-backbone attachment (often encountered in traditional 

ISAM films) and producing a large nonlinear optical response. This method builds films layer-

by-layer by alternately immersing a substrate into aqueous solutions of an NLO-active 

polyelectrolyte �glue� and a reactive chromophoric dye. The adsorption of the layers alternates 

between electrostatic interaction and covalent reaction.  
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Figure 5. Schematic of hybrid deposition process with Procion Red MX-5B and PAH. 

 

The chromophore is attached covalently which yields anisotropic ordering and high 

second-order NLO activity in these films. The hybrid deposition method has proven capable of 

producing films with regular layer-by-layer growth with sustained chromophore orientation. 

Films with quadratic scaling of square root of second harmonic intensity with film thickness 

have been fabricated for films up to 100 nm as described in Chapter 4. This lends a promising 

prospect for fabrication of a thick film (>500 nm). Prior analysis of hybrid covalent/electrostatic 

self-assembled systems for EO device applications has pointed to processing time and thermal 

stability as primary areas of weakness. However, recent studies have made two key 

advancements in these areas: (1) Findings show that a 60% reduction in deposition time (5 

minutes to 2 minutes) can be achieved with negligible effect to nonlinear optical activity. (2) 

Films fabricated from this novel class of films exhibit excellent thermal stability at 150°C with 

only a 9% decrease in χ(2). Films have been found to exhibit no permanent loss in SHG activity 

with hours 24 hours of heating at 150°C and 36 hours at 85°C. However, the films yield modest 

χ(2) values (typically ~10 x 10-9 esu) that will be addressed with novel, synthesized 

chromophores. 

 

It has been found that pH and ionic strength have significant effects on the properties of 

ISAM films including absorbance, nonlinear optical activity and layer thickness. The ionic 

strength Ieff for a charged species in solution is given as 
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where c is the polymer concentration and z is the counterion valency. Assuming counterion 

condensation occurs, the relationship for solution containing polyelectrolyte and salt is64

                           pHpH
NaClpolyeff ccI −− +++= 1010

6
1

                     (2.11) 

The conformation of a polyelectrolyte in solution is determined in part by the Debye length κ-1. 

The Debye length is the characteristic length scale for electrostatic interactions in solution and 

(for water at 25°C and in units of nm-1) is given by65

            2/1
1 32.0

effI
=−κ             (2.12) 

 
As the Debye length is reduced, the repulsion of neighboring ions on the polymer is 

reduced to electrostatic screening by the counterions. This, in turn allows more curvature in the 

polymer backbone or a reduction in chain stiffness. At low ionic strengths, where the screening 

is low, the polyelectrolyte adopts an extended conformation and adsorbs onto an oppositely 

charged surface in a flat, train-like conformation. With an increase in ionic strength, fixed 

charges on the polymer chain and between the surfaces are increasingly screened and the 

polymer gains conformational entropy by extending into the solution.66 The amount of polymer 

absorbed on an oppositely charged surface increases with more segments adsorbed as loops and 

tails, resulting in a thicker adsorbed layer. The ability to control the bilayer thickness by 

adjusting the parameters of the immersion solutions illustrates the power and versatility of the 

ISAM process. 

 

Kinetics of Adsorption 

Polymer Adsorption 

The kinetics of adsorption of charged molecules onto a charged surface has been probed 

in several studies.67,   68 The rate of adsorption of polymers is mainly determined by two processes: 

(1) transport of the polymer by convection and/or diffusion from the solution to the surface, and 

(2) attachment to the interface. The second step may consist of the rearrangement of the polymer 

chain toward an adsorbed state with increased entropy.69 The adsorbed amount  Γ (mg/m2) of a 
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charged polymer species onto an oppositely charged substrate is found to occur in the following 

kinetic steps. Initially, Γ increases linearly with time (Figure 6), implying diffusion-controlled 

adsorption. This stage is followed by a region where the rate of adsorption dΓ/dt dramatically 

slows. Finally, the surface adsorption reaches a plateau value Γp where Γ remains constant with 

time. 

Γ 
(m

g/
m2 )

Γ1

Γp

Time
 t1  tp

 

Figure 6. Surface coverage Γ of charged polymer onto an oppositely 
charged surface as a function of time. 

In the process of reaching a stable equilibrium state, polymer adsorption is thought to 

undergo a stage of adsorption reversibility.70,68 Studies have shown that the adsorption process 

approaches a non-equilibrium, reversible stage dominated by a resistant barrier, mainly kinetic in 

nature.70, ,71 72 These studies have focused on the relevant parameters driving the adsorption 

process, leading to a relationship that describes the height of the electrostatic barrier that builds 

up as a charged polyelectrolyte adsorbs onto a charged substrate. As the surface coverage Γ 

increases, a number of driving and resistance effects factor into surface adsorption. Electrostatics 

drive the adsorption process, but coincidentally limit it due to the repulsion arising from the 

accumulation of charges at the surface. The incoming molecules experience an electrostatic 

repulsion with the charged polymers already adsorbed to the surface, hindering further 

adsorption. The height of the electrostatic barrier has been analyzed from a kinetically-focused 

approach. The adsorption flux is the ratio of the polymer adsorption driving force to the 

resistance hindering adsorption. The adsorbing flux is defined by Geffroy et al. as 
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where Cbulk is the bulk concentration at the surface of the adsorbing layer, Ceq is the equilibrium 

concentration, Rtr is the transport-limiting resistance and Re is the electrostatic resistance.  

 

The kinetics of adsorption directly depends upon the height of the electrostatic barrier 

encountered after the polymer approaches the charged surface. High electrostatic barriers lead to 

a previously described non-equilibrium state which can be reduced by electrostatic screening. 

Such increases are characteristically introduced by an increase in ionic strength (equation 2.10).  

 

Studies of the kinetics of polyelectrolyte adsorption onto a charged substrate by Geffroy 

et al. show that most of the deposition of a charged self-assembled polymer film could take place 

in less than a minute given appropriate deposition conditions that would minimize the 

electrostatic barrier (i.e. concentration, ionic strength, flow conditions and pH).73  

 

 

 

Azo Dye Adsorption 

Surface-Reaction Dominated Kinetics 

The deposition kinetics of the NLO chromophore Procion Red onto poly(alyllamine 

hydrochloride) {PAH} films were measured by C. Brands using in-situ second harmonic 

generation (SHG) measurements74,75 and modeled using a Langmuir-type growth model.76  In 

this model the adsorbed molecules are assumed to be non-interacting, but inhibiting to other 

molecules landing on the adsorption site. The amount of material deposited per unit time is given 

by 

( ) qKqqCK
dt
dq

rmf −−=                   (2.14) 
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where q is the amount of material deposited, qm is one full monolayer coverage, C is the 

concentration, Kf is the adsorption rate and Kr is the desorption rate. The density of coverage is 

defined as Q= q/qm. The coverage density Q can be calculated from the coverage density flux 

dQ/dt 

( ) QqKQqqCK
dt
dQq mrmmfm −−=        (2.15) 

 

( )[ ]
L

CtKL
Q f

+

+−−
=

1
1exp1

       (2.16) 

 

where L is defined as Kr/KfC. For in-situ experiments, KfC>> Kr and L<<1. The square root of 

the SHG signal of the film is proportional to the amount of deposited material Q. This relation is 

expressed as: 

                                              ( )CtKQSHG ffilm −−=∝ exp1                              (2.17)                  

where Kf is the attachment rate constant, C is the concentration of dye in solution and t is the 

deposition time. Cited values for Kf at Procion Red concentrations studied are given as 

 

Table 1. Attachment rate constant as a function of Procion Red 
concentration for in-situ SHG kinetic studies. Values corrected 
from original values cited in Brands� thesis.  

Procion Red Conc. (mM) Kf (mg/ml-s) 

1 0.068 

0.1 0.2 

0.01 0.18 

 

The in-situ data for Procion Red film formation show a rapid increase in film adsorption 

followed by stabilization of film deposition rate after ~1 minute (Procion Red concentration= 1 

mM, 0 M added NaCl, pH 10.0). 
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Diffusive-Transport Dominated Kinetics 

A diffusion model was developed to model the adsorption of an incoming dye molecule 

in the absence of convective transport limitations (Figure 6). Under these conditions, the time for 

the molecule to diffuse to the adsorption surface is assumed far greater than the time for the 

molecule to attach to the surface. Therefore, the reaction rate is negligible compared to the rate 

of diffusion. A perfect sink condition, where the adsorption is limited by transport toward the 

surface, was assumed at the adsorption surface. The governing equation for diffusion-limited 

adsorption is described in relation to the concentration flux at the surface 

2
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∂
∂

=
∂
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       (2.18) 

 

where D is the diffusion coefficient.  

 

x

 

Figure 7. Orientation of adsorbing dye molecule to charged surface. 

Scaling of Equation 2.18 into dimensionless parameters for concentration Θ, diffusion 

coefficient and time 2η, followed by the application of scaled boundary conditions describes the 

concentration of dye at the surface as  

 

( ) ∫ −=Θ
η

η η
π

η
0

22 de         (2.19) 

where η=x/2(Dt)1/2. Following a series of integrations, the deposited amount of dye Γ (mass or 

moles/area) at time t is related to the dye concentration and diffusion coefficient by  
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More generally for Procion Brown or Procion Red (D ~ 2.4 x 10-6 cm2/sec) 

 

( ) ( ) 2/1
05.17 tct =Γ        (2.21) 

where Γ [=] mg/m2, c0 [=] mg/ml, t [=] sec. For example, after 1 second, Γ(t)= 87.4 mg/m2, 

which is two orders of magnitude larger than coverage of one monolayer. Based on this model 

and assuming that the kinetics for Procion Brown are similar to those of Procion Red, film 

deposition at the following conditions: (1) high dye concentration (~7 times that of in-situ 

experiments), (2) high pH (>9) and (3) in the presence of added salt, this adsorption kinetics 

model finds that the deposition time for complete monolayer coverage qm (Γmono=0.26 mg/m2) of 

azo dyes (Procion Brown or Procion Red) via a hybrid electrostatic-covalent deposition scheme 

could take place within 30-120 seconds, increasing the practicality of utilizing azo dye 

chemistries for thick EO device films. 
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Chapter 3 
 
The Effect of Forced Convection and Varying Deposition Times on the Properties 
of Nonlinear Optical (NLO) Films 
 

Introduction 

Industrial and consumer demands for faster and cheaper optical communication devices 

are increasing in the digital age. Inorganic crystals, such as lithium niobate (LiNbO3)1, ,2 3 and 

potassium niobate (KNbO3),4, ,5 6 currently used for fiber optic systems yield high performance in 

the critical areas of data transmission speed and minimal optical loss, but these materials are 

inferior in the areas of cost, availability and lengthy processing times for crystal growth.7-8  Since 

the late sixties organic molecules have attracted an increasing amount of interest due to their 

potential application in nonlinear optical (NLO) devices. This interest is motivated not only by 

the potentially large NLO response, but also by the versatility, ease of processing and ready 

availability of such materials. Organic molecules can also be tailored to possess high 

hyperpolarizabilities and may be processed into good optical quality thin films and NLO active 

crystals.9 Consequently, research relating to such devices has been driven towards developing 

alternative methods and materials for fabricating such devices. 

 
NLO Film Fabrication Methods 

Several experimental techniques have been developed for creating nonlinear optically 

(NLO) active thin films suitable for optical communication and photonic devices.10, , , , ,11 12 13 14 15  

Electric field poled polymer films,16, , ,17 18 19 Langmuir-Blodgett films20,21 and self-assembled 

organosilane22, , ,23 24 25 films have all produced NLO-active films with high nonlinear responses. 

However, poled polymer films face challenges for practical device application due to the 

instability of the acentric alignment of the NLO chromophores, which degrades the electro-optic 

activity over time. Langmuir-Blodgett films are desirable due to their cheap fabrication and fine 

control on film thickness and refractive index. However, problems typically arise in the form of 

poor mechanical stability and high propagation losses due to scattering and insufficient 

thickness.26 Ionic self-assembled multilayer (ISAM) films are a recently developed class of 

materials that allows detailed structural and thickness control at the molecular level, combined 



with ease of manufacturing and low cost. Polymer-polymer ISAM films studied by Heflin et al.27 

demonstrated the unprecedented maintenance of uniform orientation with layer-by-layer growth 

for films thicker than a few tens of bilayers. More recently, a novel layer-by-layer methodology 

for fabricating NLO thin films has been developed28,29 with the aim of increasing the stability of 

chromophore-dipole orientation, reducing steric constraints from polymer-backbone attachment 

(often encountered in traditional ISAM films) and producing a large nonlinear optical response. 

This method builds films layer-by-layer by alternately immersing a substrate into aqueous 

solutions of an NLO-active polyelectrolyte �glue� and a reactive chromophoric dye. The 

adsorption of the layers alternates between electrostatic interaction and covalent reaction. The 

chromophore is attached covalently which yields anisotropic ordering and high second-order 

NLO activity in these films.  

 
Effect of Salt on Hybrid Covalent Films 

It has been found that pH and ionic strength have significant effects on the properties of 

ISAM films including absorbance, nonlinear optical activity and layer thickness. The ionic 

strength Ieff for a charged species in solution is given as 

( )∑=
i

iieff zcI 2

2
1

          (3.1) 

where c is the polymer concentration and z is the counterion valency. Assuming counterion 

condensation occurs, the relationship for solution containing polyelectrolyte and salt is30

                       pHpH
NaClpolyeff ccI −− +++= 1010

6
1

        (3.2) 

The conformation of a polyelectrolyte in solution is determined in part by the Debye length κ-1. 

The Debye length is the characteristic length scale for electrostatic interactions in solution and 

(for water at 25°C in units if nm-1) is given by31

            2/1
1 32.0

effI
=−κ           (3.3) 

 
As the Debye length is reduced, the repulsion of neighboring ions on the polymer is 

reduced to electrostatic screening by the counterions. This, in turn allows more curvature in the 

polymer backbone or a reduction in chain stiffness. At low ionic strengths, where the screening 
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is low, the polyelectrolyte adopts an extended conformation and adsorbs onto an oppositely 

charged surface in a flat, train-like conformation. With an increase in ionic strength and hence 

electrostatic screening, the polymer gains conformational entropy by extending into the solution 

and the ions act as counterions for incoming charged molecules.32  In addition, increasing the 

ionic screening between Procion Brown molecules allows them to pack more densely, increasing 

the chromophore number density N. The amount of polymer absorbed onto an oppositely 

charged surface increases with more segments adsorbed as loops and tails, resulting in a thicker 

adsorbed layer. The ability to control the bilayer thickness by adjusting the parameters of the 

immersion solutions illustrates the power and versatility of the ISAM process. 

 
Second-order nonlinear optical properties of organic molecules are evaluated in terms of 

the second-order nonlinear susceptibility χ(2) and hyperpolarizability β. Second-order NLO 

device performance is best characterized in terms of χ(2) and r33, the electro-optic coefficient. χ(2)  

is related to the β of the chromophore, chromophore number density N, dipole tilt angle θ relative 

to the film normal vector and a local field effect factor F by: 

                                                                θβχ 3)2( cosNF=                                                                         (3.4) 

Adsorption Kinetics 

The kinetics of adsorption of charged molecules onto a charged surface has been probed 

by several research efforts.33, ,    34 35 Prior studies of the kinetics of polyelectrolyte adsorption onto 

an oppositely charged substrate show that most of the deposition of a self-assembled polymer 

film could take place in less than a minute given appropriate deposition conditions (i.e. 

concentration, ionic strength, flow conditions and pH).36,   37 These studies have focused on the 

relevant parameters driving the adsorption process, leading to a relationship that describes the 

height of the electrostatic barrier that builds up as a charged polyelectrolyte adsorbs onto a 

charged substrate. In general, the adsorption rate expression for a polyelectrolyte adsorbing onto 

a charged surface is 

( )
etr

eqbulk

RR
CC

dt
d

+

Γ−
=

Γ
          (3.5) 
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where Γ is the adsorbed amount, Cs is the bulk concentration at the surface of the adsorbing 

layer, Ceq is the equilibrium concentration, Rtr is the transport-limiting resistance and Re is the 

electrostatic resistance. It has been shown theoretically that the resistance Re decreasing with Ieff, 

i.e. the adsorption rate dΓ/dt increases as the electrostatic screening increases between a charged 

polyelectrolyte and the layer of already adsorbed polyelectrolyte on a surface. 

 

The deposition kinetics of the NLO chromophore Procion Red and poly(alyllamine 

hydrochloride) {PAH} films were measured using in-situ second harmonic generation (SHG) 

measurements38,39 and modeled using a Langmuir-type growth model.40 In this model the 

adsorbed molecules are assumed to be non-interacting, but inhibiting to other molecules landing 

on the adsorption site. The square root of the SHG signal of the film is proportional to the 

amount of deposited material Q. This relation is expressed as: 

                                             ( )CtKQSHG ffilm −−=∝ exp1                                               (3.6)                  

where Kf is the attachment rate constant, C is the concentration of dye in solution and t is the 

deposition time. The in-situ data for Procion Red film formation show a rapid reaction rate-

controlled increase in dye deposition followed by stabilization of film deposition rate after ~2 

minutes (Procion Red concentration= 1mM, 0 M added NaCl, pH 10.0). Cited values for Kf at 

Procion Red concentrations studied are listed in  

Table 1. 

 

Table 1. Attachment rate constant as a function of Procion Red 
concentration for in-situ SHG kinetic studies. Values corrected 
from original values cited in Brands� thesis.  

Procion Red Conc. (mM) Kf (mg/ml-s) 

1 0.068 

0.1 0.2 

0.01 0.18 

 

Rearranging equation 3.6, 

( )
CK

Qt
f

−−
=

1ln          (3.7) 

For 99% surface coverage, i.e. Q=0.99, 
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CK
t

f

605.4
99.0 ≈          (3.8) 

where C is the dye concentration in mg/ml. Assuming that the kinetics for Procion Brown are 

similar to those of Procion Red and using Kf =0.068 mg/m-s, the time required for Procion 

Brown to reach 99% coverage is 

 

C
t 7.67

99.0 ≈          (3.9) 

For C=5 mg dye/ml, t0.99= 14 seconds. These estimates suggest that deposition of Procion Brown 

dye needed for monolayer coverage could potentially take place within 30-120 seconds assuming 

the following deposition conditions: (1) high dye concentration (~7 times that of in-situ 

experiments, 5 mg/ml) and (2) high pH (>9). Based on these estimates, it was hypothesized that 

the deposition time could be significantly reduced with complete monolayer coverage. 

 

Prior Studies 

Prior studies of the fabrication of NLO active films with the polycation poly(alyllyamine 

hydrochloride) and the NLO active chromophore Procion Brown yielded exceptional results in 

nonlinear optical response.41  The studies showed that the optimal deposition conditions for PAH 

occurred at a neutral pH where the amine groups are highly protonated, which promotes 

electrostatic film deposition. Optimal deposition of the chromophore occurred at a pH >9 where 

the amine groups were largely unprotonated so that covalent reaction of the dichlorotriazine and 

amine groups occur. The studies found that an increase in ionic strength reduced the electrostatic 

repulsion between incoming adsorbing species and those already absorbed onto the surface for 

the dye species. The optimal deposition condition was found to take place in the presence of 

added salt (NaCl) and at pH=10.5 for Procion Brown with no added salt and at pH=7 for PAH. 

For Procion Brown films made without added NaCl, the films yielded a 30 x 10=)2(
zzzχ -9 esu. As 

the ionic strength of the deposition solution increased to 0.5M NaCl, the  increased 

approximately 50% to 56 x 10

)2(
zzzχ

-9 esu. This final value is 28% of the χ(2) value of the organic 

crystal lithium niobate (LiNbO3), the leading material currently being used for nonlinear optical 

applications. 
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This study addresses the aim of fabricating organic nonlinear optical (NLO) thin films via 

rapid film formation. Forced convection in both deposition steps and in the water rinsing step 

was employed to increase the mass transfer rate to the film surface from bulk solutions. 

Convective forces are expected to eliminate diffusion as the rate-limiting deposition step, 

increase the mass transfer coefficient and also lead to films with fewer defects due to 

contaminant particles being rinsed off. A significant increase in the mass transfer coefficient is 

expected to produce a transport rate to the surface of the substrate which is faster than the 

reaction rate at the surface of the substrate. This could reduce the film deposition time and dye 

concentration required for suitable film formation. Reduction of dye concentration and 

deposition time is crucial for practical processing of these films for fabrication of optical 

waveguides, typically ~1 micron in thickness. The current layer-by-layer method of fabricating 

optical waveguides would require approximately 8 days of non-stop operation and approximately 

80 grams of dye (purified by a desalting step) to fabricate a 1 micron-thick film. Based on prior 

studies and theoretical modeling, it was hypothesized that the deposition time may be reduced by 

a factor of two with NLO results comparable to prior studies, thus reducing the amount of dye 

required to ~20 grams and the processing time for a 1 micron-thick film to approximately 4 days. 

 

The experiments conducted in this study probe the effects of varying deposition time, 

presence of forced convection and dye concentration on the properties of PAH/Procion Brown 

NLO films. 

 

Experimental 

Materials.  All aqueous solutions were made with deionized water (Barnstead, resistivity > 17 

MΩ/cm). The polycation poly{allylamine hydrochloride}, (Aldrich, lot 06305DI, MW ~ 70,000) 

was used as received to prepare a solution with a concentration of  0.01M repeat unit basis (r.u.). 

The dichlorotriazine chromophore used for this study was Procion Brown MX-GRN (Pro Burnt 

Orange 515, Pro Chemical and Dye, Somorset, MA, CAS 68892-31-9). The films were deposited 

onto glass microscope slides (Fisher Scientific) prepared using the RCA cleaning procedure42 in 

which the substrates were immersed in a 6:2:1 solution of H2O, H2O2 (Hydrogen Peroxide 30%, 

Fluka, lot 1018886) and NH4OH (Aldrich, lot 016816) at 70 ± 5 °C for 20 minutes. The slides 
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were then rinsed and placed in a 6:2:1 acid bath consisting of H2O, H2O2 and HCl (EM Science, 

lot 42326) for 20 minutes and were then rinsed and baked at 130°C for one hour. 

 

Dye Purification. While the manufacture of optical materials traditionally requires highly pure 

reagents, commercially available azo dyes originally manufactured for textile industry use are 

usually impure. The purity of the commercially available chromophore used in this study, 

Procion Brown, was determined by HPLC to be highly variable.43  Reactive impurities can 

interfere with the molecular ordering of the primary chromophore and further decrease NLO 

performance. Procion Brown was purified to remove ionic salts and buffers that are in the as-

received powder. Solid phase extraction (SPE) with octadecyl functionalized silica was used to 

desalt the dye (Alltech High Capacity 75 ml C18 column, lot 173801). The dye was dissolved in 

50 mM ammonium acetate (Baker, lot 016816) at ~10 mg/ml. This solution was vacuum filtered 

with a Buchner funnel to remove any particulate impurities. The column was first washed with 

~50 ml of methanol (Budrick & Jackson, lot 42326; EMD, lot 43308345) followed by at least 

100 ml (~5 bed volumes) of 50 mM ammonium acetate solution and then the dye solution. The 

column was again flushed with >100 ml of the ammonium acetate solution, allowing the column 

to run dry. The dye molecules were eluted from the C18 packing by passing ~20 ml of methanol 

through the column. This solution was collected and the methanol was removed by a centrifuge 

vacuum. Inductively coupled plasma (ICP) emission spectroscopy analysis (Virginia Tech Soil 

Analysis Lab, SpectroFlame Modula ICP) showed a ~90% reduction in the Na+ concentration of 

purified Procion Brown dye. 

Table 2. Results of ICP analysis for purified and unpurified Procion Brown dye. Procion Brown was 
purified using the manual purification method. Data reported as part per million. 

Dye/Concentration Na Fe K Ca Si S 

Procion Brown/ 5 mg/ml (Unpurified) 1180 0.21 159.5 0.87 0.45 231 

Procion Brown/ 5 mg/ml (Purified) 135.2 0.04 35.7 1.64 0.45 596 

 

Due to lengthy processing times, the manual procedure was converted to an automated 

flash chromatography-based procedure. This procedure was utilized to purify dye for all 

experiments conducted with a reduced dye concentration (1 mg/ml) with 0.5M added NaCl. A 
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flash chromatography system (CombiFlash Retrieve) equipped with a solid phase extraction 

column (RediSep Reverse Phase C18, 43 g, 35-60 µm particle size) was used to desalt the as-

received dye. The chromatography system was operated at the optimal flowrate of the column 

(45 ml/min). The dye was dissolved in 50 mM ammonium acetate (Baker, lot 016816) at ~20 

mg/ml. This solution was then vacuum filtered with a Buchner funnel to remove any particulate 

impurities. The column was first washed with ~525 ml (~ 7 bed volumes) of methanol followed 

by ~225ml of 50 mM ammonium acetate solution and then 50 ml of dye solution. The column 

was again flushed with ~150 ml of the ammonium acetate solution. With the column remaining 

wet, the dye molecules were eluted from the C18 packing by passing ~50 ml of methanol through 

the column. This solution was collected and the methanol was first reduced by rotary evaporation 

(Büchi Rotovapor RE-111, T< 40°C) and finally removed by a centrifuge vacuum. Inductively 

coupled plasma (ICP) emission spectroscopy analysis (Virginia Tech Soil Analysis Lab, 

SpectroFlame Modula ICP) showed a ~99% reduction in the Na+ concentration of 

chromatography-purified Procion Brown dye.  

Table 3. Results of ICP analysis for purified and unpurified Procion Brown dye. Procion Brown was purified 
using the flash chromatography method. Data reported as part per million. 

Dye/Concentration Na Fe K Ca Si S 

Procion Brown/ 5 mg/ml (Unpurified) 1180 0.17 152.0 1.03 0.45 199.0 

Procion Brown/ 5 mg/ml (Purified) 3.26 0.01 0.53 1.65 0.28 628.0 

 

 

Film Preparation and Characterization 

Film Fabrication/Deposition. All aqueous PAH solutions (0.01M repeat unit basis) were stirred 

overnight and adjusted to a pH of 7.0 for film deposition. The aqueous solutions of Procion 

Brown (5 mg dye/ml, 0.5M added NaCl) were stirred for <5 minutes and adjusted to a pH of 

10.5 for film deposition. All Procion Brown solutions were discarded after approximately 5 

hours of use. The pH of all aqueous solutions was adjusted using NaOH (0.1N NaOH, Fisher 

Scientific, lot 024521-24) or HCl (diluted 1N HCl, Fisher Scientific, lot 024735-24). All pH 

measurements were made with an Orion Model 407 specific ion meter. All films were deposited 

at room temperature with the exception of two cases where the deposition was performed at an 
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elevated temperature (35 °C). Films were prepared using varying deposition times (Table 4) in 

the presence or absence of forced convection.  

Table 4 . Summary of experimental conditions. This study focused on the effect of varying 
deposition time and the presence of forced convection. The effect of elevated deposition 
temperature (35 °C) was studied for two cases (4114*, 4112*). 

Deposition 
Time  
(sec) 

Convection Dye Conc. 
(mg/ml) 

Number 
Bilayers Date Series ID 

300 N 5 40 Jan-04 4001 

300 Y 5 40 Jan-04 4007 

120 Y 5 60 April-04 4114* 

120 Y 5 60 April-04 4023-2 

120 Y 5 60 May-04 4034 

120 Y 5 60 May-04 4204 

120 Y 2.5 60 May-04 4224 

120 Y 1 60 May-04 4244 

60 N 5 60 Mar-04 4013 

60 Y 5 60 Mar-04 4023 

45 N 5 60 Mar-04 4015 

45 Y 5 60 Mar-04 4025 

30 N 5 40 Jan-04 4003 

30 Y 5 40 Jan-04 4005 

30 N 5 60 Mar-04 4011 

30 Y 5 60 Mar-04 4021 

30 Y 5 60 April-04 4112* 

 

Films were prepared by the sequential immersion of an RCA-cleaned glass slide into the 

polycation solution (PAH) for 10 minutes for the initial layer and 5 minutes for each subsequent 

layer for each 5 minute deposition time experiment. For series 4003 and 4005, the glass substrate 

was immersed into the PAH solution for 1 minute for the initial layer and 0.5 minutes for each 

subsequent layer. For series 4001 and 4007, the glass substrate was immersed into the PAH 

solution for 10 minutes for the initial layer and 5 minutes for each subsequent layer. For series 

4011-4025, the glass substrate was immersed into the PAH solution for 10 minutes for the initial 

layer. For series 4112, 4114 and 4023-2, the glass substrate was immersed into the PAH solution 

for 5 minutes for the initial layer. After the polycation deposition, all slides were then rinsed in a 

bench-scale flow through tank utilizing a water displacement pump to aid in slide rinsing and 

active tank circulation. Preliminary studies on the flow-through rinse tank set-up determined that 

the dye concentration was reduced to 20% of the original concentration and 80% of the 

deposition concentration after 2 minutes.  The slides were immersed in the flow-through rinse 
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tank for 2 minutes and then submerged into the Procion Brown solution for the designated 

deposition time, following the same rinsing procedure. Sodium chloride (NaCl) (Fisher 

Scientific, lot 028794) was used as the salt for adjusting the ionic strength of the dye solutions. 

The polycation and dye solutions were stirred at approximately 240 revolutions per minute (rpm) 

during film deposition to generate forced convection. Modeling the deposition baths with forced 

convection as continuously stirred tanks, the Reynolds number for the flow in the dye and 

polycation baths is defined as 

                                                                                
L

LiNd
µ
ρ2

Re =                                                                     (3.10) 

 

where N is the rotational speed of the impeller (stir rod), di is the diameter of the impeller, ρL is 

the density of the fluid and µL is the viscosity of the fluid.44 Assuming that the fluid properties of 

both the dye and polycation solutions are similar to those of water, the Reynolds number for the 

flow in the deposition baths is ~2500, placing the flow well into the turbulent flow regime 

(di=2.5 in, N=240 rpm). The ends of the slides (4 slides, 1.75� immersed in fluid) rest ~0.5� 

above the stirring bar (Figure 1).  

0.75� 

0.5� 
Stirring Bar

Immersed slide 

 

Figure 1. Schematic of forced convection set-up for bench-scale experiments. 

 
The diameter of the stirring bar is approximately equal to the diameter of the deposition bath 

(fluid height = 2.5�). The turbulent boundary layer at the surface of the glass slides has enhanced 

mass transport, in comparison to stagnant solutions, due to motion of eddies. 

For each set of conditions, two sets of slides were made with 10, 20, 30 and 40 bilayers 

(total on both sides) for series 4001-4007 or 10, 20, 40 and 60 bilayers (total on both sides) for 

all other slide series. 
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UV-Vis Spectroscopy. The films were deposited at room temperature and characterized using 

UV-Vis spectroscopy (Milton Roy Spectronic 1201).  Slides were dried with N2 gas every 10 

bilayers and the UV absorbance measurements were taken at the absorbance maximum of 407 

nm. Linear regression was used to determine the slope in absorbance vs. bilayer number graphs. 

    

Ellipsometry. Film thickness measurements were made using a variable angle spectroscopic 

ellipsometer (J.A. Woolam Ellipsometer VB-200, with WVASE32 software, Ver. 3.361). 

Initially a rough scan of each film was taken for wavelengths 250 to 1000 nm at 10 nm intervals. 

This wavelength range was repeated over angles ranging from 50û to 70û in 4û intervals.  The 

Brewster angle was determined to ±5º from a graph of the phase factor ∆ vs. scan angle. 

Following the determination of the Brewster angle, spectroscopic scan measurements were taken 

for wavelengths 250 to 800 nm at 40 nm intervals. The wavelength range was repeated over 

angles within a 5û range of the Brewster angle, specifically from 55û to 60û in 1û intervals. The 

accuracy of each fit was determined by the fit of the experimental amplitude factor ψ and phase 

factor ∆ to the Lorentz oscillator model. Ellipsometric measurements were taken at three points 

on each slide and averaged. The error in thickness measurements was calculated using 

propagation of error (Appendix A). 

 

Second Harmonic Generation. SHG measurements were made by Professor Heflin�s group (C. 

Durak) using a standard setup using a 10-nanosecond pulse width, Q-switched Nd:YAG laser 

with a  fundamental wavelength of 1064 nm.45 The SHG data were averaged over 100 shots per 

data point. Typical spot radius and pulse energy values were 30 µm and 70 mJ/pulse, 

respectively.  The sample was rotated with respect to the incident beam, accounting for the film 

deposited on both sides of the substrate, leading to interference fringes of the SHG intensity. The 

sample was rotated from 30° to 60° away from a normal incidence using a stepper motor 

controlled rotation stage. The I2ω value is determined from the peak of the interference fringe in 

the vicinity of 45°.  By comparison to Maker fringes in a 68-bilayer PS-119/PAH ionically self-

assembled monolayer (ISAM) film, χ(2)
eff

 of a film is obtained from:  
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where lref is the total path length (film thickness) through the 68-bilayer standard (measured with 

the films for which χ(2
s
) is being calculated), ls is the path length through the sample film (film 

thickness), nb is the number of bilayers of the sample film, I2ω
ref is the second harmonic intensity 

for the 68-bilayer standard, I2ω
s is the intensity of the second harmonic for the sample film, m is 

the slope of the plot of the square root of the second harmonic intensity vs. number of bilayers 

deposited and ls,bilayer is the sample film thickness per bilayer. For the PS-119/PAH standard film 

lref = 217.6 nm and χ(2)= 1.5 x 10-9 esu. An optical parametric oscillator (OPO) was incorporated 

into the SHG set-up (April 2004), altering the prior method for determining the second harmonic 

intensity. All calculations from measurements performed with the OPO incorporated into the 

setup, must adjust the second harmonic intensity to reflect the upward shift of the Maker fringe 

minima from zero. The I2ω
s in this case is calculated by 

imumspeakss III min
222 ϖϖϖ +=             (3.12) 

 

Tilt Angle. The tilt angle of the films was determined by SHG measurements (performed by 

Prof. Heflin�s group, C. Durak) at varying polarizations (s- or p-) of incident light. The 

measurements were taken using a standard setup of 10-nanosecond pulse width, Q-switched 

Nd:YAG laser with a  fundamental wavelength of 1064 nm.46  The SHG data were averaged 

over 100 shots per data point. Typical spot radius and pulse energy values were 30 µm and 70 

mJ/pulse, respectively. The SHG data was taken at both s- and p- polarizations of light. The 

maximum of the second harmonic intensity generated from the p-polarized light is represented as 

, whereas,  represents the s-polarization maximum second harmonic intensity.  ppI →
ω2

psI →
ω2

The average tilt angle ψ  from the film normal is calculated by:47

                                                        
⎥
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where θ is the incident angle (50û). From the tilt angle calculation, the ratio of s-polarization to 

p-polarization is determined. The χ(2)
zzz is then calculated using equation 3.14 
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Results 

Absorbance per bilayer. For all films in this study the absorbance of the films increased 

linearly with the number of bilayers deposited (Figure 2) which is characteristic of uniform 

layer-by-layer deposition for ISAM films. The slope of this linear relationship between the 

absorbance and number of bilayers is proportional to the amount of dye deposited per layer. 
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Figure 2. Plot of UV-Vis Absorbance (λ=407 nm) as a function of bilayer number for 
Procion Brown (PB) films with varying deposition times in the presence or absence of 
convection.  PAH 10mM RU (pH 7.0); PB 5mg/ml, 0.5M NaCl (pH 10.5). 
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Homogeneity. The films exhibited excellent homogeneity upon visual inspection. The graphs of 

second harmonic generation intensity as a function of incidence angle measured at three different 

positions in the films superimpose for all 5 minute deposition experiments, further demonstrating 

that the films were relatively homogeneous with respect to chromophore concentration and 

distribution. Films fabricated under conditions of convection demonstrated even superior 

homogeneity according to SHG results (a-d) for both 5 minute and 0.5 minute deposition 

experiments. SHG measurements taken for 0.5 minute deposition experiments with no 

convection (Figure 3c) showed significantly varying results, suggesting some degree of film 

inhomogeneity. 
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Figure 3a-d. Plot of second harmonic intensity vs. incidence angle at three different positions. □=Position 0; 
∆=Position 10; ◊=Position 20; Figure a. 5 min. deposition with no convection; Figure b. 5 min. deposition with 
convection; Figure c. 0.5 min. deposition with no convection; Figure d. 0.5 min. deposition with convection. 
Graphical alignment of the three measurements signifies film homogeneity. 

 

Film Thickness/Ellipsometry. Film thickness results were obtained from a fit of ellipsometric 

measurements to a two-layer model.  The two layers of the model consisted of one for the glass 

substrate and a second layer that represented the film. The layer representing the film was 

constructed using a Lorentz oscillator model. The film thickness data and optical constants (n 

and k) obtained from the two-layer model(a-b) correlate well with prior measurements. 
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Figure 4a. Plot of refractive index n vs. wavelength of PAH/PB films with varying deposition 
times in the presence or absence of convection. 
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Figure 4b. Plot of extinction coefficient k vs. wavelength of PAH/PB films with varying 
deposition times in the presence or absence of convection. The maximum of the 
extinction coefficient corresponds with the Procion Brown absorbance maximum of 
λ=407nm. 

film thickness data for similar deposition conditions (Z. Wang Aug. 2003), indicating a reliable 

fit to the two-layer model developed for this study. Bilayer thickness and refractive index results 

were averaged over all three measurements for each slide with the highest number of bilayers.  
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Second Harmonic Generation. Results of the second harmonic generation measurements are 

shown in Figure 5, which shows the square root of the second harmonic intensity (I2ω
1/2) as a 

function of the number of bilayers deposited. 
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Figure 5. Plot of square root of the second harmonic intensity as a function of the number of bilayers 
deposited. ◊= 0.5 min./No convection (Series 4003); □= 5 min./No convection (Series 4001); ○= 0.5 min./With 
convection (Series 4005); ∆= 5 min./With convection (Series 4007). A linear relationship signifies long-range 
polar layer-by-layer orientation. 

Linear scaling of the square root of the second harmonic intensity with the number of bilayers 

indicates preferential polar orientation and sustained orientation as additional layers are added. 

For all experimental conditions shown above, slides showed an initial lack of orientation for the 

first 20 bilayers with an increase in SHG intensity as subsequent layers are deposited. Assuming 

this increase represents some degree of bulk orientation, the χ(2)
eff and χ(2)

zzz of the varying 

deposition conditions are reported in Table 5.  
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Table 5. Summary of Procion Brown deposition with varying deposition time in the presence and absence of 
convection. (*Data modeled by Z. Wang/Experimentally obtained by M. Guzy). Errors on absorbance per bilayer 
and bilayer thickness are standard deviations. Errors on χ(2) values are standard deviations calculated by propagation 
of error. All slides made at room temperature (except 4112, 4114, deposited at 35°C). PAH 10 mM RU, pH 7.0, PB 
5mg dye/ml, 0.5M NaCl, pH 10.5. 

Convection 
Deposition 

Time 
(sec) 

Dye 
Concentration 

(mg/ml) 

χ(2) zzz
(10-9 esu) 

χ(2) eff
(10-9 esu) 

Absorbance/ 
Bilayer 

Bilayer 
Thickness (nm)

Tilt Angle 
(°) 

Series 
ID 

# 
Bilayers 

N 300 5 48.1 21.9 ± 4.6 0.00203 0.88 ± 0.11 39.3, 38.8 4001 40 

Y 300 5 69.4 32.2 ± 5.7 0.00255 1.04 ± 0.14 40.3, 38.7 4007 40 

Y 120 5 41.9 20.7 ± 2.9 0.00181 0.91 ± 0.10 40.0, 39.4 4114* 60 

Y 120 5 28.1 14.1 ± 1.8 0.00182 1.02 ± 0.13 40.1, 39.8 4023-2 60 

Y 120 5 28.5 13.7 ± 2.1 0.00200 0.93 ± 0.13 39.1, 39.7 4034 60 
Y 120 5 25.9 13.2 ± 1.5 0.00200 0.97 ± 0.11 39.8, 40.8 4204 60 
Y 120 2.5 31.3 15.9 ± 1.8 0.00173 0.90 ± 0.10 39.9, 41.1 4224 60 
Y 120 1 31.9 16.4 ± 2.1 0.00173 0.79 ± 0.10 40.8, 41.2 4244 60 
N 60 5 22.6 11.3 ± 9.0 0.00134 0.75 ± 0.11 39.4, 40.1 4013 60 
Y 60 5 13.7 7.6 ± 1.3 0.00133 1.09 ± 0.28 41.5 4023 60 
N 45 5 17.9 9.6 ± 1.6 0.00105 0.79 ± 0.11 41.1, 41.2 4015 60 
Y 45 5 6.9 4.6 ± 0.7 0.00095 0.81 ± 0.08 44.8 4025 60 
N 30 5 39.0 18.4 ± 6.5 0.00130 0.73 ± 0.11 40.2, 38.6 4003 40 

Y 30 5 26.5 18.1 ± 6.6 0.00159 0.83 ± 0.12 45.5, 45.9 4005 40 

N 30 5 10.7 5.4 ± 1.3 0.00084 0.82 ± 0.10 39.8, 39.9 4011 60 
Y 30 5 16.8 8.9 ± 2.2 0.00121 0.90 ± 0.09 41.4, 39.8 4021 60 
Y 30 5 34.3 15.7 ± 1.1 0.00209 0.98 ± 0.05 38.1, 37.9 4112* 60 
 

Discussion 

  This study investigated the effects of the presence of convection, deposition time and dye 

concentration on the optical properties of hybrid covalent/electrostatic self-assembled films.  

 
Effect of Convection 

At fixed deposition time and concentration conditions, the presence of convection had little 

demonstrated effect on films with deposition times shorter than 2 minutes (Figure 6). For the 5 

minute case, the presence of convection correlated with a ~45% increase in χ(2)
zzz values and 25% 

increase in absorbance per bilayer. The tilt angle and film thicknesses both seemed relatively 

unaffected by the presence of convection.  
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Effect of Deposition Time 

At a constant dye concentration of 5 mg/ml, the deposition time had little effect on SHG for 

deposition times less than two minutes. Deposition times ranging from 30 - 60 seconds, showed 

no significant difference in SHG for most cases. In the presence of convection, the increase in 

deposition time from 2 minutes to 5 minutes showed a 2.4 fold increase in χ(2)
zzz and a 30% 

increase in absorbance per bilayer.  

 
Effect of Dye Concentration 

For a deposition time of 2 minutes in the presence of convection, the dye solution 

concentration was successfully reduced 5-fold (from 5 mg/ml to 1 mg/ml) with less than a 5% 

difference in χ(2)
zzz, less than a 15% decrease in absorbance per bilayer and no detriment to film 

(Figure 7). Error bars reported estimated ±10%. These results strongly indicate that the 

deposition conditions remain well outside of the transport-limited regime at a dye concentration 

of 1 mg/ml. Rather, the surface reaction rate apparently is controlling. 

 
Effect of Temperature 

Depositing slides at an elevated temperature (~35°C), had an undetermined effect on 

χ(2)
zzz (Figure 6), but showed a 15% increase in absorbance per bilayer. There was less than a 

standard deviation in difference between some χ(2)
zzz values for films with a 30 second deposition 

time deposited at room temperature and the film deposited at 35°C (30 second deposition time).  

 
Overall, the optical quality of the films made in this study was excellent and consistently 

exhibited linear layer-by-layer growth. For all conditions studied, the slides consistently showed 

bilayer thickness values ~0.95 ±0.1 nm/bilayer deposited, corresponding well to previous 

studies. Most slides exhibited quadratic scaling of the second harmonic intensity with film 

thickness. In some cases, this relationship deviated from linearity for the first 20 bilayers 

deposited, suggesting that the films undergo an initial phase where the chromophores gradually 

gain preferential orientation. Further analysis should be given in the small-bilayer range (2-20 

bilayers, both sides) to identify any potential phenomena regarding chromophore orientation in 

this range.  

 
As previously mentioned, many data points for shorter deposition times (30 sec � 2 

minutes) have appreciable scatter of χ(2)
zzz values due to difficulty in precisely controlling 

 50



conditions during short deposition times. This suggests that the realm of the experiments 

conducted in this study may be insufficient to determine specific deposition kinetics of the 

PAH/dye deposition steps on the order of seconds. Future work should entail more detailed 

kinetic adsorption analysis of the polymer and dye species utilizing a quartz crystal microbalance 

(QCM), in-situ SHG measurements and biological amine assays. In-situ SHG studies and QCM 

measurements will give valuable data relating to the mass transfer coefficient and reaction rate of 

Procion Brown deposition. Studies of polyelectrolyte adsorption to a charged surface show that a 

small increase in ionic strength can significantly increase the polymer adsorption rate. Sodium 

chloride was used in this study as an electrostatic charge barrier in the dye deposition solution 

(0.5M NaCl). The effect of various halogen salts (i.e. NaBr, NaI) on the adsorption kinetics and 

NLO activity should be investigated in future work. A recent study48 found that solutions 

containing halogen counterions (50 mM added salt) with a larger ionic radius exhibit a faster 

adsorption of a species onto an oppositely-charged layer. Larger exchange ions are found to be 

more loosely bound to the surface and would exchange more rapidly than smaller, more tightly 

bound ions. Ions with smaller ionic radii (F-, r=1.33Å; Cl-, r=1.81 Å) were found to have 

adsorption rates 53% and 73% (respectively) that of the larger ion I- (r=2.16 Å). 
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Figure 6. Plot of χ(2)
zzz  vs. deposition time in the presence and absence of 

convection at dye concentration=5 mg/ml. 
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                           Figure 7. Plot of χ(2)
zzz  vs. dye concentration at deposition time = 120 seconds and at 25°C. 
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Figure 8. Summary plot of bilayer thickness as a function of deposition 
time for dye concentration = 5 mg/ml and at 25°C. 
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Figure 9. Summary plot of absorbance per bilayer as a function of 
deposition time for dye concentration= 5 mg/ml and at 25°C. 
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Figure 10. Summary plot of absorbance per bilayer as a function of dye 
concentration at a deposition time= 120 seconds and at 25°C. 
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Figure 11. Summary plot of bilayer thickness as a function of dye 
concentration at a deposition time=120 seconds and at 25°C. 

 

Conclusions 
 This study investigates the effect of various processing variables encountered in the 

hybrid covalent deposition method. The results were characterized in terms of χ(2), film 

thickness, tilt angle and absorbance per bilayer. Convection was found to have a negligible effect 

on the characterized properties for deposition times less than 5 minutes. The dye concentration 

was successfully reduced 5 fold with no detriment to film quality or second harmonic generation. 

Deposition time had negligible effect on SHG for deposition times less than 2 minutes. However, 

a 2 fold increase in χ(2)
zzz was found for a 2 fold increase in deposition time from 2 minutes to 5 

minutes. 
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Chapter 4 
Automated ISAM Film Fabrication: Development & Optimization 
 

Introduction 

There is a growing demand in industry for increased data handling capabilities, which 

include processing, transmission and storage.1 Over the last decade great attention has been paid 

to the study of various polymer systems for use in optical telecommunications. This technology 

can be applied to several devices, such as frequency modulators, tunable filters, broadband 

optical modulators and waveguides. Inorganic crystals, such as lithium niobate (LiNbO3)2, ,3 4 and 

potassium niobate (KNbO3), 5, ,6 7 currently used for fiber optic systems yield high performance in 

the critical areas of data transmission speed and minimal optical loss, but these materials are 

inferior in the areas of cost, availability and lengthy processing times for crystal growth.8-9  

Consequently, research relating to such devices has been driven towards developing alternative 

methods and materials for fabricating such devices. Organic polymers have long been recognized 

as having the potential for surpassing the performance of current inorganic materials such as 

lithium niobate and potassium niobate in integrated optical devices due to their high electro-optic 

coefficients, fast response time, low dielectric constants and flexibility of fabrication methods.10

 

NLO Fabrication Methods 

Several experimental techniques have been developed for creating nonlinear optically 

(NLO) active thin films suitable for optical communication and photonic devices.11, ,12 13  

Electricfield poled polymer films,14,15 Langmuir-Blodgett films16,17 and self-assembled 

organosilane18 films have all produced NLO-active films with high nonlinear responses. 

However, poled polymer films face challenges for practical device application due to the 

instability of the acentric alignment of the NLO chromophores, which degrades the electro-optic 

activity over time. Langmuir-Blodgett films are desirable due to their cheap fabrication and fine 

control on film thickness and refractive index. However, problems typically arise in the form of 

poor mechanical stability and high propagation losses due to scattering and insufficient 

thickness. Ionic self-assembled multilayer (ISAM) films are a recently developed class of 

materials that allows detailed structural and thickness control at the molecular level, combined 

with ease of manufacturing and low cost.  



The ISAM technique for the deposition of polyelectrolytes has been recently 

demonstrated through a number of research efforts.19 The method involves the alternate dipping 

of a charged substrate into an aqueous solution of a polyanion and polycation at room 

temperature. The advantages of this technique include simple, rapid, inexpensive production and 

long-term stability of the acentric χ(2) without the need for additional processing such as electric-

field poling or chemical reactions. Polymer-polymer ISAM films fabricated by Heflin et al.20  

exhibited linear scaling of I2ω
½ vs film thickness (up to 120 nm), demonstrating the uniform 

maintenance of orientation with layer-by-layer growth. 

 

ISAM deposition schemes that involve a reactive deposition step alternated with an 

electrostatic deposition step are evolving into a prevalent class of NLO film fabrication 

techniques.21, ,  22 23 Leermakers et al. have extensively studied the adsorption of charged 

polycations to charged surfaces.24,25 Their findings state that electrostatics alone provide a 

sufficient adsorption driving force to overcome the surface charge provided the ionic strength is 

below a threshold value.  Prior studies of the kinetics of polyelectrolyte adsorption onto a 

charged substrate show that most of the deposition of a self-assembled polymer film could take 

place in less than a minute given appropriate deposition conditions (i.e. concentration, ionic 

strength, flow conditions and pH).26,   27 These studies have focused on the relevant parameters 

driving the adsorption process, leading to a relationship that describes the height of the 

electrostatic barrier that builds up as a charged polyelectrolyte adsorbs onto a charged substrate. 

A novel layer-by-layer methodology for fabricating NLO thin films has been developed28,29 with 

the aim of increasing the stability of chromophore-dipole orientation, reducing steric constraints 

from polymer-backbone attachment (often encountered in traditional ISAM films) and producing 

a large nonlinear optical response. This method builds films layer-by-layer by alternately 

immersing a substrate into aqueous solutions of an NLO-active polyelectrolyte �glue� and a 

reactive chromophoric dye. The adsorption of the layers alternates between electrostatic 

interaction and covalent reaction. The chromophore is attached covalently which yields 

anisotropic ordering and high second-order NLO activity in these films. The reactive deposition 

method has been tested with a number of commercially-available monomeric dyes, including 

Procion Red, Procion Orange and most recently, Procion Brown. The adsorption kinetics of the 

NLO chromophore Procion Red and poly(alyllamine hydrochloride) {PAH} films measured 
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using in-situ second harmonic generation (SHG) measurements30,31 and modeled using a 

Langmuir-type growth model.32  In this model the adsorbed molecules are assumed to be non-

interacting, but inhibiting to other molecules landing on the adsorption site. Laschewsky et al. 

recently attempted reactive films growth with Procion Red dye and a synthetically-produced 

amine. The films experienced no regular layer-by-layer growth and exhibited no significant 

nonlinear optical activity due to inaccurate deposition conditions. 

 

Rinsing Studies 

The rinsing process in device and film fabrication has received considerable attention in 

recent years.33, , ,  34 35 36 With growing wafer sizes in semiconductor manufacturing and the 

development of the field of thin films for device applications, optimization of the rinse process is 

critical to time-efficient device manufacturing. As thin polymeric films near large-scale device 

fabrication, research efforts are being made to automate the manufacturing of such films. The 

automation of film manufacturing is a requisite for the development of layer-by-layer films as a 

viable option for electro-optic devices. The rinsing process is essential for layer-by-layer film 

deposition with good optical film quality.37,38 Rinsing removes any loosely bound molecules 

from the surface of the substrate, producing a �clean� surface for the next deposition step.   

 

Rinsing of a substrate can be limited by a number of factors, including (1) surface 

reaction kinetics, (2) thermodynamics, (3) diffusion of contaminants and (4) convective transport 

of contaminants. The significance of these factors is determined by the chemistries involved, 

fluid dynamics and rinse tank geometry.39 A number of studies aimed at determining the rate 

limiting factors in rinsing have addressed the process from a theoretical view.33-36

 

Substrates entering a rinse vessel are coated with a thin, liquid carryover layer from the 

previous fabrication step. Earlier studies have treated this layer as having uniform thickness and 

a relatively stagnant boundary layer.40 The removal of such a carryover layer requires diffusion 

through the boundary layer and then convective transport in the bulk fluid. Later-developed 

models refute the treatment of the carryover layer as a uniform, stagnant layer. In contrast, these 

models define the carryover layer as nonuniform collections of liquid droplets that are dependent 

on the balance between surface tension, viscous and gravitational forces. Rosato et al. note that 
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previous studies neglected both surface tension and carryover fluid drainage following 

deposition. The treatment of the carryover thickness T which accounts for all applicable forces is 

defined as  
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          (4.1) 

 
where µ is the fluid viscosity, ρ is the density, V is the extraction velocity and Ca is the capillary 

number. The capillary number Ca is a ratio of viscous forces to surface tension forces as given 

by 

σ
µ
g

VCa =           (4.2) 

where σ is the surface tension. 

 

Prior Studies 

A prior study of the fabrication of NLO active films with the polycation poly(alyllyamine 

hydrochloride) and the NLO active chromophore Procion Brown yielded exceptional results in 

nonlinear optical response.41  The studies showed that the optimal deposition conditions for PAH 

occurred at a neutral pH where the amine groups are highly protonated, which promotes 

electrostatic film deposition. Optimal deposition of the chromophore occurred at a pH >9 where 

the amine groups were largely unprotonated so that covalent reaction of the dichlorotrizine and 

amine groups occur. The studies found that an increase in ionic strength reduced the electrostatic 

repulsion between incoming adsorbing species and those already absorbed onto the surface for 

the dye species. The optimal deposition condition was found to take place in the presence of 

added salt (NaCl) and at pH conditions mentioned above. For Procion Brown films made without 

added NaCl, the films yielded a 30 x 10=)2(
zzzχ -9 esu. As the ionic strength of the deposition 

solution increased to 0.5M NaCl, the  increased to 56 x 10)2(
zzzχ -9 esu. This value is 28% the χ(2) 

value of the organic crystal lithium niobate (LiNbO3), the leading material currently being used 

for nonlinear optical applications.42  
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Current Studies 

This study addresses the aim of automating and optimizing the fabrication of thick, 

organic nonlinear optical (NLO) films. An automatic slide stainer was utilized in lieu of the 

manual dipping procedure employed in prior studies. The optimal conditions for this study were 

determined in the bench-scale experiments discussed in Chapter 3. Bench-scale experiments 

were also used to determine kinetic parameters associated with contaminant removal from the 

active-rinse bath in the slide stainer. A base case study (Phase I) was first conducted to determine 

(1) if any equipment modifications were necessary to fabricate optically homogeneous films and 

(2) obtain further contaminant build-up data for the active rinse bath for kinetic modeling. 

Several equipment modifications were employed to aid in the optimization of dipper operation 

and film fabrication, including the addition of forced convection in the deposition baths and 

increased agitation in the active rinse bath and modified slide holders. A second study (Phase II) 

was conducted utilizing the optimized conditions determined in Chapter 3 and equipment 

modifications deemed necessary from Phase I. A final study (Phase III) was conducted where the 

fabrication of a 500 bilayer film (total on both sides) was attempted.  

The overall experimental aims of this study were to: 

! Optimize the operating parameters of automated dipper operation (i.e. rinse time, etc.) to 

produce optically homogeneous films utilizing a minimal cycle time with minimal 

consumption of dye. 

! Demonstrate the feasibility of using the automated dipper to fabricate a thick film with 

suitable optical characteristics needed for electro-optic modulator devices. 

 

Experimental 

Materials.  All aqueous solutions were made with deionized water (Barnstead, resistivity > 17 

MΩ/cm). The polycation poly{allylamine hydrochloride}, (Aldrich, lot 06305DI, MW ~ 70,000) 

was used as received to prepare a solution with a concentration of  0.01M repeat unit basis (r.u.). 

The dichlorotriazine chromophore used for this study was Procion Brown MX-GRN (Pro Burnt 

Orange 515, Pro Chemical and Dye, Somorset, MA, CAS 68892-31-9). The films were deposited 

onto glass microscope slides (Fisher Scientific) prepared using the RCA cleaning procedure43 in 

which the substrates were immersed in a 6:2:1 solution of H2O, H2O2 (Hydrogen Peroxide 30%, 
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Fluka, lot 1018886) and NH4OH (Aldrich, lot 016816) at 70 ± 5 °C for 20 minutes.  The slides 

were then rinsed and placed in a 6:2:1 acid bath consisting of H2O, H2O2 and HCl (EM Science, 

lot 42326) for 20 minutes and were then rinsed and baked at 130°C for one hour. 

 

Dye Purification. While the manufacture of optical materials traditionally requires highly pure 

reagents, commercially available azo dyes originally manufactured for textile industry use are 

usually impure. The purity of the commercially available chromophore used in this study, 

Procion Brown, was determined by HPLC to be highly variable. 
44 Reactive impurities can interfere with the molecular ordering of the primary chromophore and 

further decrease NLO performance. Procion Brown was purified to remove ionic salts and 

buffers that are in the as-received powder.  

Earlier studies conducted within this research group41 developed a manual dye 

purification procedure that was utilized in this study for all 0.0M NaCl and 0.5M NaCl cases at a 

dye concentration of 5 mg/ml (Series 4009). Solid phase extraction (SPE) with octadecyl 

functionalized silica was used to desalt the dye (Alltech High Capacity 75 ml C18 column, lot 

173801). The dye was dissolved in 50 mM ammonium acetate (Baker, lot 016816) at ~10 mg/ml. 

This solution was vacuum filtered with a Buchner funnel to remove any particulate impurities. 

The column was first washed with ~50 ml of methanol (Budrick & Jackson, lot 42326) followed 

by at least 100 ml (~5 bed volumes) of 50 mM ammonium acetate solution and then the dye 

solution. The column was again flushed with >100 ml of the ammonium acetate solution, 

allowing the column to run dry. The dye molecules were eluted from the C18 packing by passing 

~20 ml of methanol through the column. This solution was collected and the methanol was 

removed by a centrifuge vacuum. Inductively coupled plasma (ICP) emission spectroscopy 

analysis (Virginia Tech Soil Analysis Lab, SpectroFlame Modula ICP) showed a ~90% 

reduction in the Na+ concentration (Table 1) of purified Procion Brown dye.  

Table 1.  Results of ICP analysis for purified and unpurified Procion Brown dye. Procion Brown was 
purified using the manual purification method. Data reported as part per million. 

Dye/Concentration Na Fe K Ca Si S 

Procion Brown/ 5 mg/ml (Unpurified) 1180 0.21 159.5 0.87 0.45 231 

Procion Brown/ 5 mg/ml (Purified) 135.2 0.04 35.7 1.64 0.45 596 
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Due to lengthy processing times, the manual procedure was converted to an automated 

flash chromatography-based procedure. This procedure was utilized to purify dye for all 

experiments conducted with a reduced dye concentration (1 mg/ml) with 0.5M added NaCl. A 

flash chromatography system (CombiFlash Retrieve) equipped with a solid phase extraction 

column (RediSep Reverse Phase C18, 43 g, 35-60 µm particle size) was used to desalt the as-

received dye. The chromatography system was operated at the optimal flowrate of the column 

(45 ml/min). The dye was dissolved in 50 mM ammonium acetate (Baker, lot 016816) at ~20 

mg/ml. This solution was then vacuum filtered with a Buchner funnel to remove any particulate 

impurities. The column was first washed with ~525 ml (~ 7 bed volumes) of methanol followed 

by ~225ml of 50 mM ammonium acetate solution and then 50 ml of dye solution. The column 

was again flushed with ~150 ml of the ammonium acetate solution. With the column remaining 

wet, the dye molecules were eluted from the C18 packing by passing ~50 ml of methanol through 

the column. This solution was collected and the methanol was first reduced by rotary evaporation 

(Büchi Rotovapor RE-111, T< 40°C) and finally removed by a centrifuge vacuum. Inductively 

coupled plasma (ICP) emission spectroscopy analysis (Virginia Tech Soil Analysis Lab, 

SpectroFlame Modula ICP) showed a ~99% reduction in the Na+ concentration of 

chromatography-purified Procion Brown dye.  

 

Table 2. Results of ICP analysis for purified and unpurified Procion Brown dye. Procion Brown was 
purified using the flash chromatography method. Data reported as part per million. 

Dye/Concentration Na Fe K Ca Si S 

Procion Brown/ 5 mg/ml (Unpurified) 1180 0.17 152.0 1.03 0.45 199.0 

Procion Brown/ 5 mg/ml (Purified) 3.26 0.01 0.53 1.65 0.28 628.0 

 

 

Film Preparation and Characterization 

Film Fabrication/Deposition. All aqueous PAH solutions (0.01M repeat unit basis) were stirred 

overnight and adjusted to a pH of 7.0 prior to film deposition. The aqueous solutions of Procion 

Brown (5 mg dye/ml [Phase I], 1 mg dye/ml [Phase II, III], 0.5M added NaCl) were stirred for 
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<5 minutes and adjusted to a pH of 10.5 for film deposition. All Procion Brown solutions were 

discarded after approximately 5 hours of use. The pH of all aqueous solutions was adjusted using 

NaOH (0.1N NaOH, Fisher Scientific, lot 024521-24) or HCl (diluted 1N HCl, Fisher Scientific, 

lot 024735-24). The pH typically drifted less than 0.6 pH units during deposition. All pH 

measurements were made with an Orion Model 407 specific ion meter. 

 

Films were prepared by the sequential immersion of an RCA-cleaned glass slide into the 

polycation solution (PAH) for 10 minutes for the initial layer and 5 minutes for each subsequent 

layer (Phase I) for the 5 minute deposition time experiment. For the optimized conditions 

experiments, the initial PAH layer was 10 minutes in duration and each subsequent deposition 

step was 2 minutes in duration (Phase II, Phase III). After the polycation deposition, all slides 

were then rinsed in an active rinse flow-thru tank utilizing a Hagen 201 water displacement 

pump to aid in slide rinsing and active tank circulation. Preliminary studies on the flow-through 

rinse tank set-up determined that the dye concentration in the rinse tank was reduced to 30% of 

the original concentration within 2 minutes of submersion. Based on these findings, the slides 

leaving the PAH deposition bath were immersed in the flow-through rinse tank for 2 minutes and 

then submerged into the Procion Brown solution for the designated deposition time. The same 

rinsing procedure was utilized following each Procion Brown deposition. Sodium chloride 

(NaCl) (Fisher Scientific, lot 028794) was used as the salt for adjusting the ionic strength of the 

dye solutions. The polycation and dye solutions were circulated through a powerhead pump (3.4 

L/min, max. flowrate) during film deposition to generate forced convection. In order to model 

the forced convection in the deposition baths as continuously stirred tanks, the Reynolds number 

for the flow in the dye and polycation baths is defined as 

µ
ρVD

=Re           (4.3) 

 
where D is the affected distance (width of the deposition bath), V is the velocity of the fluid, ρ is 

the density of the fluid and µ is the viscosity. Assuming that the fluid properties of both the dye 

and polycation solutions are similar to those of water, the Reynolds number for the flow in the 

deposition baths is ~1200, placing the flow in the turbulent flow regime. 
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UV-Vis Spectroscopy. The films were deposited at room temperature and characterized using 

UV-Vis spectroscopy (Jasco V-530). Slides were dried with N2 gas every 10 bilayers (Phase I). 

Slides fabricated in Phase II and Phase III experiments were air dried. UV absorbance 

measurements were taken at the Procion Brown absorbance maximum of 407 nm. Linear 

regression was used to determine the slope in absorbance vs. bilayer number graphs. 

 

Ellipsometry. Film thickness measurements were made using a variable angle spectroscopic 

ellipsometer (J.A. Woolam Ellipsometer VB-200, with WVASE32 software, Ver. 3.361). 

Initially a rough scan of each film was taken for wavelengths 250 to 1000 nm at 10 nm intervals. 

This wavelength range was repeated over angles ranging from 50û to 70û in 4û intervals. The 

Brewster angle was determined to ±5º from a graph of the phase factor ∆ vs. scan angle. 

Following the determination of the Brewster angle, spectroscopic scan measurements were taken 

for wavelengths 350 to 800 nm at 40 nm intervals. The wavelength range was repeated over 

angles within a 10û range of the Brewster angle, specifically from 55û to 60û in 1û intervals. The 

accuracy of each fit was determined by the fit of the experimental amplitude factor ψ and phase 

factor ∆ to the Lorentz oscillator model. Ellipsometric measurements were taken at three points 

on each slide and averaged. The standard deviations for the thickness measurements were 

calculated using propagation of error (Appendix A). 

 
Second Harmonic Generation. SHG measurements were made by Professor Heflin�s group 

using a standard setup using a 10-nanosecond pulse width, Q-switched Nd:YAG laser with a  

fundamental wavelength of 1064 nm.45,46 The SHG data were averaged over 100 shots per data 

point. Typical spot radius and pulse energy values were 30 µm and 70 mJ/pulse, respectively.  

The sample was rotated with respect to the incident beam, accounting for the film deposited on 

both sides of the substrate, leading to interference fringes of the SHG intensity. The sample was 

rotated from 30° to 60° away from a normal incidence using a stepper motor controlled rotation 

stage. The I2ω value is determined from the peak of the interference fringe in the vicinity of 45°. 

By comparison to Maker fringes in a 68-bilayer PS-119/PAH ionically self-assembled 

monolayer (ISAM) film, χ(2) of a film is obtained from 

 67



            
⎟⎟
⎟

⎠

⎞

⎜⎜
⎜

⎝

⎛

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
=

⎟⎟
⎟

⎠

⎞

⎜⎜
⎜

⎝

⎛

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

ωωω

ω

χχχχ
2

,

)2(

2

)2(
2

2
)2()2(

refbilayers

ref
ref

ref

b

s

ref
ref

ref

s

s

ref
refs

I
m

l
l

I

nm
l

l
I
I

l
l

                           (4.4) 

 

where lref is the total path length (film thickness) through the 68-bilayer standard (measured with 

the films for which χ(2
s
) is being calculated), ls is the path length through the sample film (film 

thickness), nb is the number of bilayers of the sample film, I2ω
ref is the second harmonic intensity 

for the 68-bilayer standard, I2ω
s is the intensity of the second harmonic for the sample film, m is 

the slope of the plot of the square root of the second harmonic intensity vs. number of bilayers 

deposited and ls,bilayer is the sample film thickness per bilayer. For the PS-119/PAH standard film 

lref = 217.6 nm and χ(2)= 1.5 x 10-9 esu. An optical parametric oscillator (OPO) was incorporated 

into the SHG set-up (April 2004), altering the prior method for determining the second harmonic 

intensity. All calculations from measurements performed with the OPO in tact, must adjust the 

second harmonic intensity to reflect the upward shift of the Maker fringe minima from zero. The 

I2ω
s in this case is calculated by 

imumspeakss III min
222 ϖϖϖ +=               (4.5) 

 

Tilt Angle. The tilt angle of the films was determined by SHG measurements at varying 

polarizations (s- or p-) of incident light. The measurements were taken using a standard setup of  

10-nanosecond pulse width, Q-switched Nd:YAG laser with a  fundamental wavelength of 1064 

nm.47  The SHG data were averaged over 100 shots per data point. Typical spot radius and pulse 

energy values were 30 µm and 70 mJ/pulse, respectively. The SHG data were taken at both s- 

and p- polarizations of light. The maximum of the second harmonic intensity generated from the 

p-polarized light is represented as while,  represents the s-polarization maximum 

second harmonic intensity.       

ppI →
ω2

psI →
ω2

The average tilt angle ψ  from the film normal was calculated by: 
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where θ is the angle of incidence (50û). From the tilt angle calculation the ratio of s-polarization 

to p-polarization is determined. The χ(2)
zzz is then calculated using equation 4.7 
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Equipment Layout 

All experiments were performed with a Richard-Allen Scientific DS/50 automated slide 

stainer (Figure 1). 

 

Figure 1. Richard-Allen DS/50 Slide Stainer. (www.rallansci.com) 

The slide stainer (35�L x 24�W x 22�H) is equipped with 20 polyphenyline sulfide (PPS) ryton 

static deposition chambers, one active rinse bath (also constructed of PSS) and a drying chamber. 

Table 3 and Table 4 provide details of the deposition and rinse baths. 

 

Table 3. Static deposition bath dimensions and specifications. 

Dye/Polymer Bath Specifications  
Total liquid volume (to fill line) 600 ml 
Total liquid volume w/ powerhead 500 ml 
Vessel height 4.25 in 
Vessel length 6 in 
Vessel width 2 in 

 
 
 

 69



 
Table 4. Active rinse bath dimensions and flow specifications. 

Active Rinse Bath Specifications  
Total volume (capacity) 2000 ml 
Active liquid volume 1650 ml 
Vessel height 4.5 in 
Active height (to top of standpipe) 3.5 in 
Vessel length 8 in 
Vessel width 3.5 in 
Flow-thru flowrate (w/powerhead) 1.4 L/min

 

 

Equipment Modifications 

Slide Holder 

The DS/50 is factory-equipped with a 50-slide capacity metal slide basket (Figure 2). The 

design of this slide holder was determined to be unsuitable for use in these experiments due to a 

number of design issues: (1) A slide holder composed of metal may produce corrosion due to the 

high-salt conditions used for dye deposition (0.5M NaCl). (2) The original slide holder is 

designed with a number of crevices that entrap additional polymer/dye for carryover to the rinse 

bath. The reduction of carryover volume of polymer/dye is critical for effective rinsing. (3) The 

original slide holder is designed so that the slides face the flow of the powerhead face-on as 

opposed to edge-on. With this configuration, only the front-most slide would receive adequate 

flow for effective rinsing, while the slides towards the back of the holder would mainly rely on 

diffusion-driven dilution for removal of the carryover layer. (4) The original slide holder grips 

the slides on the sides, which negatively affects the optical film quality in the lateral regions. 

While the optical film quality may not likely have a negative effect on the film performance, a 

major aim of the study focuses on fabricating films with optimal film quality. 

 

With these factors considered, modified slide holders were designed (Figure 3, Figure 4) 

and constructed. The modified holders were designed to meet the following criteria: 

- Non-metal, benign to high salt conditions. 

- Minimal surface area for carryover transfer to rinse bath. 

- Configured with slides edge-on to water flow. 

- Configured to produce films with �clean� edges. 
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- Seats slides securely in the stream of powerhead pump flow. 

- Accomodates all baths with sufficient clearance of the powerhead nozzle.  

 
The modified slide holders were constructed (Virginia Tech Physics Machine Shop) of 

Delrin® into a monolithic L-bracket configuration (Figure 4). The holder accommodates 4 slides 

edge-on to water flow. The slides are held vertically from the elevated base of the holder by a 

series of 4 slots tightened by set screws.  
 

  

Figure 2. First generation metal slide holder. 
Contact surface area ~312 cm2. 

Figure 3. Second generation 2-piece slide holder. 
Contact surface area ~77 cm2. 

  

 

Figure 4. Third generation L-bracket monolithic 
slide holder. Contact surface area ~60 cm2. 

 

The modified holders, seat the slides with sufficient clearance from the powerhead nozzle 

to ensure no detriment to film quality arising from high flow rates and also allow a well-mixed 

environment in the dipper baths. For the third generation slide holder, approximately 60 cm2 of 

the crevice-free slide holder surface contacts the depositing solutions, whereas approximately 

312 cm2 of surface area contacts the solutions with the original slide holder. Therefore, the 
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modifications to the original slide holder reduced the contact surface area by 80% and the 

carryover volume by ~83% from the original metal slide holder. 

 

PowerHead Pump 

An aquarium powerhead pump was added to the active-rinse bath and deposition baths 

(Phase II, Phase III) to increase fluid circulation. The increased circulation was intended to 

increase rinsing efficiencies and overcome any potential diffusive limitations encountered in the 

deposition process. The Reynolds number was estimated for all baths containing a powerhead 

pump. The Reynolds number for flow in a rectangular vessel is defined as 

µ
ρVD

=Re             (4.9) 

where D is the affected distance, V is the velocity of the fluid, ρ is the density of the fluid and µ 

is the viscosity of the fluid. The physical properties of water were used for these calculations (ρ= 

1 g/cm3; µ=0.001Pa-s). The velocity V was calculated using the characteristic area for a 

rectangular vessel with height H and width W. The effective area was defined as Aeff= (H*W/2), 

which was substituted into the expression for velocity 

HW
Q

Aeff
QV 2

==           (4.10) 

where Q is the volumetric flowrate of the pump (3.4 L/min). For the static deposition baths, the 

Re~1170 and for the active-rinse the Reynolds number ~3200.  

 

Blotting Step 

A blotting step was added to the film fabrication process to remove excess deposition 

solution accumulated at the ends of the slides (Figure 5) and the solution forced between the 

slides by capillary action.  
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Figure 5. Typical dye bead to be removed by blotting step. 

This step is performed in a staining vessel lined with Kimwipes. The height of the blotting 

surface was carefully adjusted as to not activate the fail-safe obstruction mechanism in the 

dipper�s robotic arm.  

 

Design of Experiments 

This study aims to optimize the operating parameters of automated dipper operation (i.e. 

rinse time, etc.) to produce optically homogeneous films utilizing a minimal cycle time with 

minimal consumption of materials. Fabrication of ionically self-assembled Procion Brown/PAH 

films was automated to produce device-applicable films utilizing the optimal conditions 

(determined in Chapter 3) of the following variables:  

! Dye/Polymer deposition time 

! Dye concentration 

! Rinse Time 

The automated operation parameters were closely monitored to determine optimal deposition 

conditions. The active flow-through bath was modeled as a continuously-stirred tank reactor to 

determine the optimal rinse time and overall effectiveness of the rinse step, the most critical step 

to proper film formation. Automatically fabricated films were characterized by absorbance, film 

thickness, tilt angle and second harmonic generation χ(2). 

 

The study was conducted in three phases: 

! Phase I: Base Case Operation 

! Phase II: Optimized Condition Operation 

! Phase III: Thick Film Fabrication 
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Phase I: Base Case 

This series of experiments was conducted to examine the feasibility of utilizing an automated 

dipping procedure to fabricate films. This experiment utilized the optimal conditions (deposition 

pH, polymer/chromophore combination, ionic strength) from previously conducted studies 

(Table 5). The experiment was conducted with the following objectives: 

- Determine if any equipment modifications are necessary to successfully fabricate 

films. 

- Obtain contaminant build-up data for the active rinse bath in an effort to determine 

the bath�s effectiveness in contaminant removal and model its kinetic behavior for the 

planning of future experiments. 

- Fabricate optically homogeneous films that exhibit linear layer-by-layer growth and 

suitable SHG (χ(2)
zzz> 25 ± 5 x10-9 esu). 

 

Table 5. Experimental conditions for base case (Phase I) study. 

Experimental Conditions  
Deposition Time 5 min. 
Dye Concentration 5 mg/ml 
Polymer Concentration 10 mM 
Rinse Time 2 min. 

 

 

Phase I Equipment Set-up 

The experiment was conducted in the absence of forced convection in both deposition 

baths and without blotting steps. A powerhead water pump (Hagen Powerhead 201) was added 

to the active rinse bath to generate an increase in water circulation and therefore, more effective 

rinsing behavior.  

Table 6. Equipment set-up for base case (Phase I) study. 

Equipment Modifications  
Active-Rinse Bath Pump Y 
Forced Convection in Deposition Baths N 
Blotting Steps N 
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Phase I Results 

Homogeneity. The films conducted in Phase I of experiments exhibited poor optical 

homogeneity. The films exhibited good optical homogeneity the first 20 bilayers (both sides) of 

dipper operation. Deposition of subsequent bilayers, marked heterogeneities in the form of dye 

aggregates. The film quality was mainly attributed to the observed cross-contamination between 

the dye and polymer baths for this set of experiments. The slide holder utilized for this 

experiment was constructed of two connected pieces of Delrin (Figure 3). The joint between the 

pieces provided a space for capillary-drawn fluid to reside. With the fluid inaccessible to 

turbulent flow of the active rinse bath, dye/polymer solution was transferred between deposition 

baths, introducing contamination in both the dye and polymer baths. 

  

Plots of second harmonic intensity, as a function of incidence angle (measured at three 

separate positions) for films made in this study (Figure 6), lacked the superposition often seen in 

manually-fabricated films (Figure 7). 
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Figure 6.  Plot of second harmonic intensity vs. incidence angle at three 
different positions. ◊=Position 0; □=Position 10; ∆=Position 20; Slides 
made with automatic slide stainer (Series 4009). Graphical alignment of 
the three measurements signifies film homogeneity. Peak minima landing 
at zero signifies homogeneity in the form of equivalent films on both sides 
of the substrates. *Measurements taken before installation of OPO* 
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Figure 7. Plot of second harmonic intensity vs. incidence angle at three different 
positions. ◊=Position 0; □=Position 10; ∆=Position 20; Slides made with manual 
dipping procedure. Graphical alignment of the three measurements signifies film 
homogeneity. Peak minima landing at zero signifies homogeneity in the form of 
equivalent films on both sides of the substrates. *Measurements taken before 
installation of OPO* 

 
 

Absorbance per bilayer. The UV absorbance of the films displayed a linear increase with the 

number of bilayers deposited (Figure 8) for all films in this study. This linear increase is 

characteristic of layer-by-layer deposition for self-assembled films. The slope of this linear 

relationship between the absorbance and number of bilayers (total on both sides) is proportional 

to the amount of dye deposited per layer. 
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Figure 8. Plot of UV-Vis absorbance (λ=407 nm) vs number of bilayers (total on 
both sides) for Procion Brown (PB)/PAH films fabricated utilizing an automated 
slide stainer (Series 4009). PAH 10mM RU (pH 7.0); PB 5mg dye/ml, 0.5M added 
NaCl (pH 10.5). Linear plot denotes layer-by-layer growth. 

 
The absorbance per bilayer of the films in this study correlate well with films deposited utilizing 

a manual dipping procedure. Both slide sets used identical deposition conditions (Table 7). 

 

Table 7. Absorbance per bilayer for automatically-fabricated films (4009) 
compared to those fabricated manually (4001). 

Series ID Deposition Time (minutes) Absorbance per bilayer 
4009 5 0.00396 ± 0.0004 
4001 5 0.00203 ± 0.0001 

 

Ellipsometry 

Film thicknesses were obtained from a fit to a two-layer model. The first layer 

represented the glass substrate used for deposition whereas the second layer represented the self-

assembled film (Lorentz oscillator model). The film thickness data and optical constants (n and 

k) obtained from the two-layer model correlate well (Figure 9, Figure 10) with prior 

ellipsometric data for similar deposition conditions, indicating a reliable fit to the two-layer 

model developed for this study.  
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Figure 9. Plot of refractive index n vs. wavelength of PAH/PB films fabricated with an 
automated slide stainer (Series 4009) compared to those fabricated manually (Series 
4001, 4007).  
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Figure 10. Plot of extinction coefficient k vs. wavelength of PAH/PB films 
fabricated with an automated slide stainer (Series 4009) compared to those 
fabricated manually (Series 4001, 4007). The maximum of the extinction 
coefficient corresponds with the Procion Brown absorbance maximum of λ=407 
nm. 
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Bilayer thickness (Table 8) and refractive index results were averaged over three measurements 

for each slide containing the highest number of bilayers deposited. 

 

Phase I Conclusions 

A base-case automated film fabrication experiment was conducted as a feasibility study. 

The films compared well with manually-fabricated films for values of thickness and optical 

constants. However, the films exhibited relatively poor optical homogeneity and modest χ(2) 

values. A number of areas for potential improvement, particularly in film quality and processing 

time lead to opportunities for further optimization.  Moreover, processing times were on the 

order of 14 minutes per bilayer deposited so that the current process used in Phase I is not 

adequate for fabricating thick, device-suitable films. This issue was addressed in Phase II of 

experiments with the reduction of deposition and rinsing times. Improvement of the optical 

quality of the automatically-fabricated films and optical performance χ(2) was also investigated in 

Phase II with additional equipment modifications implemented.   

Table 8. Summary of results (Phase I Experiments) base case automated film fabrication 
compared to hand dipped films(*) with identical deposition conditions. PAH 10mM, pH 7.0; 
Procion Brown 5 mg dye/ml, 0.5M added NaCl, pH 10.5. 

Tilt Angle χ(2)
zzz χ(2)

eff Abs/bilayer Thick./bilayer Dep. Time (min) Convection Dye Conc. # Bilayers 
40.5, 38.9 35.9 17.3 ± 3.0 0.00396 1.09 ± 0.19 5 N 5 mg/ml 30 
39.3, 38.8 48.1 21.9 ± 4.6 0.00203 0.88 ± 0.11 5 N 5 mg/ml 40 

 

 

Phase II: Optimized Conditions 

This series of experiments was conducted to examine the consistency of results from 

manually executed experiments versus those experiments fabricated with an automated dipping 

procedure. The optimal conditions determined in the series of experiments conducted in Chapter 

3: The Effect of Forced Convection, Deposition Time and Concentration on Properties of NLO 

Films were used in Phase II experiments. The experiment was conducted with the following 

objectives: 

- Examine the consistency of results from manually executed experiments with those 

experiments fabricated with an automated dipping procedure. 

- Utilize optimized conditions on the dipper in an effort to reduce dye consumption and 

overall processing time. 
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- Determine the feasibility of introducing forced convection into the deposition baths 

for prolonged dipping experiments. 

- Determine the necessity of additional equipment modifications for film fabrication. 

- Obtain contaminant build-up data for the active rinse bath in an effort to determine 

the bath�s effectiveness in contaminant removal and model its kinetic behavior for the 

planning of future experiments. 

- Fabricate optically homogeneous films that exhibit linear layer-by-layer growth and 

suitable SHG (χ(2)
zzz> 25  ± 5 x10-9 esu). 

 

Determination of Optimal Deposition Time 

The deposition time for the dipper experiments was determined from the series of 

experiments conducted in Chapter 3: The Effect of Forced Convection, Deposition Time and 

Concentration on Properties of NLO Films. In that series of experiments, the deposition time of 

the dye and polymer adsorption steps were varied while the dye concentration, polymer 

concentration and rinse time were all held constant (Table 9).  

Table 9. Design of experiments matrix for deposition time 
study. �X� denotes fixed variable. 

Variable   
Deposition Time  0.5 � 5 min. 
Dye Concentration X 5 mg/ml 
Rinse Time X 2 min. 

 

The deposition time for the dye and polymer baths were fixed to equal values for all 

experiments. The effectiveness of the varying deposition times was characterized by the SHG of 

the sample films, specifically the second-order susceptibility χ(2)
zzz (Figure 11). 
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Figure 11. Plot of χ(2)
zzz as a function of deposition time (Chapter 3 

experiments). All slides deposited in the presence of convection and at room 
temperature. PAH, 10mM, pH 7.0; PB, 5 mg/ml, pH 10.5. 

 

For deposition times less than 2 minutes, the χ(2)
zzz decreased sharply. Based on the 

requirement of χ(2)
zzz>25 ± 5 x 10-9 esu, a 2 minute deposition time was selected for Phase II of 

dipper experiments.  

 

 

 

Determination of Optimal Rinse Time 

Rinsing of the glass substrate can be limited by a number of factors, including (1) surface 

reaction kinetics, (2) thermodynamics, (3) diffusion of contaminants and (4) convective transport 

of contaminants. The significance of these factors is determined by the chemistries involved and  

fluid dynamics. Optimization of the flow in the rinse tank is essential to effective rinsing. For the 

purposes of this work, an optimized active rinse tank must meet the following criteria: 

- Achieve 99% reduction of original dye concentration utilizing minimal volumes of 

water in a minimal processing time. 

- Uniform rinsing of each slide surface for homogeneous film formation. 
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The initial rinse time for the dipper experiments was determined from a series of bench-

scale dilution experiments. Further optimization of the rinse time was achieved from data taken 

during dipper experiments that utilized the initial rinsing time.  

 

Bench-Scale Simulated Overflow Experiments 

The bench-scale experiments utilized a replicated overflow bath set-up to simulate the 

operation of the active rinse chamber found in the dipper. The experiments utilized a powerhead 

pump and continuously flowing water supply to examine the removal rate of dye contamination 

in the simulated rinse bath. The set-up consisted of a steady water flow, inducing fluid overflow 

over the vessel edges, and a horizontally-directed flow from the powerhead pump (Figure 12). 
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Figure 12. Schematic of bench-scale flow-thru set-up. 

 

Overflow

Pump flow
Inlet 

 
Figure 13. Schematic of DS/50 active rinse tank set-up. 

Drain 

 

 
 

Figure 14. DS/50 active rinse bath in operation. 
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A fixed volume of dye (concentration= 5 mg/ml) was injected into the overflow bath (~1 

ml). This volume was taken as an estimated upper bound for the carryover volume from the dye 

deposition bath. Samples were then drawn from the rinse bath at fixed-time increments. The 

samples were drawn at one-minute increments over the duration of 5 minutes, the standard 

deposition time for previously conducted experiments. Absorbance measurements of each 

solution sample were taken at the absorbance maximum of Procion Brown, λ=407 nm.  

The concentration of dye in the overflow bath was calculated from absorbance 

measurements related by the Beer-Lambert Law, the linear relationship between absorbance and 

concentration of an absorbed species. For experimental measurements made in terms of 

transmittance (T) 

oI
IT =       (4.11) 

 where I is the intensity of light after it passes through the sample and I0 is the initial light 

intensity.48 The relationship between absorbance A and transmittance T is written as 

⎟
⎠
⎞

⎜
⎝
⎛=⎟

⎠
⎞

⎜
⎝
⎛=

I
I

T
A 0

10log1log       (4.12) 

 where A can be related to the wavelength-dependent extinction coefficient, the path length and 

the species concentration c. 

clA ε=                         (4.13) 

where A is the measured absorbance, ε is The extinction coefficient ε of Procion Brown is 2.6 x 

10-3 nm2/molecule and the path length of a standard cuvet is 1 cm. 

 

Figure 15 illustrates the exponential decay in dye concentration in the overflow bath as a 

function of time. The dotted line across the bottom of the graph represents the baseline value of 

pure water with respect to the original dye concentration C0 at time t=0. 
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Figure 15 a-b. Plot of absorbance (a) dye concentration (Cdep= 5mg/ml) (b) in an 
overflow bath as a function of time. Overflow rate~1.4 L/min. 

 
The overflow set-up achieves a 99% reduction in dye concentration (Cdep) upon instantaneous 

contact with the bulk rinse fluid. The concentration decay stabilized after approximately 2 

minutes of fluid overflow. Based on this data, a rinse time of 2 minutes was selected for 

subsequent experiments (Phase II) using the slide stainer.  

 

Slide Stainer Active-Rinse Bath 

 84



All rinse data from the DS/50 active rinse bath were taken during normal operation of the 

slide stainer while fabricating films. The bench-scale experiments provided a preliminary 

estimate of the system kinetics. The dye concentration in the active rinse bath at a given time t 

was calculated from absorbance measurements of samples drawn from the bath at set time 

increments of 15 or 30 seconds for approximately 2 minutes following a dye deposition step. The 

exponential decay of concentration (Figure 17) is indicative of contaminant removal from a 

perfectly stirred tank vessel (CST). A continuous-stirred tank (CST) is well-mixed and as a 

result, the reactor is modeled as having no spatial variations in temperature and most 

importantly, concentration.49  

 

 
Figure 16. Continuous-stirred tank reactor. 

Flow 
Out 
C(t) 

Flow 
In 
C0

 

Convection characteristically dominates the dilution and removal of a species from the system 

and the carryover volume is assumed to dissolve immediately upon contact with the bulk fluid in 

the vessel. The concentration of the carryover species decreases exponentially with time and fits 

the following expression 

( ) τ/
0

teCtC −=                        (4.14) 

where C is the concentration of contaminant (dye) at time t, C0 is the initial concentration of the 

contaminant and τ is the residence time. 
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Figure 17. Plot of dye concentration vs. time for active-flow rinse bath; (Cdep)= 
5 mg/ml; C0~6E-3 mg dye/ml. Exponential decay in concentration indicative of 
well-stirred tank (CST). (Series 4009) 

For C0=6 E-3 mg dye/ml, Cdep=5 mg dye/ml, an estimated carryover layer thickness of 50 

µm and a rinse vessel with V=1.65 L, concentration calculations correspond with a carryover 

volume approximately 2 ml (in absences of a blotting step). The slide holder is estimated to 

account for approximately 0.4 ml of carryover volume and the slides (4) are estimated to carry 

over approximately 1.6 ml of deposition fluid (~0.4 ml/slide). For the Phase II experiments, a 

blotting step was introduced into the procedure. For this set of experiments C0=4E-3 mg dye/ml 

and Cdep= 1 mg dye/ml. Figure 17 shows no increase in rinse bath dye concentration from the 

first 2 bilayers deposited to the last 30 layers deposited. This data proves that there is no 

significant dye build-up over the course of complete film fabrication. 

The residence time was calculated to estimate the turnover efficiency of the active flow 

rinse tank. The theoretical residence time is related to the tank geometry by the following 

relation50

τ= Vt / Q                 (4.15) 

where Vt is the volume of the tank and Q is the volumetric flowrate of the water in the tank. The 

theoretical residence time for the active rinse tank is τ=1.2 minutes. A τ approximately equal to 

the volumetric flowrate Q indicates convection limited transport by way of perfectly-stirred 

conditions. However, an exponential fit of the experimental data approximates an average 

residence time τ= 6.4 minutes, 5 times greater than the theoretical residence time value. The 
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longer residence time may indicate a two-step process that involves both diffusive and 

convective transport. The removal of such a carryover layer is characterized by diffusion through 

the boundary layer followed by convective transport into the bulk fluid. The result supports the 

hypothesis that there could be a relatively uniform, stagnant carryover layer with relatively small 

surface tension forces (and significant viscous forces) which could require an extended time to 

remove.   

 

 The dye concentration in the active rinse bath was plotted as a function of time for two 

dipper experiments (Figure 18) with 2 minute rinse times programmed. Each data set was fit to 

an exponential model (Ctheor Fit). The samples were drawn in 15 second intervals for two 

minutes, to determine the feasibility of reducing the rinse time additionally from 2 minutes to 1 

minute. Concentration plotted as a function of time indicates a high initial concentration as the 

dye leaves the carryover layer and enters the bulk solution. The concentration proceeds to 

experience a long, steady decay with time. 
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Figure 18. Plot of experimental Cexp and theoretical Ctheor concentration vs time for dipper experiments 
conducted with a dye concentration of 5 mg/ml and 1 mg/ml. 

 

 87



The two cases of deposition concentration of 5 mg/ml and 1 mg/ml were selected to 

examine how the effect of a 5 fold reduction in deposition dye concentration on the kinetics of 

rinsing in the active flow bath. The reduction of dye in the active rinse bath is stabilized at 

approximately 2 minutes for the 5 mg/ml case. The 5 fold reduction in dye concentration to 1 

mg/ml resulted in the stabilization of dye removal in less than a minute. However, a 1 minute 

rinse time was selected to ensure dye turnover and proper removal of any loosely bound 

molecules from the slide surfaces. 

 

Determination of dye concentration 

The dye concentration for the dipper experiments was determined from the series of 

experiments conducted in Chapter 3: The Effect of Forced Convection, Deposition Time and 

Concentration on Properties of NLO Films. In that series of experiments, the dye concentration 

time of the dye deposition step was varied while the deposition time, polymer concentration and 

rinse time were all remained constant (Table 9).  

 
Table 10. Design of experiments matrix for dye concentration 

study. �X� denotes fixed variable. 

Variable   
Deposition Time X 2 min. 
Dye Concentration  1 - 5 mg/ml 
Rinse Time X 2 min. 

 

The deposition time for the dye and polymer bath were kept equal for each experiment (i.e. tdye= 

tpolymer). The effect of varying dye concentration was mainly characterized by the second-order 

susceptibility χ(2)
zzz (Figure 19).  
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Figure 19. Plot of χ(2)

zzz as a function of dye concentration (Chapter 3 experiments). 
All slides deposited in the presence of convection, at room temperature and with a 
deposition time of 2 minutes. PAH, 10mM, pH 7.0; PB, pH 10.5. 

 

Conditions that exhibited a χ(2)
zzz> 25 ± 5 x 10-9 esu were deemed suitable for automated 

fabrication. Figure 19 shows less than a 5% difference in χ(2)
zzz for a 5-fold reduction in dye 

solution concentration, well-within the typical error reported for χ(2)
 values (~10-20%). A dye 

concentration of 1 mg/ml was selected for the Phase III experiments based on these findings. 

 

 

Phase II Experimental 

Equipment Set-up 

The experiment was conducted in the presence of forced convection in both deposition 

baths and with blotting steps. A powerhead water pump (Hagen Powerhead 201) was added to 

the active rinse bath to generate an increase in water circulation and therefore, more effective 

rinsing. 

 

 

Table 11. Equipment set-up for Phase II study. 

Equipment Modifications  
Active-Rinse Bath Pump Y 
Forced Convection in Deposition Baths Y 
Blotting Steps Y 
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Table 12. Experimental conditions for Phase II study. 

Experimental Conditions  
Deposition Time 2 min. 
Dye Concentration 1 mg/ml 
Polymer Concentration 10 mM 
Rinse Time 2 min. 
Number Bilayers (both sides) 80 

 

Phase II Results 

Homogeneity. The films conducted in Phase II of experiments exhibited improved optical 

homogeneity in comparison to slides fabricated in Phase I. The addition of the modified slide 

holder (Figure 4) and blotting steps can be attributed to a significant reduction in carryover 

volume, which is critical for effective rinsing and fabricating optically homogeneous films.  

 

Plots of second harmonic intensity, as a function of incidence angle (measured at three 

different positions) for films made in this study (Figure 20), lacked the superposition often seen 

in manually-fabricated films (Figure 7). However, the films exhibited less than a 15% difference 

in SHG intensity over a distance of 8 mm on the film.  
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Figure 20. Plot of second harmonic intensity vs. incidence angle at three 
different positions. ◊=Position 0; □=Position 4; ∆=Position 8; Slides made with 
automatic slide stainer (Series 4249). Graphical alignment of the three 
measurements signifies film homogeneity. Peak minima landing at zero 
signifies homogeneity in the form of equivalent films on both sides of the 
substrates.  *Measurements taken after installation of OPO* 
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Absorbance per bilayer. The UV absorbance of the films increased linearly with the number of 

bilayers deposited (Figure 21) for all films in this study. This linear increase is characteristic of 

layer-by-layer deposition for self-assembled films. The slope of this linear relationship between 

the absorbance and number of bilayers is proportional to the amount of dye deposited per layer. 

There was a slight deviation from linearity as the slides approached the 80 bilayer mark.  
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Figure 21. Plot of UV-Vis absorbance (λ=407 nm) vs number of bilayers (both sides) for Procion Brown 
(PB)/PAH films fabricated utilizing an automated slide stainer (Series 4249). PAH 10 mM RU (pH 7.0); PB 1mg 
dye/ml, 0.5M added NaCl (pH 10.5), 2 minute deposition time. Linear plot denotes regular layer-by-layer growth. 

 

This deviation is attributed to the expired pot life of the dye solution, characterized by marked 

increase in dye hydrolysis. Dye solution is typically used 5-6 hours before disposal. The 6 hour 

mark was approached at 60 deposited bilayers (total on both sides). This experiment was 

conducted with a secondary goal of probing the time-dependence of dye hydrolysis and the 

corresponding effect on film quality. The dye solution was in use for approximately 8 hours (for 

80 bilayers, both sides), which is the primary factor attributing to marginal optical quality. 

 

The kinetics of hydrolysis are first order with respect to the dichlorotriazine dye. The first 

order rate constant k for Procion Brown dye was extracted from a plot of �ln(1-XA) versus time, 

where XA is the fractional conversion of the dye. The fractional conversion of the first order 

kinetics of dichlorotrizine dye is described by 

( ) ktX A =−− 1ln                       (4.16) 
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             (4.17) kt
A eX −−= 1

 

For a pH of 10.5, Procion Brown has a first order rate constant k=3 x 10-3 min-1, with a half-life 

of 4 hours. With the fractional conversion defined as the ratio of the concentration of 

unhydrolyzed dye at time t, c(t) to the initial mass of dye c0, the unhydrolyzed concentration of 

dichlorotriazine dye as a function of time is given by 

 

( )ktectc −−= 1)( 0         (4.18) 

 

For a Procion Brown dye solution with an initial concentration of 1 mg dye/ml, the concentration 

of unhydrolyzed dye at time t is given by 

( )txetc
41031)(
−−−=       (4.19) 

For example, after an elapsed time of 8 hours, the mass of hydrolyzed dye is increased to 67 mg 

(0.13 mg/ml), an 87% decrease in reactive Procion Brown molecules. At these conditions, a 

significant amount of dye molecules can be hydrolyzed in solution in a time span of 2 hours. 

 

Ellipsometry 

Film thicknesses were obtained from an ellipsomteric fit to a two-layer model. The first 

layer represented the glass substrate used for deposition whereas the second layer represented the 

self-assembled film (Lorentz oscillator model). The film thickness data and optical constants (n 

and k) obtained from the two-layer model correlate well (Figure 22) with prior ellipsometric data 

for identical deposition conditions, indicating a reliable fit to the two-layer model developed for 

this study.  
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Figure 22. Plot of refractive index n vs. wavelength of PAH/PB films 
fabricated with an automated slide stainer (Series 4249) compared to those 
fabricated manually (Series 4034, 4023-2). 

 

Bilayer thickness (Table 14) and refractive index results were averaged over three measurements 

for each slide with the highest number of bilayers. 

 

SHG Results. The second harmonic intensity generated by the films exhibit the expected 

quadratic scaling as a function of bilayer number (for films up to 80 bilayers (both sides). This 

demonstrates uniform maintenance of orientation as successive layers are deposited. 
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Figure 23. Square root of second harmonic intensity as a function of the 
number of PAH/Procion Brown bilayers. Films were fabricated utilizing 
an automatic slide stainer (Series 4249). 
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Slides were deposited in rotations throughout the four positions on the slide holder ( 

Table 13). 

 

Table 13. Slide rotation assignments for Phase II experiments. The number in parenthesis 
is the number of bilayers to be deposited on both sides of each film. 

Slot #1 Slot #2 Slot #3 Slot #4 
Slide D (80) Slide C (60) Slide B (40) Slide AA (20) 
 Slide A (20) Slide BB (40) Slide CC (60) 

 
 

The number in parenthesis is the number of bilayers to be deposited on each film. Slides labeled 

C, B and AA were all grouped as Cycle 1 in Figure 23. These slides were deposited during the 

first 6 hours of the experiment, prior to significant dye hydrolysis. Slides CC, BB and A were all 

plotted as Cycle 2 on Figure 23. These slides were deposited at the latter end of the deposition 

cycles, where the dye is known to undergo significant hydrolysis. The χ(2) value for Cycle 1 

(χ(2)
zzz= 40.1 x 10-9 esu) was approximately 9% greater than the value for slides deposited during 

Cycle 2 (χ(2)
 zzz = 50.0 x 10-9 esu). The slide rotation and dye pot life utilized for Cycle 1 is 

representative of prior and all future intended experiments, therefore the χ(2)
zzz value reported for 

Phase II experiments is that of Cycle I. 

 

 

 

Table 14. Summary of results (Phase II Experiments) automated film fabrication. PAH 10mM, pH 7.0; Procion Brown 1 mg 
dye/ml, 0.5M added NaCl, pH 10.5, 2 minute rinse, Series 4249 compared to hand-dipped films (Series 4244). 

Cycle Tilt Angle χ(2)
zzz χ(2)

eff Abs/bilayer Thick./bilayer Dep. Time (min) Convection Dye Conc. # Bilayers 
1 30.0 12.1 ± 2.9 
2 

37.4° 
25.1 10.1 ± 3.6 

0.00184 0.97 ± 0.12 2 Y 1 mg/ml 80 

Series 
4244 

40.8°,41.2° 31.9 16.4 ± 2.1 0.00173 0.79 ± 0.10 2 Y 1 mg/ml 60 

 
 

Phase II Conclusions 

An automated film fabrication experiment was conducted utilizing conditions optimized 

in hand-dipping experiments and a base-case dipper experiment. The films compared well with 

manually-fabricated films in the values of thickness and optical constants. The films exhibited 

improved optical homogeneity from base-case studies, with less than a 7% difference in SHG 
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values over a 8mm-distance on the slide. Absorbance per bilayer trends displayed linear growth 

with bilayer number, indicating regular layer-by-layer growth. The films experienced slight 

deviation from linearity in the latter stages of the experiment, where the dye solution is known to 

posses a significant degree of dye hydrolysis. The second harmonic intensity generated by the 

films exhibited the expected quadratic scaling as a function of bilayer number for films up to 80 

bilayers (total on both sides), corresponding to a film thickness of 40 nm. The study 

demonstrated the feasibility of a 5 �fold reduction in dye concentration and a 60% reduction in 

processing time. Kinetic modeling of the slide stainer active-rinse bath resulted in the proposal of 

a further reduction in rinse time by 50%. The significant reduction in processing time, quadratic 

scaling of second harmonic intensity with film thickness, and improved optical homogeneity all 

lend support to the possibility that the automated dipper might be capable of fabricating films 

with quality and thickness sufficient for an EO modulator device. Phase III of this study will 

address the automated fabrication of a thicker film.  

 

Phase III: Thick Film Fabrication 

Phase III Experimental 

Equipment Set-up 

The experiment was conducted in the presence of forced convection in both deposition 

baths and with blotting steps, as was done in Phase II. 

 

Table 15. Equipment set-up for Phase III study. 

Equipment Modifications  
Active-Rinse Bath Pump Y 
Forced Convection in Deposition Baths Y 
Blotting Steps Y 

 
 

Table 16. Experimental conditions for Phase III study. 

Experimental Conditions  
Deposition Time 2 min. 
Dye Concentration 1 mg/ml 
Polymer Concentration (r.u. basis) 10 mM 
Rinse Time 1 min. 
Number Bilayers (total on both sides) 500 
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Phase III Results 

Homogeneity. The films fabricated in Phase III of experiments exhibited improved optical 

homogeneity in comparison to slides fabricated in Phase I and Phase II. These films exhibited 

less than a 5% variation in SHG intensity over a 8 mm distance on the film.  
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(a) 4650C- 60 bilayers (both sides)   (b) 4650D- 80 bilayers (both sides) 
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(c) 4650E- 100 bilayers (both sides)   (d) 4650F- 200 bilayers (both sides) 

Figure 24. Plot of second harmonic intensity vs. incidence angle at three different positions. ◊=Position 0; 
□=Position 4; ∆=Position 8; Slides made with automatic slide stainer (Series 4650). Graphical alignment of the 
three measurements signifies film homogeneity. Peak minima landing at zero signifies homogeneity in the 
form of equivalent films on both sides of the substrates. *Measurements taken after the installation of the 
OPO.* 

 

Films with 20-200 deposited bilayers (both sides) exhibited excellent optical homogeneity. Films 

greater than 200 bilayers displayed poor optical homogeneity. These films delaminated from the 

glass substrate upon contact with water. The source of the delamination is undetermined, but will 

be probed in future studies. 
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Figure 25. Plot of UV-Vis absorbance (λ=407 nm) vs number of bilayers for Procion Brown 
(PB)/PAH films fabricated utilizing an automated slide stainer (Series 4650). PAH 10 mM RU 
(pH 7.0); PB 1mg dye/ml, 0.5 M added NaCl (pH 10.5), 2 minute deposition time. Linear plot 
denotes regular layer-by-layer growth. 

 

Ellipsometry 

Film thicknesses were obtained from an ellipsomteric fit to a two-layer model. The first 

layer represented the glass substrate used for deposition whereas the second layer represented the 

self-assembled film (Lorentz oscillator model). The film thickness data and optical constants 

obtained from the two-layer model correlate well with prior ellipsometric data for similar 

deposition conditions, indicating a reliable fit to the two-layer model developed for this study. 

Bilayer thickness (Table 18) and refractive index results were averaged over three measurements 

for each slide with the highest number of bilayers. 

 

SHG Results. The square root of the second harmonic intensity generated by the films exhibited 

relatively significant quadratic scaling (Figure 26) as a function of bilayer number (for films up 

to 200 bilayers (total on both sides), demonstrating uniform maintenance of orientation as 

successive layers are deposited.  
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Figure 26. Square root of second harmonic intensity as a function of the number 
of PAH/Procion Brown bilayers. Films were fabricated utilizing an automatic 
slide stainer (200 bilayers, total both sides). 

The slides were deposited in rotations throughout the four positions on the slide holder (Table 

17). 

Table 17. Slide rotation assignments for Phase III experiments. The number in 
parenthesis is the number of bilayers to be deposited on both sides of each film. 

Slot #1 Slot #2 Slot #3 Slot #4 
Slide I (500) Slide H (400) Slide F (200) Slide A (20) 
 Slide E (100) Slide GG (300) Slide B (40) 
   Slide C (60) 
   Slide D (80) 
   Slide G (300) 

 

Table 18. Summary of results (Phase III Experiments) automated film fabrication. PAH 10mM, pH 7.0; Procion Brown 1 mg 
dye/ml, 0.5M added NaCl, pH 10.5, 1 minute rinse, Series 4560. 

Tilt Angle χ(2)
zzz χ(2)

eff Abs/bilayer Thick./bilayer Dep. Time (min) Convection Dye Conc. # Bilayers 

36.1° 22.9 9.5 ± 2.2  0.00162 0.99 ± 0.08 2 N 1 mg/ml 200 

 

 

Phase III Conclusions 

A series of experiments was conducted to fabricate a 500 nm-thick hybrid covalent self-

assembled film. Deposition conditions determined from a series of manually fabricated films 

(Chapter 3) were employed in this study to fabricate the thick film with a minimal cycle time and 
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utilizing minimum materials (i.e. dye, DI water, etc.). The major aim of fabricating a 500 nm-

thick film for potential EO device applications was not achieved for this study. However, a 100 

nm-thick film was fabricated with quadratic scaling of the square root of the second harmonic 

intensity with film thickness. Films 150 nm and greater in thickness experienced significant 

heterogeneities and delamination from the glass substrate at various film locations. Thicker films 

deposited in the study lacked the physical robustness often characteristic of films with covalently 

bonded entities. The root of the film delamination potentially stems from a number of sources. 

Cross-contamination between the cationic and anionic deposition solutions is an unlikely 

possibility due to the excellent optical quality of films deposited simultaneously with the slides 

experiencing delamination. However, insufficient rinsing or inappropriate pH conditions for 

extended dipping experiments are also likely possibilities. The rinsing step for PAH is known to 

be relatively longer than that of Procion Brown because unattached entangled polymer chains, 

encountered in semi-dilute solutions (C>C*), must detangle from adsorbed chains to be removed 

from the surface. If these loosely bound chains were to remain at the film surface, successive 

built-up layers could eventually delaminate from the glass substrate. Procion Brown is deposited 

under high pH conditions (pH=10.5) for the covalent reactive deposition step of hybrid film 

formation. High pH conditions are known to dissolve silica groups on glass, potentially 

providing another delamanation mechanism over a prolonged period of exposure. 

 

Overall Conclusions 

A series of automated hybrid covalent film fabrication experiments were conducted with 

the aim of optimizing the deposition process and replicating current manual deposition methods. 

Kinetic modeling parameters of the rinsing process were determined from monitoring the 

absorbance of dye build-up in the active rinse bath. The rinse bath was found to adhere to the 

kinetic trends of a continuously-stirred tank vessel (CST) with immediate dilution of the dye 

upon contact with the bulk rinse fluid. The theoretical residence time varied significantly from 

the experimentally-obtained theoretical time, potentially implying a rinsing process with two-

step diffusive and convective transport barriers. Stagnant flow fields in the rinse tank also could 

manifest in the form of an elevated residence time. Contaminant species residing in these 

stagnant flow regimes could definitely have a detrimental effect on the efficiency of contaminant 

removal from the bulk fluid. Equipment modifications employed in dipper operation (i.e. 
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powerhead, blotting step, etc.) proved essential for good optical film quality. Films fabricated in 

the presence of convection with a blotting step following each deposition step exhibited a 

marked increase in optical homogeneity in comparison to base case studies in which these 

equipment modifications were neglected. Films fabricated with the automated process correlated 

very well with manually-fabricated films in terms of thickness, optical constants, absorbance per 

bilayer and second harmonic generation. The χ(2) values obtained for films in this study were 

comparable to those previously obtained for identical chemistries. Optically homogeneous films 

up to 100 nm were fabricated for the first time utilizing the hybrid covalent deposition method in 

this study. These films exhibited the expected quadratic scaling of the second harmonic intensity 

with bilayer number, indicating stabilization of acentric ordering with increasing layers 

deposited. In future work, the kinetics of PAH rinsing and adsorption should be studied using a 

quartz crystal microbalance and biological amine assays. Furthermore, the effect of high pH 

conditions on glass substrates should be studied utilizing any number of surface characterization 

techniques, such as AFM or prolifometry. Process and equipment modifications are necessary to 

fabricate films thicker than 100 nm. The automated process stands for improvement particularly 

in the area of slide holder design. Increasing the gap between slides will greatly improve the 

rinsing efficiency which is critical for optically homogeneous films. These modifications will 

attest this automated process as a feasible means for fabricating thick, EO device-capable films. 
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Chapter 5 
Fabrication and Optical Testing of Polymeric /NLO Chromophore Films 
for Optical Waveguides 
 
Introduction 

Over the last decade great attention has been paid to the study of various polymer systems for 

use in optical communication devices. This technology can be applied to several devices, such as 

frequency modulators, tunable filters, broadband optical modulators and waveguides. The use of 

waveguides has been studied with the aim of obtaining smaller and cheaper functionality for 

optical circuits. Waveguides utilize less power for switches and modulators than traditional 

integrated optic devices due to the fact that the electro-optic (EO) effect reduces the distance that 

the electric-field must be applied. Therefore, a smaller voltage is required to operate such 

devices.1 Traditionally, inorganic materials, such as lithium niobate (LiNbO3)2, ,3 4 and potassium 

niobate (KNbO3)5, ,6 7 have been used for electro-optic devices. These materials yield high 

performance in the critical areas of data transmission speed and minimal optical loss, but in 

comparison to organic materials, they are relatively expensive and require lengthy processing 

times for crystal growth.8,9 Organic/polymeric molecules have attracted an increasing amount of 

interest due to their potential application to nonlinear optic (NLO) devices. This interest is not 

only motivated by the potentially large NLO response, but also by the versatility, ease of 

processing and ready availability of such materials. Organic molecules can be tailored to possess 

high hyperpolarizabilities and may be processed into good optical quality thin films. 

Consequently, research relating to electro-optic devices has been driven towards developing 

alternative methods and materials for fabricating such devices. The overall objective for 

polymer-based EO devices is to fabricate a device with:                      

! a high electro-optic coefficient r33 (r33, LiNbO3= 30 pm/V) 

! a low half wave voltage Vπ (< 1V) and 

! stable optical activity under (1) mechanical stress, (2) electric field poling, and (3) 

elevated thermal conditions.  

Furthermore, the device must be fabricated in a time efficient and cost-effective manner. 



Electro-optic (EO) Device Fabrication 

Several techniques have been developed for fabricating polymeric electro-optic devices. 

Guest-host systems,10, ,11 12 poled polymer systems,13, , ,14 15 16 and recently self assembled systems17 

have all produced polymeric electro-optic devices with comparable electro-optic coefficients (in 

comparison to lithium niobate). Guest-host systems are favorable due to the fact that the guest-

host system does not require chemical attachment of a chromophore to a host polymer. 

Therefore, these systems can be fabricated at a lower cost than side-chain and cross-linked 

systems, both of which are synthesized with more complicated reactions. Guest-host systems 

also achieve more efficient electric field poling than other systems in comparison. However, 

guest-host systems experience rapid decay in NLO properties and the chromophore 

concentration in the polymer system is low, which further limits NLO activity.18 Poled polymer 

systems possess good mechanical properties, high EO efficiency and moderately high thermal 

stability (with cross-linking). But problems arise with the long-term relaxation of the dipole 

orientation, typically induced by an externally applied electric field. Incorporating high Tg 

polymers into the backbone of the chromophore can reduce these problems. However, the 

incorporation of these polymers into the backbone limits the solubility and viscosity control of 

the solutions, which is problematic for the spin-casting technique that is typically utilized to 

fabricate such films. 

A recent class of novel self-assembled systems based on Procion dye chemistry has been 

developed with the aim of increasing the stability of the dipole orientation, reducing steric-

constraints from backbone attachment, and producing a large nonlinear optical response. These 

systems have good mechanical stability, fine control on thickness and refractive index and may 

be fabricated at a relatively low cost compared to inorganic materials. Prior analysis of self-

assembled systems for electro-optic applications has pointed to processing time and thermal 

stability as primary areas of weakness for these systems. However, recent studies (Chapter 4) 

have made two key advancements in these areas: (1) Findings show that a 60% reduction in 

deposition time (5 minutes reduced to 2 minutes) can be achieved with negligible effect to 

nonlinear optical activity. (2) Films fabricated from this novel class of films are able to withstand 

a temperature of 150°C for 24 hours with only a 9% decrease in second-order NLO susceptibility 

χ(2) that completely recovered upon cooling (P. Neyman, PhD Thesis). 
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Electro-optic Effect (Theory/Measurement) 

The electro-optic (EO) effect is described as the modification of optical parameters 

produced by the application of low-frequency electric fields. Specifically, the EO effect refers to 

changes in the optical dielectric tensor of a medium when a low frequency electric field is 

applied to the medium.19 This effect is achieved by placing the medium between two electrodes 

and applying a voltage to the electrodes. The EO effect can alter the absorption as well as 

refraction properties of the medium. A change in the refractive properties with an applied electric 

field is an effect called electro-refraction. This phenomenon is most commonly referred to as the 

linear electro-optic effect. For a nonlinear optical medium in the presence of both an optical field 

(oscillating at optical frequency ω) and an applied electric field, the nonlinear polarization of the 

medium can be written as 

( ) ( )( )ωωω χε kjijki EEP 2
02=           (5.1) 

where ε0 is the dielectric constant, χ(2) is the second order susceptibility, Ej and Ek are the electric 

fields and the subscripts refer to the directions of polarization of the fields. Using symmetry 

relations and the refractive index tensor nijk, the electro-optic (or Pockels) tensor rijk is derived 

22

)2(2

ji

ijk
ijk nn

r
χ

−=            (5.2) 

The symmetry of the electro-optic tensor and tensor algebra is used to reduce the first two 

subscripts and write rijk= rjik → rlk. The subscripts are then transformed to numbers, which gives 

the familiar convention of the linear electro-optic coefficient r33. The refractive index is related 

to the electro-optic coefficient by 
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where no is the original refractive index and E is the applied electric field. The linear electro-

optic coefficient r33 of polymeric electro-optic materials is often measured using optical 

interferometry. The most commonly used methods for measuring the EO effect include the 
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waveguide method,20 the Michelson21,22 interferometer, the Fabry�Perot interferometer,23, ,24 25 

Mach�Zehnder interferometer 26, , ,27 28 29 and the reflection method.30,31 An EO measurement can 

be performed using a number of configurations including two-beam wavefront interferometry 

and single-beam polarization interferometry. The single-beam reflection interferometry method 

was introduced by Teng and Man and later modified by others.32,33 This method is based on the 

polarization rotation of a laser beam due to the electro-optic effect. The EO effect is measured 

while a polymeric film undergoes low-voltage electrical poling. For this technique, the electro-

optic coefficient is defined as 
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where λ is the wavelength of light, Im is the modulation amplitude, Ic is the half-max laser 

intensity, Vm is the applied modulation voltage, θ is the incident angle of the laser beam and n is 

the refractive index of the film. This method is relatively complicated, but has proven to be (1) 

more time efficient and (2) more tolerant of light absorption, often encountered in polymer 

systems, than the more conventional waveguiding method. This, the reflection method has 

proven to be an accurate and widely-used technique to measure the electro-optic coefficient for 

polymeric electro-optic devices. 

Current Studies 

Polymeric electro-optic devices have been successfully fabricated utilizing a number of 

alternate methods. This study employed a novel hybrid covalent-electrostatic deposition scheme 

to fabricate a polymeric electro-optic waveguide device with an electro-optic coefficient 

comparable to that of lithium niobate. This method builds films layer-by-layer by alternately 

immersing a substrate into aqueous solutions of polyelectrolyte �glue� and a reactive 

chromophore dye.34, ,35 36 The adsorption of the layers alternates between electrostatic interaction 

and covalent reaction. The polyelectrolyte is electrostatically attached to the charged surface of 

the substrate, while the chromophore is covalently attached, which yields anisotropic ordering 

and high second-order nonlinear optical (NLO) activity in these films. In this study, the 

commercially-available NLO chromophore Procion Brown-MX GRN and the optically inactive 

polymer poly(allylamine hydrochloride) (PAH) were used to assemble device-capable films. 
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Procion Brown/PAH films were deposited onto an indium tin oxide (ITO)-coated substrate to 

fabricate a three-layer coplanar electrode waveguide device. This work specifically aims to 

demonstrate the feasibility of utilizing a hybrid deposition scheme to fabricate electro-optic 

devices. This work also aims to determine the effect of solution ionic strength on waveguide 

device performance and finally to demonstrate the performance of such devices in terms of the 

linear electro-optic coefficient.  

Experimental 

Materials.  All aqueous solutions were made with deionized water (Barnstead, resistivity > 17 

MΩ/cm). The polycation poly{allylamine hydrochloride}, (Aldrich, lot 06305DI, MW ~ 70,000) 

was used as received to prepare a solution with a concentration of 0.01M repeat unit basis (R.U.). 

The dichlorotriazine chromophore used for this study was Procion Brown MX-GRN (Pro Burnt 

Orange 515, Pro Chemical and Dye, Somorset, MA, CAS 68892-31-9). The films were deposited 

onto a glass substrate pre-coated with a 1200 ± 100Å-thick indium tin oxide (ITO) layer (Delta 

Technologies, Stillwater, MN). Eight aluminum (Al) electrode plates approximately 2000 Å 

thick were then formed on top of the ISAM film layer (Figure 1) by thermal evaporation (~ 4 x 

10-6 Torr) (done by Prof. Heflin�s group, A. Gopal). The transparent conducting ITO layer acted 

as the bottom poling electrode and the aluminum layer acted as the top poling electrode. The 

ITO-coated slides were cleaned using a base cleaning method where the slides are first immersed 

in a 9:1:2 solution of H2O, H2O2 and NH4OH in an ultrasonic bath for 30 minutes and were then 

rinsed with DI water and dried under nitrogen. The structure of the two-electrode ISAM device is 

shown schematically in Figure 2. 
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Figure 1.  Dual-poling electrode (ITO/Al) electro-optic device, ~50 nm-thick. 
PAH, pH 7.0, 10mM r.u.; Procion Brown, pH 10.5, 5 mg dye/ml; 0.5M added 
NaCl. 

 
 
 

Aluminum Electrode 
Procion Brown/PAH  Film 

Vm ITO Electrode 
Glass Substrate 

 
Figure 2. Schematic of dual-poling electrode electro-optic device. 

 
 
Dye Purification. While the manufacture of optical materials traditionally requires highly pure 

reagents, commercially available azo dyes originally manufactured for textile industry use are 

usually impure. The purity of the commercially available chromophore used in this study, 

Procion Brown, was determined by HPLC to be highly variable.
37  Reactive impurities can interfere with the molecular ordering of the primary chromophore and 

further decrease NLO performance. Procion Brown was purified to remove ionic salts and 

buffers that were in the as-received powder.  

Earlier studies conducted within this research group employed a manual dye purification 

procedure that was utilized in this study for all 0.0M NaCl and 0.5M NaCl cases at a dye 

concentration of 5 mg/ml. Solid phase extraction (SPE) with octadecyl functionalized silica was 

used to desalt the dye (Alltech High Capacity 75 ml C18 column, lot 173801). The dye was 

dissolved in 50 mM ammonium acetate (Baker, lot 016816) at ~10 mg/ml. This solution was 
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vacuum filtered with a Buchner funnel to remove any particulate impurities. The column was 

first washed with ~50 ml of methanol (Budrick & Jackson, lot 42326) followed by at least 100 

ml (~5 bed volumes) of 50 mM ammonium acetate solution and then the dye solution. The 

column was again flushed with >100 ml of the ammonium acetate solution, allowing the column 

to run dry. The dye molecules were eluted from the C18 packing by passing ~20 ml of methanol 

through the column. This solution was collected and the methanol was removed by a centrifuge 

vacuum. Inductively coupled plasma (ICP) emission spectroscopy analysis (Virginia Tech Soil 

Analysis Lab, SpectroFlame Modula ICP) showed a ~90% reduction in the Na+ concentration of 

purified Procion Brown dye.  

Table 1. Results of ICP analysis for purified and unpurified Procion Brown dye. Procion Brown was 
purified using the manual purification method. Data reported as part per million. 

Dye/Concentration Na Fe K Ca Si S 

Procion Brown/ 5 mg/ml (Unpurified) 1180 0.21 159.5 0.87 0.45 231 

Procion Brown/ 5 mg/ml (Purified) 135.2 0.04 35.7 1.64 0.45 596 

 

Film Preparation and Characterization 

Film Fabrication/Deposition. Films were prepared by a manual deposition method involving 

the sequential immersion of an ITO-coated glass slide into the polycation solution (PAH) for 10 

minutes for the initial layer and 5 minutes for each subsequent layer.  The slide was then rinsed 

with copious amounts of deionized water and submerged into the Procion Brown solution (5 

mg/ml) for 5 minutes, following the same rinsing procedure. All aqueous PAH solutions (10 mM 

on a repeat unit basis) were stirred overnight and adjusted to a pH of 7.0 for film deposition. 

Procion Brown solutions were discarded approximately 5-6 hours after use, due to dye 

hydrolysis. The pH of all aqueous solutions was adjusted using NaOH (Fisher Scientific, lot 

024521-24) or HCl (Fisher Scientific, lot 024735-24). All pH measurements were made with an 

Orion Model 407 specific ion meter. Sodium chloride, NaCl (Fisher Scientific, lot 028794) was 

used as the salt for adjusting the ionic strength of the dye solutions. For the 0 M NaCl case, four 

slides were made with a total (both sides) of 100 bilayers on each slide. For the 0.5 M NaCl case, 

two slides were made with a total (both sides) of 100 bilayers on each slide. All slides were 

approximately 50 nm thick.  
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UV-Vis Spectroscopy. The films were deposited at room temperature and characterized using 

UV-Vis spectroscopy (Milton Roy Spectronic 1201).  Slides were dried with N2 gas every 10 

bilayers and the UV-Vis absorbance measurements were performed at the absorbance maximum 

of Procion Brown (407 nm).  

 

Tilt Angle. The tilt angle of the films was determined by SHG measurements (Prof. Heflin�s 

group, P. Neyman) at varying polarizations (s- or p-) of incident light. The measurements were 

taken using a standard setup of 10-nanosecond pulse width, Q-switched Nd:YAG laser with a  

fundamental wavelength of 1064 nm38  The SHG data were averaged over 100 shots per data 

point. Typical spot radius and pulse energy values were 30 µm and 70 mJ/pulse, respectively. 

The SHG data was taken for both the s- and p- polarizations of light. The maximum of the 

second harmonic intensity generated from the p-polarized light is represented as , while 

 represents the s-polarization maximum second harmonic intensity.  

ppI →
ω2
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ω2

The average tilt angle ψ  from the film normal is calculated by: 
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where is the angle of incidence. From the tilt angle calculation the ratio of s-polarization to p-

polarization is determined. The χ(2)
zzz is then calculated using equation 5.10 
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Electro-Optic Coefficient. A reflection modulated technique30,  39 was utilized to obtain the linear 

electro-optic coefficient r33 (Measurements performed by Dr. Heflin�s group, P. Neyman).  The 

input beam was produced by a He:Ne laser (λ=632.8 nm). The light from the laser first passes 

through a polarizer. The emerging beam then passes through the glass substrate, the ITO layer, 
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the ISAM film layer and then reflects back out of the glass substrate by an aluminum electrode at 

90°. The polarized light then travels through a Babinet-Soleil compensator (to uniformly vary the 

phase retardation between the s and p waves), an analyzer and then into a detector. An AC 

voltage Vm was applied across the polymeric film with the ITO and aluminum layers acting as 

electrodes. The modulated intensity Im (proportional to r33) passing through the analyzer was 

measured by a lock-in amplifier as a function of the applied AC voltage (0-5 V, 10 Hz�10 kHz).  

 

 For this measurement technique, the electro-optic coefficient r33 is defined as 
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where λ is the wavelength of light, Im is the modulation amplitude, Ic is the half-max laser 

intensity, Vm is the applied modulation voltage, θ is the incident angle of the laser beam and n is 

the refractive index of the film.                                                    

From symmetry considerations, this model assumes r33 = 3r13. This assumption is widely 

used in literature40, , , , ,41 42 43 44 45and is valid when46 the material does not have liquid crystal 

ordering, the optical frequencies used are not near chromophore resonance ranges, the material is 

not under mechanical stress, the molecules are one-dimensional in the sense that only one spatial 

component of the dipole moment is significant, and when the first order hyperpolarizability β has 

a significant magnitude. In the case of this study, the conditions are satisfied for the Procion 

Brown chromophore and the assumption is valid. Under this assumption, r33 - r13=2/3 r33 and 

equation 5.13 simplifies to 
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Further simplification of the equation leads to 

                                                          ( Apmx
IV

I
rr

cm

m 5
1333 10007.1=− )                                      (5.15) 

 

where the term A is a collection of constants: 
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Results/Discussion 

Absorbance per bilayer. For all films in this study the absorbance of the films increased 

linearly with the number of bilayers deposited (Figure 1) which is characteristic of uniform 

layer-by-layer deposition for ISAM films. The slope of this linear relationship between the 

absorbance and number of bilayers is proportional to the amount of dye deposited per layer. 
 

Table 2. Absorbance per bilayer slopes of films deposited onto ITO-coated slides used in 
this study compared to films deposited onto uncoated glass slides. PAH 10mM RU, pH 7.0, 

PB 5mg/ml, pH 10.5. Values of films on glass are cited from Chapter 3. 

 

Slide 
Substrate 

Film 
Conditions 

Absorbance/bilayer 

ITO/Glass 0.0 M NaCl 0.0013 ± 0.0001 

Glass 0.0 M NaCl 0.0009 ± 0.0001 

Glass  0.0 M NaCl 0.0009 ± 0.0001 

ITO/Glass 0.5 M NaCl 0.0018 ± 0.0001 

Glass 0.5 M NaCl 0.0021 ± 0.0001 

Glass  0.5 M NaCl 0.0024 ± 0.0001 

 
The absorbance per bilayer slopes in this study compare well to those obtained in earlier studies  

(Table 2). 

 

 114



0.000

0.050

0.100

0.150

0.200

0.250

0.300

0.350

0.400

0 20 40 60 80 100 120

Number of bilayers

A
bs

or
ba

nc
e 

(a
.u

.)

0.0M NaCl
0.5M Nacl

 
Figure 3. Plot of UV-Vis absorbance (λ=407 nm) as a function of bilayer number (total on 
both sides) for Procion Brown (PB) films deposited onto an ITO substrate with varying salt 

concentrations.  PAH 10mM RU, pH 7.0, PB 5mg/ml, pH 10.5. 
 
 
Homogeneity. The films exhibited good homogeneity when inspected visually. Absorbance 

measurements were taken at three different spots on each slide to assess the homogeneity of the 

films. The standard deviation between absorbance measurements was approximately 0.003 for 

the majority of the slides. The standard deviation of absorbance measurements of multiple 

locations on each slide was less than 10%. These small standard deviations are further 

indications of film homogeneity and uniform film deposition. 

 

Tilt Angle/Electro-Optic Coefficient. The measurement conditions and EO coefficient results 

are summarized in Table 3. Prior ellipsometric measurements of Procion Brown films 

determined refractive index n0 to be 1.76 and 1.67 for the 0.5 M NaCl and 0.0 M NaCl cases 

respectively. With an applied voltage of 5.0 V for all devices measured, the electro-optic 

coefficient was found to be r33 = 4.1 ± 0.3 pm/V and r33 = 13.6 ± 1.2 pm/V for the 0.0 M NaCl 

and 0.5 M NaCl cases respectively (The reported values are averages of measurements taken on 

multiple devices and the errors are standard deviations). An incident angle θ of 45º was used for 

all electro-optic coefficient calculations. The magnitude of the electro-optic coefficient in this 

study is compared to other organic/polymeric electro-optic systems and inorganic electro-optic 

materials in Table 4. The r33 value obtained in this study for the 0.5M added NaCl case compares 

well (~50%) to that of lithium niobate (LiNbO3), the current leading organic material for electro-
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optic devices. The three approximate fold increase in r33 seen for films with added salt (0.5M 

NaCl) compared to those with no added salt is attributed to the increase in dye packing 

associated with an increase in ionic strength. For one case of added salt, one slide was soaked 

overnight to remove any potential free charge carriers remaining from the high-salt deposition 

conditions. There was no apparent effect on the r33 or film orientation resulting from soaking the 

slide (Table 3).  

Table 3. Summary of electro-optic coefficient measurement conditions. Two devices 
(electrodes) were tested per slide. r33(LiNbO3)= 30 pm/V. 

Film Conditions Device # Im (µV) Ic (V) r33 (pm/V) Tilt Angle (°) 

0.0 M NaCl 1 13.1 0.150 3.9 

 5 18.5 0.195 4.3 

45.6 

0.5 M NaCl 1 61.8 0.152 14.3 

 2 52.7 0.157 11.8 

41.9 

0.5 M NaCl 4 71.4 0.182 14.2 

(soaked overnight) 3 63.2 0.161 14.2 

42.5 

 

 

 

Table 4. Comparison of electro-optic coefficient of inorganic and organic  
polymeric materials. 

Material r33 (pm/V) Reference 
LiNbO3 30.8 47

KNbO3 25.0 
Azo Dye (Disperse Red #1)/PMMA 9.0 12

Azo Dye (Procion Brown)/PAH 13.6 * 
*Measured in this study 

 
Conclusions 

This study probed three major areas: (1) the feasibility of utilizing a hybrid deposition 

scheme to fabricate electro-optic devices, (2) the suitability of Procion Brown/PAH films for 

such devices, (3) the measurement of the electro-optic coefficient of Procion Brown/PAH films 

utilizing a reflection modulation technique, (4) the effect of added salt on waveguide device 

performance in terms of electro-optic coefficient and (5) the use of a programmable dipper to 

make EO device-suitable films. 
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A novel hybrid electrostatic-covalent self-assembly method was used to fabricate a 

polymeric thin film for an electro-optic device. The films were characterized by UV-Vis 

absorbance, chromophore tilt angle and electro-optic coefficient. The three-layer coplanar 

electrode device was fabricated using indium tin oxide (ITO) and aluminum as the bottom and 

top poling electrodes, respectively. The presence of added salt was found to increase the electro-

optic coefficient r33 by a factor of 3. Using a single-beam reflection modulated technique, the 

electro-optic coefficient of devices fabricated using this method was determined to be 

comparable (~50%) to that of lithium niobate, the current state-of-the-art inorganic material for 

electro-optic devices. 
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Chapter 6 
Conclusions 
 

This study focused on investigating the influence of several pertinent processing 

variables that affect the challenges of fabricating hybrid reactive films for application to 

electro-optic devices. Specifically, this study investigated (1) the effect of forced 

convection, varying deposition time and varying dye concentration on the properties of 

PAH/Procion Brown films fabricated via the hybrid reactive deposition scheme, (2) the 

automation and optimization of the fabrication of thick NLO active films and (3) the use 

of the hybrid covalent-electrostatic deposition scheme to fabricate a polymeric waveguide 

device with an electro-optic coefficient comparable to that of lithium niobate (LiNbO3).  

 

Processing Variables Study 

Effect of Convection 

At fixed deposition time and concentration conditions, the presence of convection had 

little demonstrated effect on films with deposition times shorter than 2 minutes. For the 5 

minute case, the presence of convection correlated with a ~45% increase in χ(2)
zzz values 

and 25% increase in absorbance per bilayer. The tilt angle and film thicknesses both 

seemed relatively unaffected by the presence of convection.  

 

Effect of Deposition Time 

At a constant dye concentration of 5 mg/ml, the deposition time had little effect on SHG 

for deposition times less than two minutes. Deposition times ranging from 30 - 60 

seconds, showed no significant difference in SHG for most cases. In the presence of 

convection, the increase in deposition time from 2 minutes to 5 minutes showed a 2.4 

fold increase in χ(2)
zzz and a 30% increase in absorbance per bilayer.  

 
Effect of Dye Concentration 

For a deposition time of 2 minutes in the presence of convection, the dye solution 

concentration was successfully reduced 5-fold (from 5 mg/ml to 1 mg/ml) with less than 

a 5% difference in χ(2)
zzz, less than a 15% decrease in absorbance per bilayer and no 

detriment to film quality. These results strongly indicate that the deposition conditions 



remain well outside of the transport-limited regime at a dye concentration of 1 mg/ml. 

Rather, the surface reaction rate apparently is controlling. 

 
Effect of Temperature 

Depositing slides at an elevated temperature (~35°C), had an undetermined effect 

on χ(2)
zzz, but showed a 15% increase in absorbance per bilayer. There was less than a 

standard deviation in difference between some χ(2)
zzz values for films with a 30 second 

deposition time deposited at room temperature and the film deposited at 35°C (30 second 

deposition time).  

 
Overall, the optical quality of the films made in this study was excellent and 

consistently exhibited linear layer-by-layer growth. For all conditions studied, the slides 

consistently showed bilayer thickness values ~0.95 ±0.1 nm/bilayer deposited, 

corresponding well to previous studies. Most slides exhibited quadratic scaling of the 

second harmonic intensity with film thickness. In some cases, this relationship deviated 

from linearity for the first 20 bilayers deposited, suggesting that the films undergo an 

initial phase where the chromophores gradually gain preferential orientation. Further 

analysis should be given in the small-bilayer range (2-20 bilayers, both sides) to identify 

any potential phenomena regarding chromophore orientation in this range.  

 

As previously mentioned, many data points for shorter deposition times (30 sec � 

2 minutes) have overlapping χ(2)
zzz values. This suggests that the realm of the experiments 

conducted in this study may be insufficient to determine specific deposition kinetics of 

the PAH/dye deposition steps on the order of seconds. Future work should entail more 

detailed kinetic adsorption analysis of the polymer and dye species utilizing a quartz 

crystal microbalance (QCM), in-situ SHG measurements and biological amine assays. In-

situ SHG studies and QCM measurements will give valuable data relating to the mass 

transfer coefficient and reaction rate of Procion Brown deposition. Studies of 

polyelectrolyte adsorption to a charged surface show that a small increase in ionic 

strength can significantly increase the polymer adsorption rate. Sodium chloride was used 

in this study as an electrostatic charge barrier in the dye deposition solution (0.5M NaCl). 

The effect of various halogen salts (i.e. NaBr, NaI) on the adsorption kinetics and NLO 
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activity should be investigated in future work. A recent study found that solutions 

containing halogen counterions (50 mM added salt) with a larger ionic radius exhibit a 

faster adsorption of a species onto an oppositely-charged layer. Larger exchange ions are 

found to be more loosely bound to the surface and would exchange more rapidly than 

smaller, more tightly bound ions. Ions with smaller ionic radii (F-, r=1.33Å; Cl-, r=1.81 

Å) were found to have adsorption rates 53% and 73% (respectively) that of the larger ion 

I- (r=2.16 Å). 

 

Dipper Study 
A series of automated hybrid covalent film fabrication experiments were 

conducted with the aim of optimizing the deposition process and replicating current 

manual deposition methods. Kinetic modeling parameters of the rinsing process were 

determined from monitoring the absorbance of dye build-up in the active rinse bath. The 

rinse bath was found to adhere to the kinetic trends of a continuously-stirred tank vessel 

(CST) with immediate dilution of the dye upon contact with the bulk rinse fluid. The 

theoretical residence time varied significantly from the experimentally-obtained 

theoretical time, potentially implying a rinsing process with two-step diffusive and 

convective transport barriers. Stagnant flow fields in the rinse tank also could manifest in 

the form of an elevated residence time. Contaminant species residing in these stagnant 

flow regimes could definitely have a detrimental effect on the efficiency of contaminant 

removal from the bulk fluid. Equipment modifications employed in dipper operation (i.e. 

powerhead, blotting step, etc.) proved essential for good optical film quality. Films 

fabricated in the presence of convection with a blotting step following each deposition 

step exhibited a marked increase in optical homogeneity in comparison to base case 

studies in which these equipment modifications were neglected. Films fabricated with the 

automated process correlated very well with manually-fabricated films in terms of 

thickness, optical constants, absorbance per bilayer and second harmonic generation. 

Each compared value encountered less than a standard deviation of difference between 

each compared value. The χ(2) values obtained for films in this study were comparable to 

those previously obtained for identical chemistries and that of lithium niobate. Optically 

homogeneous films up to 100 nm were fabricated for the first time utilizing the hybrid 
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covalent deposition method in this study. These films exhibited the expected quadratic 

scaling of the second harmonic intensity with bilayer number, indicating stabilization of 

acentric ordering with increasing layers deposited. In future work, the kinetics of PAH 

rinsing and adsorption should be studied using a quartz crystal microbalance and 

biological amine assays. Furthermore, the effect of high pH conditions on glass substrates 

should be studied utilizing any number of surface characterization techniques, such as 

AFM or prolifometry. Process and equipment modifications are necessary to fabricate 

films thicker than 100 nm. The automated process stands for improvement particularly in 

the area of slide holder design. Increasing the gap between slides will greatly improve the 

rinsing efficiency which is critical for optically homogeneous films. These modifications 

will attest this automated process as a feasible means for fabricating thick, EO device-

capable films. 

 

Electro-Optic Device Fabrication 

A novel hybrid electrostatic-covalent self-assembly method was used to fabricate 

a polymeric thin film for an electro-optic device. The films were characterized by UV-

Vis absorbance, chromophore tilt angle and electro-optic coefficient. The three-layer 

coplanar electrode device was fabricated using indium tin oxide (ITO) and aluminum as 

the bottom and top poling electrodes, respectively. The presence of added salt was found 

to increase the electro-optic coefficient r33 by a factor of 3. Using a single-beam 

reflection modulated technique, the electro-optic coefficient of devices fabricated using 

this method was determined to be comparable (~50%) to that of lithium niobate, the 

current state-of-the-art inorganic material for electro-optic devices. 

 

Future Work 

Recommendations for future work were described for each experimental objective in the 

sections above. In summary, the following work is recommended for this research effort: 

! Further study of films with small numbers of bilayers (1-10 bilayers, one side) 

! QCM measurements for more detailed kinetic analysis 

! Biological amine assays (HABBA) for potential kinetic analysis 

! Study the effect of variation of halogen salts on adsorption kinetics 
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! Use of resistance meter in rinse bath to characterize contamination 

! AFM or other surface techniques to study the stability of glass slides at high pH 

conditions 

! Modification of current slide holder to increase distance between slides 

! Synthesis of novel NLO chromophore 
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Appendix A  
Error Analysis Derivation 
 
 
General Propagation of Error 

Given that x, � , z are measured quantities with uncertainties σx, � , σz and the measured 

quantities are used to compute the function q(x, �, z). If the uncertainties in x, �, z are 

independent, then the uncertainty in q is 
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lref is the total path length (film thickness) through the 68-bilayer standard (measured  

with the films for which χ(2
s
) is being calculated), I2ω

ref is the second harmonic intensity 

for the 68-bilayer standard, m is the slope of the plot of the square root of the second 

harmonic intensity vs. number of bilayers deposited and ls,bilayer is the sample film 

thickness per bilayer. 

 

When the equation is simplified by the collection of constants, equation A.2 is reduced to 
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From Equation A.1: 
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Standard Deviation of Bilayer Thickness (tbilayer) 

The equation used to calculate the film thickness per bilayer is as follows 

b

film
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t
t =              (A.6) 

where  is the total thickness of the film and  is the number of bilayers in the film 

(one side of the slide). For this case, 
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Since the number of bilayers is an exact number, there is no error and the second term of 

Equation A.7 cancels. 
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Standard Deviation of Absorbance per Bilayer and Slope of vs.  2/1

2ωI bn
The standard deviation of the absorbance per bilayer and slope of vs. were both 

determined using linear regression. For two linearly-related variables x and y we expect 

to fit an expression of the form 

2/1
2ωI bn

 

bmxy +=          (A.9) 

 
where m is the slope of the line and b is the intersection point of the line at y=0.  
 
The standard deviation of the slope mσ can be determined from experimentally-obtained 

data. There is presumably some uncertainty in the measurement of the y values. The 

uncertainty in the measurements of y1�yn is 
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where N is the number of data points. For the expression of mσ  an abbreviation for the 
denominator ∆ is used 
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22 xxN                                               (A.11) 

 
The standard deviation of the slope mσ of a linearly-related set of variables (x, y) is 

∆
=

N
ym σσ        (A.12) 
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Appendix B 
Ellipsometry 
 

Variable Angle Spectroscopic Ellipsometry (VASE) was used to measure film 

thickness and optical constants n and k. Data was acquired at incident angles between 55° 

and 65° at either 2° or 3° increments. The larger 3° increment was used in some cases to 

read the model fit to the experimental data more clearly. The Brewster angle was 

determined to ±5° from the plot of phase factor ∆ vs. scan angle. The Brewster�s angle 

for Procion Brown/PAH films was approximately 60°. The measurements were taken in 

the range of the Brewster�s angle, where the optical constants have the maximum 

sensitivity. Data was typically taken in the range of 350 nm to 1000 nm in 10 nm 

intervals. In some cases, the measurements were taken from 250 nm to 1000 nm. The 

initial wavelength was increased from 250 nm to 350 nm to reduce the noise level in 

measurements and therefore obtain a more accurate fit. The refractive index at 1000 nm 

and 530 nm obtained from the model fit was used in χ(2)
zzz calculations as n1064 and n532, 

respectively. The smooth side of the frosted end of the slide was used for measurements 

to eliminate backside reflections. 

 

A two-layer model was used to fit the ellipsometric measurements. The first layer 

represents the glass substrate used for film deposition. The second layer is a Lorentz 

oscillator model used to represent the deposited film. A one-term Lorentz oscillator is 

described as 
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The accuracy of each fit was determined by the fit of the exponential amplitude factor Ψ 

and phase factor ∆ to the Lorentz oscillator model. The amplitude of the absorbance Am, 

the peak width of the absorbance Br, film thickness and the infinite relative permittivity 

ε1∞ were all fit to one term of the Lorentz model. The photon energy En is a function of 

Planck�s constant, the speed of light c and wavelength λ.   
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En= hc/λ = 124 (eV)/ λ       (B.2) 

The absorbance maximum of Procion Brown, 407 nm, was used for λ in equation 1. En 

was fixed to 3.0 for Procion Brown films. The model fit parameters were set as follows: 

 

Maximum number of iterations: 100 

Fit default: Experimental standard deviations 

Thickness: Min: 1, Max: 1000  

ε1∞: Min: 1, Max: 4 

Am: Max: 100 

Br: Max: 100 

 
Checks for an acceptable fit: 
! 2.0< n  > 1.5 (refractive index of glass)  

! ε1∞ < 4 (ε1∞ is representative of the film refractive index squared. Polymer films 

typically have a refractive index no greater than 2.) 

! The peak of k plotted as a function of wavelength has an absorbance maximum  

407 nm ±5 nm. Thicker films (>40 nm) often required the small adjustment of En 

for k to align with an absorbance maximum of 407 nm (i.e. for a 40 nm film, En= 

3.15). This is attributed to some potential minor software errors. 

! Thickness~ 1nm/bilayer (one side of film) 

! Typical constant values (Am 2.5 � 3.0, Am 3.5 - 5 (for films with 

absorbance/bilayer>0.002), Br 1.1 � 2.0) 

! Standard deviation of fitted thickness is less than the thickness itself 
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