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The aim of this project was to synthesize polyimides that exhibit second order 

nonlinear optic behavior and to fabricate a Low Driving Voltage Electro-Optic 

Modulator. This project was successful in the synthesis/characterization of a fluorene 

based polyimide, as well as in the design of a single-arm interferometer. Undergraduate 

and graduate students were involved in all aspects of the project. This three-part final 

report gives the details of the results obtained. Part I is devoted to the synthesis of the 

NLO materials. Part n to the fabrication of the Electro-Optic Modulator, and Part HI 

highlights the students that were involved as well as publications/presentations that were 

given. 

Parti 

Synthesis of NLO materials 

Polymer Precursors 

Aminonitrofluorenone 

The synthesis of the fluorene monomer was a three step process. The first step 

involved selective reduction of 2,7-dintro-9-fluorenone. This material was purchased 

fi-om Aldrich Chemical with a purity of 97%.   Recrystallizing the dinitro-fluorenone 

before use optimized the synthesis of 2-amino-7-nitro-9-fluorenone (Figure 1). The 

recrystallization solvent used was DMF.   The purified material was then selectively 

reduced using NASH [1]. This reducing agent was chosen due to its mild nature. 

Stronger reducing agents could have reduced both nitro groups as well as the carbonyl 

group. The crude product was purified by dissolving in DMF and precipitating out using 

water. The percent yield for this reaction was seventy-one. The structure of the material 

was confirmed using Infi-ared Spectroscopy (IR) and Nuclear Magnetic Resonance 

Spectroscopy (NMR). A soUd KBr pellet of the sample was made and analyzed using a 

Galaxy Matteson FTIR. The spectrum (Figure 2) had an absorption that appears between 

3200 and 3500 cm'\ This absorption is attributed to N-H stretching. The carbonyl group 

survived the reduction as noted by the peak at 1709 cm'^ A small amount of the product 

was dissolved in deuterated acetic acid 



DMF 
Refluxed for 24 hrs 

Figure 1 
Synthesis of 2-ainino-7-nitro-9-fluorenone 

and analyzed using a 270 MHz NMR. The spectrum obtained was consistent with the 

proposed structure (Figure 3). 
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Figure 2 
Infrared Spectrum of 2-amino-7-nitro-9-fluorenone 
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Figures 
Proton NMR Spectrum of 2-amino-7-nitro-9-fluorenone 

Thermal analysis using Differential Scanning Calorimetry showed a transition that 

occurred between 230"C and 245"C (Figure 4). 

S.n,pl«: Amln. NJtro Compound 
Six*:   0.0000 ng 
Hothod: Cloudli 
Cement: first run 

15 

DSG 
Fll«:   D;\TA\0SC\DAT»\ALX.9 
Opir.tSr-.Cl.udt.T.t. 
SSr  D.t.:   11-F.b-03  11:09, 

Figure 4 
DSC of Aminonitrofluorenone 

The optical properties of 2-amino-7-nitrofluorenone were determined using UV-Vis 

spectroscopy. The amine was dissolved in dichloromethane and the spectrum was 



collected from 200 to 800 nanometers. The compound was foimd to have absorbencies at 

260,378 and 480 nanometers (Figure 5). 
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Figure 5 
UV-Visible Spectrum of 2-amino-7-nitro-9-fluorenone 

N.N dialkvlated aminonitrofluorenone 

The next step in the synthesis involved increasing the amino nitrogen's donating ability 

via alkylation. The disadvantage of direct alkylation of amines using alkyl halides lies in 

stopping the reaction at the desired stage [2]. This results in a complex mixture being 

formed that consists of the primary amine, secondary amine, tertiary amine, and 

tetramine. To avoid this complication triethyl phosphate was used as the alkylating agent 

(Figure 6). The amine was refluxed with excess triethyl phosphate and the reaction 

monitored using thin layer chromatography. Upon completion of the reaction the excess 

triethyl phosphate was neutralized using aqueous sodium bicarbonate. The crude 

material was purified via precipitation from DMF. The percent yield for this reaction 

was sixty-nine. The material was purified by re-precipitation from DMF. 



JSTH^-r 

C2H6—NT 

NO 2 

Triethylphosphate 
Refluxed 

NO; 
C2H5 

Figure 6 
N,N-dialkylated amino nitro fluorenone 

The structure of this compound was confirmed using IR and carbon-13 NMR. The IR 

spectrum (figure 7) indicates that the N-H bond is no longer present, as noted by the 
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Figure 7 
IR of N,N diethylaminonitrofluorenone 

absence of N-H stretching. This is consistent with the behavior for tertiary amines. The 

Carbon-13 spectrum (Figure 8) has peaks present that represent the carbons that have 

different environments. The UV-Vis spectrum for this compound showed absorbencies 

at 290,417 and 540 nanometers (Figure 9). 
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FigiireS 
Carbon-13 NMR of N,N diethylaminonitrofluorenone 

1 0 

OS 

06- 

04 

02 

0Q- — 
200 

N,N aiaiKyiatea ammo ninn fiuorenDne 

2S9.5 nm 

300     400     600     600     700     800 
Wavelength (nm) 

GidpliG   N,N dialkylBtxi'Binino nllru fluarenoiie X , Y. 

Figure 9 
UV-Visible Spectrum of N,N-diethylaininoiiitrofluorenone 

Thermal analysis using DSC showed an absorbance between 150'and 200'*C (Figure 10). 
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Figure 10 
DSC thermogram of N,N diethylaminonitrofluorenone 

Fluorene Monomer 

The procedure used for the preparation of the monomer (Figure 11) was analogous to the 

procedure employed by Scanlon to produce p,p'-Diaminodiphenylmethane [3].   The 

N,N -dialkylated amine was refluxed for twenty-four hours with an excess of aniline 

under acidic conditions. The pH of this reaction was critical to the overall yield of the 

product. An acidic environment was necessary to minimize the formation of a Schiff 

base as a side product (figure 12). A reaction was done in which the pH was 

approximately 2. 
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Figure 11 
Synthesis of Fluorene Monomer 
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C2H5  

Figure 12 
Schiff Base formed as Side-Product 

Upon work-up of the reaction a material was obtained that was insoluble in all solvents, 

including DMF. Under these conditions the compound was apparently degraded. 

Another reaction was conducted in which the pH was 4.0. The reaction was worked-up 

by neutralizing the solution. The product was obtained via extraction, using ethyl acetate 

as the solvent. The product was isolated by dripping the ethyl acetate solution into 

hexane. The material obtained was a tar. The tar was dissolved in methanol and then 

slowly dripped into water. A reddish-orange powder was obtained in a percent yield of 

fifteen. An IR spectrum was obtained (figure 13) and indicated that N-H stretching was 

present.   The monomer structure was also confirmed using proton NMR (Figure 14). 

The UV-Vis spectrum of the monomer showed absorbencies at 270nm and 450nm 

(Figure 15). The thermal behavior of the monomer was determined using differential 

scaiming calorimetry (DSC) and thermogravimetric (TGA) analysis. The DSC showed 

an exotherm at 110"C and an endotherm at 320"C (Figure 16). TGA analysis indicated a 

significant weight loss at temperatures above 300"C. This weight loss is most likely due 

to degradation of the compound. 
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Figure 13 
Infrared Spectrum of Fluorene Monomer 
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Figure 14 
Proton NMR of Fluorene Monomer 
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Figure 15 
UV-Visible Spectram of Fluorene Monomer 
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Figure 16 
DSC of Fluorene Monomer 

N,N Arvlated aminonitrofluorenone 

An attempt was made to further increase the donating ability of the amine by replacing 

the ethyl groups on N, N-diethylaminonitrofluorenone with thiophene groups (Figure 17). 

Research has shown that the replacement of alkyl groups with aromatic groups 

significantly increases the conjugation of a molecule and therefore increases the dipole 
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Figure 17 

N,N Arylated Fluorene Derivative 

moment. The aminonitrofluorenone was reacted with iodothiophene in the presence of 

18-Crown-6 and potassiimi carbonate. The solvent for this reaction was dichlorobenzene. 

The reaction was monitored using thin layer chromatography and stopped after 36 hours. 

The product was isolated, purified, and obtained in 24% yield. Analysis of the product 

via IR (Figure 18) and melting point analysis seemed to indicate that starting material 

was recovered.   It was thought that this was due to the fact that the starting 

aminonitrofluorenone had limited solubiUty in dichloromethane. As a result the reaction 

was repeated using dimethyl formamide as the solvent. The percent yield for the crude 

product was fifty-six.   This material is being purified by column chromatography. 

Figure 18 
IR spectrum of material isolated in Thiophene derivative synthesis 
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Preparation of Polvimide 

111 the polymerization of the fluorene monomer with benzophenone tetracarboxyhc acid 

dianhydride an attempt was made to find synthesis conditions that would result in the 

isolation of a soluble polyimide. As a result a procedure reported by Moy and McGrath 

[4] was followed. This procedure involved converting the dianhydride into a diester, thus 

ehminating the sensitivity to moisture realized with anhydrides. The polymerization was 

conducted at a temperature of 160'^C for 16 hours. The material obtained was the 

Polyamic acid (figure 19). Unreacted monomer was removed from the polyamic acid by 

Et N 

+     o; r :o 

NIVIP 
Heated  12.5 hi-s 

r120°C 

S^?,-^ 
Figure 19 

Synthesis of Polyamic Acid 

washing the material with methanol with the aid of a blender. The Polyamic acid was 

dried in a vacuum oven at 45''C and analyzed using IR and DSG. The Infi-ared Spectrum 

(Figure 20) had absorbances present due to N-H stretching and 0-H strectching. Two 

glass transitions were observed in the DSC chromatogram of the polymer (Figure 21). 

The first Tg was beUeved to be due to the polyamic acid. The second transition was 

attributed to the presence of polyimide. The presence of the polyimide can be explained 

in two possible ways. The first is the polyimide was formed during the polymerization 

reaction, which was conducted at a temperature of 120" C. Another option is during the 

DSC analysis as the temperature increased imidization occurred. The polyimide (figure 

22) was obtained by thermally annealing the polyamic acid at 120"C for 24 hours in a 
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vacuum oven.   The polyimide was found to be insoluble in organic solvents, not 

behaving like the polyimides reported by Moy. This insolubiUty presented a problem in 

that thin fihns that were needed for optical property determination could not be made. It 

was thought that the high reaction temperature that was used in the formation of the 

polyamic acid resulted in the isolation of a material that had already started to undergo 

extensive imidization. The thermal annealing of this material produced a polymer that 

had extensive imidization.  In an effort to enhance the solubiHty of the polyimide 

Figure 20 
IR of Polyamic Acid 
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Figure 21 
DSC of Polyamic Acid 

the polymerization was repeated using a lower temperature, ll(fC. The polyamic acid 

obtained was soluble in DMF and dichlorobenzene. It was converted to the polyimide 

(Figure 22) via thermal annealing. 

a- 

Figure 22 
Fluorene Polyimide 

The resulting polyimide had a Tg of 460"C (Figure 23) and was also insoluble in organic 

solvents. 
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Figure 23 
DSCofPolyimide 

A decision was made to provide Dr. Sergey Sarkisov, physic professor at Alabama A & 

M, with polyamic acid samples. This was done in an effort to support the formation of 

films.   Once the polyamic acid films were made thermal annealing would support the 

conversion into the polyimide. 

Fluorinated Polyimide 

A polyimide was synthesized using a fluorinated dianhydride, 

4,4'(Hexafluoroisopropylidene)diphthalic anhydride (figure 24). The presence of the 

fluorine groups in the structure appeared to destabilize the product slightly. Thermally 

NO2 

OkJ 
CF. 

Figure 24 

Fluorinated Polyimide 
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annealing the polyamic acid, appeared to slightly degrade the product. This was 

indicated by the presence of black specks embedded in the sample. This reaction was 

repeated a number of times, all of which resulted in a product that appeared to be partly 

decomposed. The glass transition temperature of this material was obtained, and found to 

be slightly above 400"C (figure 25). 

^' i'^^^VCoS^^CTt^S"" 

Figure 25 
DSC of Fluorinated Polyimide 

Polvamide 

The polyamic acids that were synthesized were sent to Dr. Sergey Sarkisov for NLO 

analysis and ultimately incorporation into an Electro-Optic Modulator. These materials 

presented solubility difficulty in the preparation of solutions needed for thin fihns. The 

ideal solvent for use is one that has a low vapor pressure.   In solvents such as these the 

polyamic acid had limited solubility. As a result, a polyamide (Figure 26) was 

synthesized to address the solubility issue. 

NO2 

o P T 
U   /p^ J1 

Figure 26 
Polyamide Synthesized 

The fluorene monomer was reacted with an equal molar amount of terephthaloyl chloride 

using dimethylforaiamide as the solvent. Care was taken to ensure that the reaction was 



19 

free of water. The polymer was isolated by dripping the reaction mixture into water. The 

polyamide was purified further by dissolving in DMF and precipitating using water. The 

Polymer was analyzed using Infrared Spectroscopy. N-H stretching is observed between 

3500 cm"' and 3200 cm'^(figure 27). The amide I peak, which is due to carbonyl 

stretching, appears at approximately 1700cm"^ The amide II peak, which is due to N-H 

bending appears at approximately 1680cm'^   The thermal behavior of this polymer was 

analyzed using DSC (figure 28). Two glass transitions are observed (250"C and 350"C). 

This is probably due to the polymer sample isolated being polydisperse. 

PolVamide-03/17/D4 

2500 2000 

Figure 27 
IR of Polyamide 
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Figure 28 
DSC Thermogram of Polyamide 

SUMMARY OF ACCOMPLISHMENTS 

Synthesized and characterized Monomer precursors 

Optimized synthesis of Monomer 

Synthesized and characterized Polymer precursors 

Synthesized two different Polyimides (fluorinated & nonfluorinated) 

Optimized Synthesis of Polyimides 

Characterized Thermal Behavior of Polyimides 

Via trial and error identified synthetic steps that can be used to Arylate the 

Aminonitrofluorenone 

Synthesized and characterized a Polyamide 

Undergraduate students involved in this project developed organic synthesis 

techniques 
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Part II 

Fabrication and characterization of the electro-optic modulator 

1.  Design 

1.1. Waveguide structure 

It has been shown in Year 1 Report that a planar waveguide electro-optic (E-0) 

modulator that exploits the interference of two co-propagating modes of different orders 

can be characterized by the half-wave voltage Vj^ 

V =_ML. CD 

where Xo is the wavelength of light, 4#is the effective thickness of the waveguide, tie is 

the extraordinary refractive index of the E-0 polymer fihn, r^j is the E-0 coefficient of 

the fihn, L is the travel distance of the hght within the film between the electrodes, R is 

the factor depending on the parameters of two modes of different order used in the 

interferometer. The modulator will be comparable to standard Mach-Zehnder in terms of 

driving voltage, if factor R could me made close to 1.0. This puts certain requirements for 

the modes of the waveguide that are discussed below. 

Figure 29 shows the detailed schematic of the multi-layer structure of the 

modulator used as an example of the approach. The structure consists of a fused quartz 

substrate coated with conductive TTO coating. A buffer layer of silica (SiOa) is built over 

the rrO fihn. The next layer is the E-0 polymer fihn. It is covered with the second buffer 

layer made of Norland 65 UV curable adhesive (in case of the high temperature E-0 

polyimide it must be replaced with silica). On the top of the second buffer layer we have 

ITO fihn. The refractive index of the ITO fihns was measured using the prism coupling 

technique. The refractive index (real part of the complex index for a conductive coating) 

is 1.819, and the thickness is approximately 0.21 fxm. Buffer layers isolating waveguide 

core from ITO electrodes are necessary. Otherwise, traveling mode will escape from tiie 

core into ITO layer with high real component o f the refractive index and will quickly 

decay there due to high imaginary component of the index. The separation between the 

polymer core and the electrodes has to be sufficient to prevent leaking of the propagating 

modes and, on the other side, should not be too large for the driving voltage to remain 
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low. The other concern is the thickness of the polymer core. The proposed design uses 

two propagating modes simultaneously in a single-arm interferometer. Factor R gets 

closer to 1.0 when the indices of modes TMo and TMi vary differently with the change of 

the index of the fihn M/ . We found out that this condition will be well satisfied if the 

thickness of tiie core will be such that it can support only two modes TMo and TMi with 

near-critical (cut-off) condition for the second mode. In this case index of mode TMo No 

will vary slow in response to the change of n/while index of mode TMi M will have a 

very sharp change. As a result, parameter ^oi = ^(NQ-NJ, variation of the difference 

between the indices of the modes, will vary rapidly in response to the electric field 

induced variation of the index of the fihn («/ =ne in our case) Snj-. This approach is 

illustrated in Figure 30 for a core made of commercial E-0 polymer LD-3 fi-om AdTech 

Systems Research, Inc. The refi-active index of the polymer was measured to be 1.689 (at 

633 nm). If the core is 0.48-|j,m thick (Figure 30a), both parameters <Woand ^oi change 

with almost the same rate as<^yincreases (dnf= 0 when the index is equal to 1.689). 

Factor R associated with the rate is close to one. When the core is 0.87-|j,m thick (Figure 

30b), it now supports three modes and parameter ^oi changes with low rate (R is less 

than 0.1). Correspondingly, it brings up undesirable increase of the half-wave voltage 

(Eq. (1)) due to low R. This shows an importance of maintaining the optimum thickness 

of the waveguide core in order for the proposed modulator to compare favorably against 

the Mach-Zehnder interferometer. In order to evalixate the half-wave voltage of the E-0 

modulator (Eq. (1)), we took AQ = 633 nm, L = 25.4 mm, w^« 1.689, r^^ = 11 pn^V (LD- 

3), the effective thickness 4#= d+dbi+ db2=^AS ^im (d=OAS fim, thickness of the first 

buffer layer dbi=2.0 pm, thickness of the second buffer layer Ji2=1.0 fim), i? « 1. This 

set of parameters gives V^= 1.63 V, a low voltage that indicates the compatibility of the 

modulator with standard silicon-based electronic circuitry. 

1.2. Coupling 

We initially proposed anew approach to coupling light with planar waveguide 

structure of the E-0 modulator based on incorporation of high-index coupling prisms into 

substrate (see Year 1 Report). However, we have encountered technological problems 
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that covild not be resolved within the time frame of the project and the funds available. 

The incorporation of the coupling prisms was done by attaching them to the side faces of 

a thick (~6 mm) substrate made of fused siUca with optical adhesive. Then the top faces 

of the substrate and the attached prisms were polished in order to make a smooth uniform 

surface for spin casting of the light guiding film. However, there was a lOO-fom wide gap 

between the face of prism and the adjacent side face of the substrate filled up with the 

adhesive. This gap created conditions of reflection of polymer solution being spin cast 

during the process of film deposition. As a result, we could not obtain a uniform polymer 

film carrying light from the point of coupling at the prism to the region over the substrate 

where actual waveguide structure was built. In this technological approach the gap could 

not be eliminated because a certain amount of adhesive had to be there in order to hold 

firm prism and substrate together. Some other techniques, without use of adhesive, had to 

be used for the integration of the coupling prisms. However it goes beyond the scope of 

this project. 

We explored an alternative approach to coupling Ught with a planar waveguide 

structure of the E-0 modulator that needs no coupling prisms or rather expensive 

diffraction gratings fabricated by the photolithographic process. The idea of the approach 

is somehow similar to the principle of coupling with a diffraction grating incorporated 

into planar waveguide. The explanation is given in Figure 31. Two scratches, input and 

output, are made in a thin fihn planar waveguide. The incident hght beam strikes the 

input scratch (Figure 31a). Scratch can be considered as a wideband spatial disturbance 

generating rich spectrum of spatial wave vectors kg (Figure 31b). There is always a 

possibility to find a wave vector kg in this "reservoir" that, being combined with the 

horizontal component of the wave vector of the incident light wave A^ sin ^ (^is the angle 

of incidence), will satisfy the matching condition for the wave vector of the waveguide 

traveling mode k^ (Figure 31c) 

ks+k sin 0= k„ . (2) 

As a result, some portion of the energy of the incident hght beam will be transferred to 

the waveguide mode. The reverse process occurs in the output scratch. The energy of the 

mode is transferred to the light beam propagating in free space. 
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Experimental testing of the approach was conducted witii a waveguide made of a 

thin fihn of polymer poly(methyl methacrylate) known as PMMA on pre-oxidized silicon 

wafer (thickness of the layer of siHcon dioxide was 1.5 pm) as shown in Figure 32. The 

waveguide had two TE and TM propagating modes. The light was successfully coupled 

with and decoupled from the waveguide using two scratches made by a razor blade 

cutting through the polymer film. Efficiency of coupling/decoupling was estimated using 

the input scratch and the decoupling prism. The total throughput of the waveguide 

depicted in Figure 32 (including coupling losses in the scratch, losses in the waveguide, 

and the losses of decoupling in the prism) was 2.5x10"^ for TE modes and 1.0x10"^ fro 

TM modes. The coupling efficiency for TE modes turns out to be 2.5 times grater. 

2.  Preparation of electro-optic polymer films 

Fabrication of polymer fihns was done using spin casting technique. Conductive 

metal coating was made using DC magnetron sputtering. In order to add to thin fihn of 

polymer electro-optic properties corona poling technique was used as described in Year 1 

report. Three types of corona poling apparatus were designed and fabricated. The first 

one, based on a grid of corona wires, was described in Year 1 report. It was used to pole 

in air fihns of commercial E-0 polymer LD-3 from AdTech Systems Research, Inc. with 

glass transition temperatijre Tg that did not exceed 150°C. Since the heating in the first 

apparatus was done by drawing electric current through the conductive ITO coating on a 

glass substrate where the polymer fihn was placed, it was impossible to izse the system 

for corona poling of polyimide fihns. They requked heatmg to a temperature of nearly 

500°C. At this temperature the glass substrates usually cracked. The second system was 

designed and built with a powerfiil extemal heater and a coroti-on with a needle and a bias 

grid. The fihns of polyimide from GrambUng State University were spin cast on ITO 

coated quartz disks (at 750 rpm, 1000 rpm, 2000 rpm, and 3000 rpm). Disk was placed on 

the top of the heater of tiie corona poling apparatus. Electric contact was made between 

ground and the ITO coating of the substrate. Then the apparatus was placed in a chamber 

filled with argon. The voltage on the needle was kept at 13 kV. The voltage on the bias 

grid was ~500V. The temperature of the sample during corona poUng was kept near 

500°C. The corona poling was conducted for 3 hours at constant temperature. Then the 
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heater was turned off and the corona pohng was conducted while the sample was cooling 

down to room temperature. There was an apparent change of the color of the films after 

heating. The initially reddish films turned brown. No E-0 effect was detected in these 

fihns. Optical absorption spectroscopy of the fihns (Figure 33) indicated that the 

absorption peak near 440 imi attributed to the E-0 chromophore incorporated in tiie 

polymer molecule disappeared after heating. This was clear indication of the 

decomposition of the chromophore at the temperature of poling. The presence of argon 

did not prevent the chromophore from destruction. 

Then an alternative corona poling technique without heating was used. The third 

corona poling apparatus was designed and fabricated. The apparatus did not have heater 

and was mounted on a hot plate kept at a temperature of 50°C. It had a needle and a bias 

grid. Samples of polyimide film were spin cast on ITO coated glass substrates. Sample 

was inserted inside apparatus right after spin casting. The corona was turned on. One 

sample was made without bias grid. The voltage on the needle was 13 kV. Corona current 

reached 40 ^lA. Corona poHng was performed for 8 hours while the solvent was slowly 

drying off from the film. The distance from the needle to the film was 28 mm. Corona 

current damaged the region in the film and substrate right under the needle. The circular 

region of the film around the damaged area turned brown. We did not detect any E-0 

effect in this brown circular region. The brown color could be again attributed to the 

decomposed E-0 chromophore. Other samples were poled with the bias ^d present. We 

applied voltage of the order of 560 V to it. The voltage on the needle was 15 kV. The 

corona current was between 1.3 and 1.7 ^lA. The process lasted for 8 hours while ttie fihn 

was dried after spin casting. Reference sample of commercial material LD-3 (voltage on 

the bias grid was 560 V) was also poled in the same way. This sample did not exhibit any 

E-0 effect. The film of polyimide did demonstrate E-0 effect. Then the confrol sample of 

polyimide was made by drying without corona poling. It also demonstrated relatively 

strong E-0 effect of the second order. 

3.  Characterization of the electro-optic polymer films 

Characterization o f t he E-0 c oefficients o f p olymer fihns w as c onducted u sing 

the reflection method proposed in Reference 5. Experimental setup is presented in Figure 

%»• 
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34. Incident light beam polarized at an angle of 45° with respect to the plane of incidence 

passes through the substrate, transparent layer of ITO, and polymer film. Then it gets 

reflected firom a chromium electrode deposited on the top of the polymer fihn. Reflected 

beam passes through a Soleil-Babinet compensator, cross-polarized analyzer and enters 

photo detector. An alternating voltage fi-om a signal generator is appHed to the polymer 

fihn between ITO (grounded) and chromium electrodes. Signal generator sends reference 

signal to a lock-in amphfier. Signal fi-om the photo detector is also sent to the lock-in. 

Signal after filtering in the lock-in is sent to an oscilloscope. 

When the alternating voltage is appUed to the polymer fihn, it changes its 

ordinary and extraordinary refractive indices no and «e due to the E-0 effect. This 

correspondingly changes the optical path length of .s and ;? polarized components of the 

beam. As a result, the elliptically polarized reflected beam experiences the change of its 

ellipse of polarization induced by the alternating voltage. When the reflected beam passes 

through the cross-polarized (with the plane of polarization oriented perpendicular to the 

polarization plane of the incident beam) analyzer, the time variation of the ellipse of 

polarization results in the time variation of the intensity of the beam. This time varying 

intensity produces periodic signal the amplitude of which is measured by lock-in 

amphfier. Soleil-Babinet compensator is used to change the elliptic polarization of the 

reflected beam and thus the intensity of the beam passing through the analyzer. Two sets 

of data must be collected. One set refers to the d.c. intensity of the output beam when no 

alternating voltage is apphed. For the lock-in to be used for measurements of the output 

intensity, a chopper is used to chop the incident light beam. The output intensity is 

plotted versus the position of the compensator. The intensity should periodically change 

from maximum (when the reflected beam is linearly polarized along the direction of the 

analyzer) to zero (when the reflected beam is linearly polarized across the direction of the 

analyzer). The half-maximum d.c. intensity /c is the parameter that should be extracted 

from this data. Another set of data is obtained when the alternating voltage is "ON". Now 

the amplitude of the periodic intensity of the output beam is plotted versus the position of 

the compensator. It also periodically changes from maximum to minimum when the 

position of the micrometer screw of the compensator changes. The amplitude of this 
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periodical variation /„ is the parameter that should be extracted from tiiis data. The E-0 

coefficient rss of the polymer fihn {rss = 3 r^/) can be calculated as [1] 

'*33  = 

/'/•    ^   13 /-„2 _„;„ 2/3^3/2 

(3) 
/_ 1 3^0        (n^'-sin'^)' 

K^c, A7tV„ n\n^ -2sin^ ^)sin^ 0 ' 

where ¥„ is the amplitude of the alternating voltage; n is the refractive index of the 

polymer film (n » no); ^is the incidence angle (in our case it was 45°). 

The technique was used to measure E-0 coefficients of reference materials such 

as LiNbOa and corona poled commercial polymer LD-3, and of the fihns of polyimide 

synthesized at GSU. The reflecting chromium fihn with a thickness of approximately 100 

nm was made using d.c. magnetron sputtering. Experimental data for a 0.2-mm thick 

plate of LiNbOa (coated with ITO and chromium on opposite sides, no substrate was 

used) is presented (Figure 35) in the form of plots of d.c. intensity and amplitude of the 

modulated intensity versus the position of the screw of the Soleil-Babinet compensator 

(proportional to actual phase shifl: between horizontally and vertically polarized 

components of the incoming elliptically polarized hght). Parameters Ic and !„ are shown 

by arrows in the plots. These parameters were used to calculate E-0 coefficient r33 of the 

plate. Parameters Vm and ^ were 14 V and 45° respectively. The refractive index n=no 

=2.286. The estimated coefficient rss = 116.41 pmA^ turned out to be 3.78 times greater 

than the highest E-0 value r^^ = 30.8 pmA'^ reported in the hterature [6]. The reason for 

that could be experimental error or other E-0 effects, which are not related to the Pockels 

effect. In Ref 1 the interference of the beams reflected from both sides of the E-O layer 

was mentioned as a factor of error. Correction factor 3.78 was assumed to be vahd for the 

experimental setup. In order to obtain realistic estimate for the E-0 coefficient, the 

experimentally extracted value had to be divided by this factor. 

Experimental results for commercial polymer LD-3 are presented in Figure 36. 

The fihn of polymer solution in cycloheptanone (as described in Year 1 report) was spin 

cast on an ITO coated glass substrate at 650 rpm for 120 s. No cross-linker was added. 

Then it was baked in open air for 2 hours at 80°C. Corona poling was done in the first 

corotron (see Year 1 report). The high voltage on corona wires was 9 kV, the bias voltage 

on the grid was 150 V. Higher bias voltage produced intense "frost" deformation of 
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surface of the polymer that scattered light. The fihn was kept at a temperature of 150°C 

during corona poling for Ihour. Then the heater was turned off and the film cooled down 

to room temperature while the corona was "ON". After the fihn was poled, 100-nm thick 

chromium electrode was deposited on it. The measurement of the E-0 coefficient was 

done ten days after poling. Evaluation of the E-0 coefficient rss of the fihn using data in 

Figure 36 gave a value of 7.98 pmA^" for the E-0 coefficient. The true E-0 coefficient 

was estimated using the correction factor. It turned out to be r33 » 2.1 pmA^, value about 

5 times less than 11 pmA'^ (at a wavelength of 1.3 |jm) reported by the manufacturer as 

the figure-of-merit of the material [7]. The sample was checked again three months after 

poling. It was stored at room temperature. The sample did not exhibit any detectable E-0 

effect. Thermal relaxation of the ordered orientation of the E-0 chromophore added to 

polymer molecule more likely contributed to this effect. 

Experimental results for the polyimide synthesized at GSU are presented in 

Figure 37. The sample was prepared by spin casting of polyimide solution in gamma- 

butyrolactone (as described in Year 1 report) on an ITO coated glass substrate at 1000 

rpm for 120 s. Then it was placed in the corotron of the third type and corona poled while 

drying at 50°C. The high voltage on the needle of the corotron was 14.5 kV, the bias 

voltage on the grid was 549 V. Corona current was initially 1.6 fiA and then dropped 

down to 1.3 |JA. The total time of poling/drying was 8 hours. The oscillogram of real 

modulation signal obtained from the sample is presented in Figure 38. The experimental 

results in Figure 37 were used to evaluate the effective E-0 coefficient of the film 

equivalent to the coefficient of linear E-0 effect. For parameters Vm = lOV, 

«=nr£=1.7148, and ^=45° Eq. (3) gave a value of 7.47 pmA^ for the E-0 coefficient. 

The true value (obtained with the use of the correction factor) was estimated as rjj » 1.98 

prn^V, E-0 coefficient sufficiently high to expect driving voltage of the planar waveguide 

modulator close to 9.0 V (see sub-section 1.1). 

Figure 39 shows the amplitude of the signal proportional to the varying intensity 

of Ught reflected by the sample of poled polyimide film versus the amplitude of the 

alternating voUage. The dependence is apparently linear, which might serve as additional 

evidence of the true linear E-0 (Pockels) effect in tiie corona poled polyimide. 
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As was mentioned above, quadratic E-0 effect was also observed in polyimide 

film prepared at the same conditions but without simultaneous poling. In this case the E- 

O effect was due to mechanism other than the Pockels effect. It could possibly be the 

deformation of the film due to electric force of attraction between electrodes, which is 

proportional to the square of the appUed electric film. 

Summary of accomplishments 

1. Literature search and vendor survey was conducted 

2. Personal contacts were estabUshed 

3. Detailed analysis of the design of the E-0 modulator in the configuration of 

single-arm interferometer was done. The waveguide should have two modes, and 

the sub-critical cut-off conditions must be maintained for the second order mode. 

In this case the driving voltage approaches 1.63 V. 

4. New method of coupling Ught with planar waveguide E-0 modulator was 

proposed and successfiiUy tested. The method uses micro-scratches in the 

waveguide as the means of coupling. The method replaces initially proposed 

technique of integration coupling prisms with the substi-ate. Implementation of 

this approach requires additional resources. 

5. Three corona poling methods and devices were designed and used for poling 

polymers studied in the project. 

6. Experimental set-up for characterization of the E-0 coefficients of polymers was 

designed, built up, and tested. 

7. Characterization of E-0 coefficients was conducted. The polyimide synthesized 

by Dr. Walton at GSU, polymer of interest in the project, did exhibit linear E-0 

effect. The E-0 coefficient of the polyimide was estimated to be 1.98 pm/V. The 

expected drivmg voltage of the E-0 modulators based on polyimide film was 

estimated as 9.0 V. 

8. Three students, one M.S. and two Ph.D., received training through participation in 

the project. 
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Figure 29. The schematic of the multi-layer structure of the vs'aveguide E-0 modulator 
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Figure 30. Parameters SN^widi 5?V^oiplotted versus the variation of tiie film refractive 
index <5w/ for (a) the waveguide core supporting two propagating modes (sub-critical 
condition for TMi) and for (b) the waveguide supporting three modes (sub-critical 
condition for TMa). The waveguide core material is E-0 polymer LD-3 with refiractive 
index 1.689 (at 633 nm). 
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Figure 31. (a) Stracture of the "scratch" waveguide couplers; (b) Spectrum of wave vectors generated by 
the scratch coupler; (c) matching conditions for wave vectors of the incident wave coming from free space 
k, wave vector of the scratch *„ and the waveguide fraveling mode wave vector k„. 
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Figure 31. Photograph of the traveling mode in a polymer waveguide generated by beam from a He-Ne 
laser coupled with a waveguide using scratch coupler (on the right). Bright spot on the left corresponds to 
the output light decoupled from tiie waveguide usiog output scratch coupler. 
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Figure 33. Optical absorption spectrum of the polyimide film (1) before heating and (2) after heating at 
SOO^C for 3 hours in argon. 
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Figure 34. Experimental setup for characterization of E-0 coefficients of polymer fibns proposed in. Ref. 1. 
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Figure 35. Experimental data related to the E-0 effect inLiNbOs sanple studied with the e^erimental 
setup presented in Fig. 34. SoUd line represents d.c. intensity versus the position of the micrometric screw 
of the Soleil-Babinet conpensator (proportional to actual phase shift between horizontally and vertically 
polarized conqjonents of the incoming elliptically polarized light). Dotted line represents flie airplitude of 
modulated light versus the position of the screw of the con^jensator. 
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Figure 36. Experimental data related to die E-0 effect in LD-3 polymer sanqjle studied with flie 

experimental setup presented in Figure 34. The designation of the lines is the same as in Figure 35. 
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Figure 37. Experimental data related to the E-0 effect in polyimide (synthesized by Dr. Connie Walton at 
GSU) saiaple studied with the experimental setup presented in Figure 34. The designation of the lines is the 
same as in Figure 35. 
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Figure 37. The oscillogram of the signal proportional to the varying intensity of light reflected from the 
film of poled polyimide from GSU (top) and the alternating voltage applied to it (bottom). 
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Figure 39. Anqjlitude of the modulation signal from the E-O polyimide film versus amplitude of flie 
altemating voltage in (a) linear and (b) log-log scale. 
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