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ABSTRACT 

The linear and nonlinear optical properties of a spin-coated polydiacetylene, [5,7-dodecadiyn-

1, 12-diol-bis(n-butoxy-carbonyl-methyl-urethane»), or poly(4BCMU), were measured to predict 

its performance in all-optical devices at a wavelength of 1.319 I'm. Material requirements for 

all-optical devices were identified and figures-of-merit noted. A two-photon absorption figure 

of merit was verified by numerical simulation of two waveguide devices. The refractive index 

and waveguide loss in spin-coated poly(4BCMU) films were measured. A photo-induced 

bleaching was observed, and its effect on linear and nonlinear optical properties was quantified. 

Fabrication of integrated-optical structures using this bleaching process was demonstrated. 

The nonlinear refractive index and absorption were measured at 1.319 I'm with 60 picosecond 

laser pulses, using poly(4BCMU) strip-loaded channel waveguides. A novel pulse-modulated 

interferometer was developed for measuring the intensity-dependent refractive index. The fast 

electronic contribution was found to be ~=(4.8±2.7)x10"' cm2/MW, and a slower thermal 

contribution during the 60 pS pulse of 11zr=-(7.9±4.5)x1(tll cm2/MW was measured. The 

thermal index change was shown to limit the duty cycle of operation for a poly(4BCMU) device. 

The two-photon absorption coefficient was also measured, yielding 'Y < 0.25 cm/OW. 

These values were used to estimate performance of a poly(4BCMU) all-optical device using 

standard figures-of-ment. For this specific waveguide, the figures-of-merit indicated poor 

performance. If waveguide scattering losses were neglected, (by assuming improved fabrication 
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for example), and as~uming the nonlinearity does not saturate at intensities below the damage 

threshold, the figures-of-merit improved to useful levels. The limit cn duty cycle imposed by 

thermal effects appears to restrict operation to GHz frequencies or slower. 

.._--_.-------_.-- .------ ---
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CHAPTER 1 

INTRODUCTION 

1.1 BACKGROUND 

Since the introduction of optical fibers in the 1970's, lightwave communication technology has 

grown at a rapid pace. The use of optical-frequency carriers provides enormous modulation 

bandwidth potential. With the development of narrow-bandwidth laser sources and low-loss, 

"zero" dispersion fibers, transmission over tens to hundreds of kilometers is possible before 

regeneration of the optical waveform is required. 

At high data rates, optical fiber system performance far exceeds that of the best guided 

microwave links. Guided microwave propagation is limited by the conductor syJn-depth which 

decreases with frequency, causing greater losses at high frequencies. The frequency-dependent 

attenuation limits the repeater spacing of a 40 Mb/s air-filled coaxial cable system to about 1 kIn 

[Jones 1982]. This is far less than long-wavelength single-mode fiber transmission systems, 

which have operated at 600 Mb/s with 40 kIn repeater spacings [Gloge 1988]. Such performance 

is rivaled only by free-space microwave transmission, which operates in the 3-6 GHz range over 

50 Ian (point-to-point systems) or farther (satellite systems), but with significantly greater cost 
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and complexity. 

The advancement of high-bandwidth optical communications occurred at an auspicious time. The 

parallel evolution of computer technology created a rapid increase in information processing that 

was often distributed among multiple sites. In addition, commerce has shifted to a more global 

paradigm in which profitability often depends on immediate access to information. This 

escalation of data transmission and processing is confirmed by the birth of recently non-existent 

technologies such as local-area-networks (LANS), integrated-systems digital networks (ISDN), 

and late-night cable television (CATV) home-shopping networks. The suggestion liat the 

industrial age has given way to an "information age" is reasonably justified. Technologically, 

the increased bandwidth provided by lightwave communications is becoming necessary, not just 

simply desirable. 

At present, optical fiber has supplanted current-carrying cable as the preferred media for medium

to long-haul transmission; even in short-haul LANS, optical media are finding niches. 

Considering that the quantum nature of optical sources and detectors imparts excellent impedance 

matching suggests that only the shortest interchip connections should be optical [Miller 1989]. 

Research and development of optical interconnects is progressing toward this end. 

Communication systems, however, are presently hybrid, with lightwave technology predominant 

only in the transmission stage. Modulation, multip'.~j(ing, regeneration and switching are done 

electrically, typically with digital VLSI-based technology, and the data is converted to optical 

form only for transmission. The capability to perform these functions optically, and thus 

--_._.,_ ... _--' .... -
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eliminate the conversion steps, is desirable. 

Hybrid electro-optical waveguide devices, such as directional couplers and Mach-Zehnder 

interferometers in LiNb03, have been demonstrated for performing the modulation and switching 

functions [Alferness 1982]. Because they are electrically actuated, the bandwidth is limited by 

the time required to charge the capacitive load formed by the electrodes on the dielectric guide. 

Experimental devices have operated at up to 40 GHz [Korotky 1987]. The hybrid approach, 

however, still requires conversion to electrical signals for regeneration and decoding routing 

signals. 

A1I-optical actuation of modulation, switching, etc. functions is possible using the intensity 

dependent effects exhibited by nonlinear materials. The intensity of the beam can alter the 

propagation velocity in a Kerr media, and this change can produce modulation, switching and 

other behavior in an appropriately designed device. From a theoretical standpoint, the potential 

for performing processing tasks a1I-optically is quite strong. First, the elimination of electrical-to

optical conversions may reduce system complexity and propagation delay. Also, investigation 

of the physical limits of optical switching [Smith 1982] suggests that devices using electronic Kerr 

nonlinearities may operate on sub-picosecond time scales, which is much faster than foreseeable 

electronic devices, though at higher powers-per-bit than used by electronic switches. Finally, 

applications for a1I-optical elements presently exist; switching architectures for a1I-optical routing 

of optical data have been proposed [Prucnal 1990], and are technically feasible except for the lack 

of high-speed integrated-optical "photonic elements" required for discrimination and switching. 
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Numerous all-optical devices for realizing processing tasks have been proposed. Useful all-

optical functions arise when standard integrated optic components contain waveguide media that 

exhibit intensity-dependent changes in refractive index [Stegeman 1988]. For example, analysis 

of nonlinear integrated-optic directional couplers indicates switching and modulation can be 

induced [Jensen 1982], while analysis of distributed-feedback: gratings shows bistability [Winful 

1979]. A waveguide Mach-Zehnder interferometer has demonstrated modulation caused by 

intensity-dependent phase differences between the two paths [Lattes 1983]. AU of these devices 

can be configured to exhibit one or more logic functions, so in theory, the basic building blocks 

for performing all-optical processing tasks are known. 

Realization of useful devices has been much more difficult. To date, the technology has been 

limited in large part by material concerns. Materials with nonlinearities large enough to yield 

phase shifts on the order of 1r for reasonable powers and path lengths are required. The material 

must also resist damage at the operating intensities, and otherwise remain stable. In addition, a 

host of other properties, such as processibility, low loss, and high throughput are desirable. 

Many candidates have been studied in hopes of finding an appropriate material system. 

Semiconductors and semiconductor-doped glasses (SDG) exhibit nonlinearities induced by 

changing the exeited-state electron populations through absorption (eg., band-filling). This 

transient absorption change yields a change in refractive index. The absorption, however, leads 

to undesirable losses, and experiments in SDG show that the index change saturates at values such 

that long device interaction lengths (30 em) are required [Banyai 1988]. Glasses exhibit very 

small nonlinearities, typically less than that of CS2 (~ for C~ is 3 x 10" cm2/MW at 1.064 #lm), 
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but also have low absorption and can operate in a truly non-resonant regime. Using a 0.5 cm 

long dual-core fiber directional coupler, subpicosecond switching was demonstrated at 32 kW 

peak power [Friberg 1988]. 

For a short device, a larger nonlinearity is required for operation at lower powers. Organic 

materials attracted attention when early experiments in polydiacetylene PTS suggested large (200 

times CS:z) values for ~, high damage thresholds (SO GW tcm'), and fast response time ( < 10014 

seconds) [Sauteret 1976]. Since that development, numerous researchers have studied the 

nonlinear optical properties of organic materials in hopes of identifying materials with large 

nonlinearities as well as the other necessary properties. 

1.2 SCOPE OF RESEARCH 

The work presented here attempts to evaluate one material, polydiacetylene 4BCMU, in terms 

of its usefulness as an all-optical device medium. This material was selected on the basis of 

availability, processibility, and the promise of large nonlinear coefficients at wavelengths in the 

transparent region. 

First, the material requirements for all-optical switching were studied. The literature indicated 

that several properties. including refractive index Do. absorption ao. waveguide loss at. and 

intensity-dependent refractive index n2• played a role. so that these values had to be measured. 
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Independent analysis further indicated that two-photon absorption (fPA) could playa role in all-

optical device performance, so measurement of the TPA coefficient 'Y was required. The choice 

of operating wavelength, 1.319 I'm was based on laser availability and a desire to minimize linear 

absorption and avoid two-photon transitions into the strong absorption around 0.5 I'm. 

Samples of monomer and polymer were generously supplied by Dennis Donald and Gerald 

Meredith at DuPont deNemours Experimental Statior.. Spin-coated thin-film waveguides were 

fabricated, and a computer-controUed linear characterization system was assembled and used to 

measure waveguide losses to an accuracy of ± 1 dB/cm, and refractive index to an accuracy of 

±0.002 at 1.064 I'm. 

During the course of the investigation, a light-induced bleaching of poly(4BCMU) films was 

observed and studied. Experiments demonstrated the conditions required for bleaching, and 

quantifierl the optical energies needed. Changes in optical properties, such as refractive index, 

absorption, and scattering loss, were quantified as a function of incident bleaching energy flux. 

A decreased nonlinearity in bleached films was measured by third-harmonic-generation (THG). 

The utility of this effect for fabricating integrated optical structures was also demonstrated. 

Channel waveguides fabricated by Bill Krug, Mark Beranek, and Ed Miao at the Boeing High 

Technology Center were used for the evaluation of nonlinear properties. Because of the 

waveguide insertion loss and depolarization, a sensitive, single-polarization method for 

determining intensity-induced phase shift in a waveguide was required. A novel pulse-modulated 

interferometer was conceived and constructed, and data analysis software was produced. The 
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integrity of this technique in the presence of noise was determined using Monte-Carlo 

simulations. From the data, the electronic and thermal values of the intensity-dependent 

refractive index coefficient, n2 and llzr, were determined at A= 1.319 p.m. Transmission 

measurements were performed at this wavelength and others, and the upper limit of the TPA 

coefficient l' was deduced. 

The measured coefficients were inserted into the device figures-of-merit to estimate the utility of 

this material. The possibilities and limitations of poly(4BCMU) for all-optical device use are 

discussed and suggestions concerning future work are noted. 
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CHAPTER 2 

NONLINEAR OPTICS AND OPTICAL WAVEGUIDES 

As required for electromagnetic phenomena, the behavior of light is described by Maxwell's 

equations. One formulation of Maxwell's equations leads to the well-known wave equation, 

1 iPE iPP 
Vx(VxE) + --- -flo-' 

c2 (3t2 ar (2.1) 

This equation applies for current-free dielectric media. Employing the identity 

vx(VxA)= -V2A+V(V. A), and noting that the resulting second term (ie., V(V of:» is zero for 

isotropic media without free charges, this becomes 

(2.2) 

This differential equation describes the propagation of the electric field E in an isotropic, charge-

free dielectric represented by a polarization P. The equation admits as solutions wave-like 

sinusoidal space and time functions of the form Ae~, where A is a complex amplitude, Ie is 

the propagation wavevector and 6J is the frequency. 
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The form of the polarization P determines the nature of electromagnetic propagation through 

media. The polarization describes the basic interaction of the atoms with the electric field. The 

incident field forces electronic or vibrational oscillations which cause a time-varying polarization 

in the media. This polarization, in tum, re-radiates an electric field, and the propagation 

continues in this way through the media. To first order, the polarization is related to the electric 

field by 

(2.3) 

where the linear susceptibiEty, X(l), is a second-order tensor that accounts for the material 

polarizabiJity, and describes effects such refraction and absorption. Because of the tensor 

characteristic of tl), the susceptibility also incorporates anisotropies such as birefringence and 

dichroism. In this form, with the polarization proportional to the electric field, wave propagation 

is governed by a linear differential equation, and physical properties such as superposition of 

fields and non-interaction of fields are predicted. 

2.1 T1lJRD-()RDER NONUNEAR 01'11CS 

For most of electromagnetics, the polarization described by (2.3) is adequate. This simple form, 

however, does not exactly describe the interaction between electromagnetic radiation and matter. 

Quantum mechanical study of material polarization indicates that the relationship between 

polarization and the exciting electric field is much more general. Using perturbation theory, the 
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polarization is shown to be related to the field by 

(2.4) 

(This result can be obtained without invoking quantum mechanics by simply assuming a general 

relationship and using a Taylor series expansion.) As mentioned above, the first term governs 

the linear effect of the electric field. The following terms, which incorporate higher powers of 

E, give rise to a host of nonlinear effects. 

The second term in (2.4) produces phenomena such as the Pockels (or electro-optic) effect and 

second-harmonic-generation. From symmetry considerations, however, the even-order 

nonlinearities vanish in centrosymmetric media [Butcher 1965]. Thus, for the isotropic system 

considered here, x(Z) = O. The third term, 'If>, is nonzero for all media, and an effect arising from 

this nonlinearity is considered in this work. All higher order terms, which decrease in magnitude 

unless the exciting optical frequency (or various sum and difference frequencies that arise from 

these interactions) is very close to an electronic or vibrational resonance, are neglected since this 

work will deal with experiments at wavelengths away from the resonant regime. 

Polarizations due to the 'If> term involve up to three electric fields, so that optical fields in such 

a media interact, rendering field superposition invalid. Numerous effects can arise from x?), 

determined by the experimental configuration, optical wavelengths, etc. Third-harmonic

generation, for example, involves transforming three quanta of energy Itw from a monochromatic 

incident field at w to create a polarization at 3w via the f!>(-3w;w,w,w) term. The net result is 
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the creation of light at a new frequency, 3w. The interaction is quite efficient if care is taken to 

phase-match the waves. This requires that both optical frequencies propagate at the same 

velocity, which can be realized by orienting the material so that index anisotropy offsets the index 

dispersion. 

Of interest here is the effect of X(3) on the propagation of a single monochromatic wave. For this 

effect only one optical frequency is present, and for simplicity, we assume that all fields are 

polarized along the same direction. The nonlinear tensor element that describes such an 

interaction is X(3)III1(W;W,-W,w). To evaluate this interaction requires inserting the nonzero linear 

and third-order susceptibilities of (2.4) into the wave equation (2.2). After grouping of terms, 

the result is 

which is the appropriate wave equation for this interaction. Rigorous application of 

susceptibilities requires factors of 2 and 3 to account for frequency degeneracies and symmetry 

conditions. In this development, these factors are dropped as they contribute little to the 

understanding of nonlinear effects. To account for this, X(3) will hereafter be considered an 

effective value, incorporating all necessary factors. 

The only difference between (2.5) and the wave equation for linear media is the xm term. For 

the purely linear case (t3l=O), the term in parenthesis in (2.5) is associated with the refractive 

index by the relation ni= 1 +tJ). For the wave equation (2.5), we can do likewise to form the 

refractive index due to this interaction 

--- -------~ .. _- .- ------ -- -
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(2.6) 

where 1Io is the linear index. This yields a refractive index that now depends on the strength of 

the field. Using a binomial expansion, (2.6) becomes 

(2.7) 

Truncation of the series is justified since the change in index caused by the intensity-dependent 

term is usually very small (4n<cO.OOl) for off-resonance wavelengths. Optical intensity is 

proportional to EE", and this relationship is used to rewrite (2.7) into 

(2.8) 

where the intensity-dependent refractive index coefficient, ~, is introduced. (RE refers to the 

real part of the argument, and is required for reasons that follow). The coefficient describes the 

change in refractive index with intensity in the medium; this phenomenon is called the optical 

Kerr effect. From this point, the intensity-dependent index will be given the symbol n2, and has 

units cm2/MW. 

In the derivation above, it was implicitly assumed that x(3) was real. In general, x(3) is complex, 

and the imaginary component leads to much different behavior than the real part. To show this, 

the wave equation is further simplified by using the slowly-varying envelope approximation 

(SVEA) to transform (2.5) into a first-order differential equation. First, a harmonic wave 

solution of the form 
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E - Z'(z)e -1(it-1oI1) (2.9) 

is used in (2.5). When ~z) represents a slowly-varying field, the SVEA approximation assumes 

(2.10) 

so that the second derivatives may be neglected. The resulting equation for the envelope of the 

electric field is 

a1!(z) -l Ao X(3~8'(Z~2,.(Z) 
Oz no 

(2.10 

which describes the evolution of the field as it propagates. If t3) is real, only the phase of the 

field is modified by the intensity, and this leads to the Kerr effect discussed above. 

If X(3) in (2.11) is imaginary , however, the equation describes a decrease of the electric field as 

it propagates, with an attenuation that is proportional to the intensity. This nonlinear loss is 

known as two-photon absorption (TPA), and is represented by the coefficient 'Y, where 

(2.12) 

1M refers to the imaginary portion of the argument. In terms of optical intensity, TPA is 

described by 

(2.13) 
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The effect of TPA will be discussed in more detail in chapter 5. 

2.2 OPl1CAL WAVEGUIDES AND DEVICES 

The nonlinear effects described by ~ and "y lead to optical wave propagation that depends on the 

local intensity of the beam. This property may be used to form active devices that are actuated 

by changes in intensity, leading to potential applications in all-optical signal processing. For use 

at reasonable powers, the intensity-dependence of these effects often requires that the optical 

power be confined to a small area, and this is often accomplished by focusing. For a focused 

Gaussian beam, the confocal length (ie. that distance over which the intensity is greater than half 

the intensity at the beam waist) decreases as the focused spot size decreases. Since the nonlinear 

propagation effects are cumulative with length, high peak powers are required to obtain a large 

nonlinear change. Operation at more modest powers requires interaction lengths that are longer 

than the confocal length permitted by a lens. 

Optical waveguides provide a means of overcoming this limitation. A waveguide consists of a 

high refractive index region surrounded by lower index material. Through total internal 

reflection, the light may remain trapped in the high-index region, and propagate over long 

distances without diffraction. For typical waveguide devices, confinement of energy to 

micrometer dimensions over centimeter distances is common. For commercial optical fibers, this 

confinement can extend to tens of kilometers. 
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The simplest dielectric waveguide consists of a planar thin film sandwiched between two slabs 

of lower refractive index dielectric cladding (figure 2.1a). This structure can support propagating 

electromagnetic modes, the nature of which depend on the material refractive indices, film 

thickness, wavelength and polarization. The propagation constant, p, or equivalently, the 

effective index, N=P/ko, of a mode can be calculated exactly for a slab waveguide, given the 

geometry and material parameters. (The theory required for such calculation is presented in 

A. 

c. 

Figure 2.1 Simple waveguide geometries. A) Slab waveguide, B) Channel waveguide, C) 
Fiber waveguide. The shaded portion represents the higher-index guiding region. 

chapter 3.3). The effective index of a guided mode in a structure is less than the film index, but 

greater than the surrounding cladding index. 

Guided modes have discrete propagation constants, and are assigned integer mode numbers that 

identify the allowed eigenvalues 11. Each modes also propagates with a fixed spatial field profile. 

Sample representations of field profiles for the first three guided modes for a transverse electric 
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(TE) polarized field in a symmetric-slab waveguide appear in figure 2.2. For guided modes, the 

fields are standing waves within the film, but decay exponentially with distance outside the film. 

Also, the confinement of energy in the film region increases as the difference between the film 

and cladding index increases. 

Figure 2.2 Representative field profiles for the TE waveguide modes in a symmetric slab 
waveguide [Banyai 1988] 

For the planar guide, the optical power is confined in the direction normal to the interfaces. The 

propagation is diffractionIess in this dimension, but diffraction can spread the beam within the 

film plane. To confine the power in two dimensions, channel waveguide (figure 2.1b) or fiber 

waveguide (2.1c) geometries are used. (Discussion of a specific channel configuration, the strip-

loaded waveguide, appears in chapter 4). This greater confinement can lead to higher intensities 

for a given power, and facilitates routing of optical energy. Both these features are useful in 

creating a11~ptical devices. 
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Channel waveguides can accommodate bends, and this routing feature gives rise to optical 

circuitry which is used in a variety of applications. One fundamental device that incorporates this 

feature is the directional coupler shown in figure 2.3. In this geometry, two channel waveguides 

are placed within close proximity. When sufficiently close, the exponentially decaying evanescent 

fields from each waveguide may overlap with each other. The interaction between the modes in 

the two channels is strong when the propagation constant {:J of a mode equals a propagation 

constant for a mode in the neighboring waveguide. In this wavevector-matched case, efficient 

energy transfer occurs from one guide to the other. Complete transfer occurs over a distance 

known as a half-beat-length; after this distance, the energy transfers back into the original guide, 

so that the initial condition repeats every beat-length. The value of the beat-length is determined 

by the overlap of the evanescent fields between and across the guides. For a directional coupler 

designed so that the interaction distance is one-half beat-length, light injected into port 1 will exit 

from port 4. If the wavevector-matching is frustrated, for example by propagating in a mode 

with no wavevector-matched counterpart, the light coupled into port 1 exits from port 2. 

port 1 port 2 
.................... " ...................... ~ ... ~_ ..... '. , ............. L .......... ' ............ ~ ..... ¢-.................................... ,' ....... ,' ......... ,' .. ,' ........... . 

...................................... ......................... . 
......................................... : .. ; .. ; .. :.,............ "~""""~"""""""""""""""""""""" 
port 3 port 4 

Figure 2.3 Top view of a channel waveguide directional coupler. L denotes the coupling 
interaction length. 

--_.- -- ... __ . __ ..... -



29 

The behavior of the directional coupler is greatly modified if the device is fabricated with 

nonlinear Kerr media [Jensen 19821. In the presence of an intensity-dependent refractive index, 

the wavevectors, and in tum the wavevector-matching properties, now depend on the intensity 

in the guided mode. For a half-beat-Iength nonlinear directional coupler (NLDC), the 

wavevector-matched crossed state (ie., port 1 to port 4) exists only at low power. As the optical 

intensity in the input channel increases, the change in refractive index, &l=~I, will cause a 

corresponding change in the propagation constant of the input mode. Tnis causes wavevector

mismatch between the input mode and the neighboring channel coupled mode, which decreases 

the rate of energy transfer to the crossed state. Above a critical intensity, which is determined 

from the wavelength, beat-length and nonlinear coefficient ~ as Ic=2'lrIkonzLc, synchronism is 

destroyed, and the energy remairlS in the input waveguide. Under proper conditions, this device 

can perform all-optical switching, modulation and logic functions. Numerous other integrated 

optical geometries exhibit all-optical effects which perform useful optical signal-processing 

functions [Stegeman 1988]. 

2.3 REQUIREMENIS FOR AU-OP71C4L WA.VEGUIDE DEVICES 

Initial proposals and studies of all-optical devices centered on the device geometries, interaction 

lengths and power levels required for an assumed strength of nonlinearity. Typically, idealized 

systems were modeled, resulting in promising conclusions. Later experimental and theoretical 
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studies identified parasitic effects which could degrade device performance. The effects on device 

performance of a saturating nonlinearity [Stegeman 1987], an integrating nonlinearity [Stegeman 

1987a], absorption [Stegeman 1988], two-photon absorption [Mizrahi 1989], and device 

inhomogeneity [Jackel 1990] have been described. Several of these works resulted in guidelines 

and figures-of-merit for material evaluation. These are discussed in this section. 

Performance limitations due to linear losses 

The presence of linear loss diminishes throughput of an all-optical device. This is especially 

critical in serial applications in which multiple devices might be cascaded. The total loss can be 

decreased by shortening the device, but for a given intensity this will also decrease the net phase 

shift, which is proportional to path length. For the half-beat-Iength coupler, a net phase shift 

required for switching from the crossed to the through state is found by inserting the critical 

intensity I., = 21r/konzLo into the equation for nonlinear phase shift, Aq,=konzIL. This shows that 

a 211' shift is required for switching the ,NLDC. Similar calculations for other device geometries 

yield different phase shifts mlr for switching, where m is a device dependent factor between one

half and two. In the presence of a saturating nonlinearity, the required phase shift increases m 

by a factor of about 2, with the exact number depending slightly on the saturation model 

[Stegeman 1987]. 

Equating the required 211' phase shift to an intensity-induced index change, ~=~I, gives 
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(2.14) 

For reasonable transmission, a limit on the loss and device length may be set at aL < 1 so that 

transmission greater than e-'=37% is required. Substituting L= l/a into (2.14) and rearranging 

gives 

(2.15) 

where W is introduced as a figure of merit [Stegeman 1988). The loss a includes both absorption 

and waveguide sCclttering losses. An is the maximum induced change in refract~ve index, and is 

limited either by the available peak laser power or the damage threshold of the material, or by 

saturation of the nonlinearity ~ [Stegeman 1987) (in which case W> 2). Most fundamentally, 

the figure~f-merit W imposes a trade~ff between absorption and nonlinearity, and serves as a 

guideline when considering resonant or near-resonant operation. In the resonant regime, 

nOnlinearities are enhanced, but at a cost of increased absorption which may be intolerable. 

Absorption can degrade performance in another way. Most materials exhibit a change in 

refractive index with temperature, an effect tabulated as the derivative dnldT. When optical 

energy is absorbed, the resulting heat can cause index changes; it is suspected that this 

phenomenon may have been operative in reported measurements of presumed Kerr nonlinearities. 

In optical devices, this effect can limit the duty cycle of operation since the heat accumulates with 

each laser pulse, but may dissipate at a slower thermal relaxation rate [Weidman 1988]. Tum~n 
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times are unaffected, but tum-off times may be dominated by thermal diffusion and cooling rates. 

If pulses arrive faster than the absorbed heat dissipates, the increase in temperature can create 

index changes much greater than those caused by the electronic Kerr-law nonlinearity. 

Perfonnance limitations due to nonlinear losses 

The W parameter suggests that An be maximized for best performance. In the absence of 

saturation of~, or optical damage, a sufficient increase in optical intensity will satisfy this 

condition. As previously noted, however, the imaginary part of JfS> leads to an absorption that 

increases with intensity. If two-photon absorption (TP A) is present, it limits the benefit of simply 

increasing the intensity to achieve the required index change. 

Consider the condition for switching given in (2.14). Assuming that only TPA losses are present, 

a constraint that transmission be greater than 50% requires that "YIL < 1. Inserting this condition 

into (2.14) and rearranging gives 

(2.16) 

where the figure-of-merit Tis introduced [Mizrahi 1989]. Substituting the equations for I1z (2.8) 
1 

and "Y (2.12) yields a more elegant form 



T-2n 1M [X(3)(6);6),-6),6»] < 1 
RE [X(3)(6);6),-6),6»} 
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(2.17) 

which is clearly a fundamental requirement on the material system. The only possible design 

trade-off allowed is selection of the optical frequency w to optimize the ratio of real to imaginary 

parts. 

This simple figure-of merit was verified by numerically solving the coupled differential equations 

that govern two devices [DeLong 1989], the NLDC and the nonlinear distributed-feedback 

device. For the NLDC, the guided mode powers in channell, lad 2, and channel 2, 1~12, are 

described by the following coupled-mode equations 

and (2.18) 

~ _ltcaleI4~+(lko":z --L)x 1~12~ 
at A'fI' 2At6 

where ~ and 'Y are the Kerr and TPA nonlinear coefficients, AfJ is the linear wavevector 

mismatch between the coupled modes, and K quantifies the strength of coupling (K=7r/2Lc, where 

Lc is the beat-length of the power transfer). Aelf is the effective cross-section of the waveguide 

mode, so that the intensity is lal 2/AeIf. These equations were numerically solved for several 
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values of the figure-of-merit T. 

Figure 2.4 shows the fraction switched to the bar state (ie. the percent of total transmitted power 

that exits from the bar channel, port 2) as a function of input power (into port 1) for various T 

values. This fraction is normalized to the total output so that the effect of nonlinear loss is 

excluded. For T=O, no TPA is present, and the devices behaves as expected, with complete 

switching occurring at the critical power. As Ttakes on small values due to TPA, the power 

needed for switching increases beyond the critical power. Even though switching occurs, device 

throughput decreases sharply, with only 60% of the power transmitted when T= 1. When T 

becomes large (~4) and violates the requirement (2.16), complete switching does not occur, even 

at powers much larger than the critical power. These simulations quantify the adverse effect of 

TPA in all-optical devices, as well as demonstrate the validity of T as a material figure-of-merit. 

Therefore, to evaluate a material for device utility, several parameters must be measured. As 

shown above, linear loss, throughput, n2, 'Y and thermal index changes must be quantified before 

estimates of device performance can begin. In this work, these values were measured for a 

promising polymeric material, and the utility of this polymer was evaluated in light of the 

requirements for all-optical switching. 

..-' .- ~'---~'- ------ -------
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Figure 2.4 Fraction of output switched into bar state versus normalized input power for 
several values of TP A figure-of-merit T. 
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CHAPTER 3 

OPTICAL PROPERTIES OF POLY(4BCMU) 

The operation of all-optical devices requires materials that are processible and stable, as well as 

exhibit suitable linear and nonlinear optical properties. Currently, significant research is directed 

toward identifying and characterizing candidate materials. Organic compounds in particular are 

of great interest because the availability of numerous synthetic techniques offers the promise of 

"molecular engineering", a term that suggests the ability to tailor molecules to meet specific 

criteria [for example, Meredith 1982]. Although molecular modeling is not yet at the level 

required to truly "engineer" ,(1l molecules, some theories exist to guide in selection of candidate 

materials. 

In the pursuit of molecules for x(3) applications, the relationship between electron delocalization 

and large nonlinearity was first noted in experiments with polyenes [Hermann 1974). Electron 

delocalization occurs in conjugated systems, in which the 1r-electron density is not localized 

between a pair of orbitals, but extends along a conjugated length (figure 3.0). Shortly thereafter, 

theoretical investigation of the 1r-electron contribution (modeled as an electron in a one

dimensional box) further demonstrated the increase in nonlinearity with conjugated chain length 

--.-~.----- -~ --------~ _. -
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[Rustagi 1974]. A study of infinitely long, bond-alternated one-dimensional systems showed that 

the ~-electron nonlinearity of such a system, X(3) w, was enhanced over nonlinearity of a saturated 

system, X(3) g, by 

X(3) ac x (3) ~ 
II CJ d 

where NJ is a delocalization parameter that measures the degree of bond alternation [Agrawal 

1976). For finite chain lengths, this result still holds as long as the delocalization length is less 

than the physical chain length. Other propenies such as bond alternation and anharmonicity 

[Rustagi 1974] also contribute to the strength of the nonlinearity of a conjugated system, but to 

first order, highly-delocalized polyenes should provide large nonlinear responses. (A recent 

model, which invokes phase-space-fiIling excitons in one-dimension, has shown good agreement 

with experimental results [Greene 1987], but provides little insight in relating nonlinearity to 

chemical structure). 

Experimentally, this reasoning was validated by third-harmonic-generation (THG) studies of 

polydiacetylene PTS (Hexadiyne-l,6-diol-bis-p-toluene Sulfonate) [Sauteret 1976). Using solid

state-polymerized siogle-crystals which provide an array of nearly defect-free conjugated chains, 

THG experiments at 1.891'1D showed a J>fl that was 20,000 times greater than that of Si02• In 

addition, :he optical propertie;; ~ibited a strong anisotropy. With the electric field polarized 

along the backbone chain direction, the nonlinearity was almost 200 times greater than that when 

the field was perpendicular to the backbone. Also, the absorption coefficient was larger by a 

factor > 20, and the refractive index was 20% larger for fields along the chain. This large 
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Figure 3.0 Electron delocalization of ~ molecular orbitals in a conjugated system (from 
Solomons 1980) 

nonlinearity provided the impetus for in-depth studies of polydiacetylenes. 

In this work. a different polydiacetylene. poly[S, 7 -dodecadiyn-l, 12-diol-bis(n-butoxycarbonyl-

methyl-urethane)], or more commonly, poly(4BCMU), is examined. In this chapter, the 

chemistry of the polymer is outlined, and the results of early measurements are summarized. 

Next, the fabrication of poly(4BCMU) slab waveguides is discussed. A method for measuring 

refractive index in a multimode slab waveguide is outlined, and results are presented. Similarly. 

the measurement of waveguide scattering losses is discussed and results presented. Then, a 

light-induced bleaching process observed in thin films is reported, and the utility of this method 

for delineating integrated optical structures is demonstrated. Finally, fabrication of channel 

waveguides in poly(4BCMU) is introduced. 

. ----------
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3.1 CHEMISTRY OF POLY(4BCMUj 

Polydiacetylenes are long chain polymers that contain only carbon atoms in the backbone. In 

contrast to an alkane, the polydiacetylene backbone bas a conjugated structure which occurs in 

the acetylenic (= C = C = C = C =) or butattienic (C-C. C-C) resonance forms (or an admixture 

of the two), and exhibits a high degree of electron delocalization. The polymer is synthesized 

by addition of the diacetylene monomer (R-C. C-C • C-R) , where R- is a substituent side-chain 

group. The topochemical polymerization occurs in solid sklte, so that monomer crystals are 

required for polymerization to proceed. 

For typical R- groups (ie, as for PI'S), the resulting polymer is insoluble, so that the polymer 

occurs in the same form as the monomer, either powder or crystal. Poly(4BCMU), a 

polydiacetylene with R=(CHJ.OCONHCH2COO(CH:z),CH,. is noteworthy for its solubility in 

common organic solvents. This property is introduced by the use of a longer, polar substituent 

group R- [patel 19181, and is useful for polymer processing since it allows subsequent dissolution 

and deposition. Figure 3.1 illustrates the ~tt'Jctt'r.al form.ula for this polymer. 

Thermo- and solvato-chromlc behavior of poly(4BCMU) 

An interesting property exhibited by poly(4BCMU) is the conformational transitions brought on 

by environmental conditions. After polymerization, the polymer exists in its "blue" form, 

indicative of maximum uninterrupted backbone delocalization. Electron delocalization requires 

conjugation and structural planarity (to allow overlap of the 11" orbitals). In the fully delocalized 
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Figure 3.1 Structural fonnula for polydiacetylene. R- =(CH:z}.OCONHCH2COO(CH:Z:hCHJ 

for poly(4BCMU). 

"blue" fonn, the backbone is held planar by hydrogen-bonding between R- substituents on the 

same chain [patel 1979, 1979a}. If the polymer is heated to 110° C, the low-energy hydrogen 

bonds dissociate, and the backbone twists, decreasing the planarity. This decreased backbone 

conjugation length results in a reversible blue-shift in the linear absorption spectrum, and the 

"red" form of the polymer results [Chance 1979]. Further heating causes a reversible transition 

to an even shorter conjugation length "yellow" form. 

Similar conformational activity results from the interaction with solvents. If mixed with a non-

solvent (eg. hexane), the "blue" poly(4BCMU) form persists. However, when dissolved in a 

good solvent (a solvent which can dissolve several percent, or more, solid by weight) such as 

chloroform, the solvent interferes with the hydrogen bonding and the shift to the "red" or 

"yellow" form results [patel 1979a]. Using light-scattering experiments, this transition has been 

characterized as a rod-to-coil transition [Lim 1983]. In solution, the fully conjugated, hydrogen-

bonded polymer behaves like a rigid rod, while the less delocalized "red" or ·yellow· forms take 

on a coil-like conformation. This coiling is due to decreased hydrogen-bonding and increased 
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rotation of the backbone about carbon-carbon single bonds. 

Nonlinear Properties of Poly(4BCMU) 

In light of the large nonlinearity exhibited by PTS, it was not surprising that poly(4BCMU) 

would be studied for nonlinear effects, since both polymers have the same conjugated backbone 

structure. For device consideration, the value of the intensity-dependent refractive index is 

required. Wave mixing in poly(4BCMU) solutions [Chance 1980] and phase conjugation in 

poly(4BCMU) gel [Nunzi 1987] have been reported, but the question of conformation and 

intermolecular effects makes it difficult to extrapolate these results to a solid-state poly(4BCMU) 

thin-film value. Third-harmonie-generation in poly(4BCMU) films has been perfonned 

[Torruellas 1990, Hsu 1990], but the question of resonance enhancement makes extrapolation to 

a Kerr effect Il:t value difficult. 

The numerous covalent bonds in polydiacetylenes lead to rich linear and nonlinear spectra. For 

example, contributions from Raman interactions [Batchelder 1982], phonon coupling [Greene 

1988], two-photon coupling [Torruellas 1990], free-carrier generation [Orenstein 1984] and 

excitonic states [Greene 1987] have been reported. The nonlinear properties of these 

macromolecules are complex, and these varied contributions suggest that direct measurements of 

the applicable Kerr coefficient is required for device evaluation. 

Interest in two-photon-absorption (TPA) occurred early in the study of polydiacetylenes. Initial 

work reported 'Y for crystals of PTS polydiacetylene, but attributed the large effect (-y=70 
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cm/MW at 1.064 I'm) to a proposed two-step process that required absorption by defects in the 

chain [Lequime 1977]. Later work in solutions of poly(4BCMU) demonstrated that the TPA 

process is due to large transition strengths which are a property of the conjugated backbone 

[Shand 1979]. In these early papers, the fact that TPA might limit device performance was 

noted. Measurements of the nonlinear refractive index and two-photon absorption coefficient at 

1.319 I'm are discussed in chapter 5. 

3.2 FABRICA110N OF 11IlN-FILM POLY(4BCMU) WAVEGUIDES 

The solubility of poly( 4BCMU) leads to a great deal of flexibility in processing the polymer into 

useful forms. Spin-coating is an obvious choice for producing poly(4BCMU) thin-films. In 

essence, this method entails depositing the dissolved polymer onto a clean substrate, spinning the 

substrate to form a uniform thin layer of solution, and allowing evaporation to remove solvent 

and leave a thin film of solid polymer. 

Spin-coating of thin films 

Because of the universal application of spin-coating in microelectronics, the process has been 

investigated extensively and is fairly well understood [Moreau 1987]. Of particular importance 

is the choice of solvent. Two obvious requirements are that the solvent be able to dissolve a 

reasonable concentration of polymer, and that the solvent satisfactorily wet the substrate. Also, 
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phase separation of the solution must not occur at room temperature. A more subtle requirement 

is that the solvent should have low volatility (high boiling-point). A volatile solvent evaporates 

quickly, and this leads to poor quality films exhibiting surface roughness, inhomogeneity, and/or 

·cloudiness· [Lai 1979]. 

The limited solvents known for poly(4BCMU) pose a challenge in forming optical quality films. 

For example, poly(4BCMU) is highly soluble in chloroform, and bigh concentrations are obtained 

at room temperature. Unfortunately, chloroform is very volatile (b.p. 60° C), and spin-coated 

films of this solution are of very poor quality, exhibiting numerous micrometer-size domains 

wbicb cause optical scattering. A solvent with better performance is cyclopentanone, and this 

system is used to form waveguide quality films [Townsend 1988, Krug 1989]. 

In this work, thin-film waveguides of poly(4BCMU) were spin-coated from cyclopentanone 

solution. A description of the procedure follows in the next section. 

Preparation of Poly(4BCMU) 17Iin Films 

The poly(4BCMU) precursor monomer was provided by E.I. DuPont Experimental Station. The 

monomer was polymerized by irradiating with a SO Mrad dose of g~ radiation at the Arizona 

State University Radiation Measurements Facility. Then the irradiated material was wasbed by 

mixing the solids in isopropyl ether and filtering through a O.S I'Dl pore PTFE membrane. In 

this process, the monomer is dissolved into the ether, and passes through the membrane, leaving 
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polymer behind. After repeated washing, the remaining polymer was air-dried at room 

temperature. This procedure yielded a 75% conversion of monomer to recovered polymer. 

For a typical spin-coating solution, 300 mg of poly(4BCMU) was mixed with 10 m1 of 

cyclopentanone. Since the polymer does not dissolve at room temperature, the mixture was heated 

in a water bath at 60 to 80° C while stirring. After one hour the heat was removed, and the 

solution was allowed to stir for several hours as it cooled to room temperature. 

The solution degrades (over several hours) in the presence of light, heat and air. This is 

observed as a decrease in viscosity of the solution as well as a loss of color as the yellow solution 

lightens to a much paler yellow. As a precaution, the solution is mixed in a darkened vial, back

filled with nitrogen, and used as soon as possible. 

Thin films were created by depositing the room temperature solution onto a clean fused-silica 

microscope slide and then spinning the slide at a few hundred to a few thousand rpm. The 

spinning continued until the film was dry, at which time the film ~lor underwent a dramatic 

transition from yellow to deep red (indicative of the "red" form ofpoly(4BCMU». A typical thin 

film absorption spectrum is shown in figure 3.2. The strong visible absorption is due to an 

energy gap that wes from electron delocalization in the one-dimensional polymer chain; the 

wavelength ofth~ peak increases with deloca1ization [Flytzanis 1987]. The second, lower-energy 

peak is excitowc in origin [Schott 1987]. 

Micrometer thick films were obtained by spinning at 1000 rpm; thickness may be varied by 
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proper choice of spin rate. Thicker films of several micrometers were obtained by spinning for 

only a few seconds, and letting the thicker layer of solution evaporate. The linear optical 

properties of these fllms were measured using waveguide techniques described in the next section. 
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Figure 3.2 Absorption Spe4:ttUm of spin-coared poly(4BCMU) film. 

3.3 ClLHlAC1ERlZA170N OF UNEAR OP11CAL PROPER17ES 

BOO 

One difficulty encountered in thin-film fabrication is the irreproducibility of thin film properties. 

The degradation of the polymer in solution results in a solution that is often inconsistent from 

batch to batch, so that the composition of the film is process dependent. Scattering loss in slab 

waveguides is especially sensitive to fabrication parameters, with reported values varying from 



46 

< 1 dB/cm [Townsend 1988], to between 2 and 20 dB/cm [Krug 1989]. The fabrication 

procedures used in these works are not reported and are held proprietary. The losses are believed 

to result from film domains caused by conformational effects. Concentrations of the rod form of 

the polymer intermixed in the more predominant coil form lead to refractive index 

inhomogeneities that scatter optical radiation. 

Refractive Index Measurement 

The linear refractive index of poly(4BCMU) was determined using waveguiding techniques. 

Waveguides are formed by coating a sufficient thickness of poly(4BCMU) onto a fused silica 

slide. Due to the modal nature of waveguide propagation, only a discrete set of propagating 

fields are allowed in a guiding structure. The set of allowed propagation constants is a function 

of waveguide refractive indices, waveguide geometry, wavelength, and polarization. For a 

description of slab waveguide theory, see [Kogelnik 1979]. The simple relationships needed for 

our analysis are drawn from this reference and presented below. 

For an asymmetric slab waveguide comprised of a film bounded by a substrate and a cover, the 

allowed propagating modes must satisfy the transverse resonance condition which requires that 

2(1I:~-P~t-2 •• -~c-"'2n (3.1) 

where ko=2'lr/Xo is the free-space wavevector, Pm is the propagation constant of mode m, and t 
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is the thickness of the poly(4BCMU) film. The tPc and tP. are the phase shifts upon reflection at 

the film-cover and film-substrate interfaces respectively. and are derived from Fresnel relations 

as 

~ -arctan[ p~-n:~(!!L)2pl 
' 2102 A2 11 

111''1) - t' • , 

(3.2) 

where i=c or s. and 11,. nco and n. refer to the refractive index of the film. cover or substrate. 

The polarization of the guided mode enters as the exponent P. which equals 0 for TE fields and 

equals 1 for TM fields. 

The resonance behavior associated with (3.1) is apparent when the film is viewed as a cavity 

bounded by the cover and substrate. The first term represents the phase shift in traversing the 

thickness of the film, while the second and third terms denote the phase shifts at the cavity 

interfaces. For constructive interference of the field, the accumulated phase in one round trip 

must equal 211". An additional mode exists for each multiple of 211" which satisfies (3.1). 

This theory states that for a slab waveguide, given the refractive indices, thickness, wavelength 

and polarization. a discrete set of propagation constants Pm exist. Consider the inverse case in 

which Pm and all but one waveguide parameter are known; the missing parameter can then be 

calculated using (3.1). For the spin-tOated slab, the indices of the substrate (Sio.J and cover (air) 

are known. and the wavelength and polarization are cont:ollable. If the propagation constants 
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of two known modes are measured, one can solve equations (3.1) simultaneously to find the 

unknowns nr and t [Ulrich 1973] for two different values of m. This procedure is used to 

measure the refractive index of poly(4BCMU). 

There are several methods for injecting light into waveguides. The most widely used is end-fire 

coupling, in which energy transfer is facilitated by matching the electric field distribution of the 

beam to the field profile of the guided mode by focusing the beam onto the polished edge of a 

waveguide. The efficiency of this coupling is given by the overlap integral of the input and 

guided fields. For multimode guides, it often results in power being coupled into more than one 

mode. Prism or grating coupling are two methods which do not require polished edges, and are 

wavevector-matched processes. Coupling into one specific mode of multimode structures is 

achieved by angularly tuning the input beam. Prism coupling requires that a prism be brought 

to close proximity (on the order of ~) of the guiding layer; in practice this causes mechanical 

contact between the film and prism in some regions. For soft polymer films, this contact 

damages the fUm, making prism coupling troublesome. A preferred method for polymer 

waveguides is grating coupling. This method is used to selectively couple light into a known 

mode, and leads to measurements of the propagation constant for that mode. 

Coupling a beam via a grating is a wavevector-matched process that uses the momentum vector 

associated with the grating to alter the propagation vector of the input beam (see figure 3.3). The 

grating has longitudinal space harmonics K=2rv1A for the diffracted order v when the grating 

period is A. The free-space beam incident onto the grating has a propagation constant projected 

- --- ------------
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along the grating that is given by 1i.=kosinO., where O. is the angle from the normal. Upon 

interacting with the grating, the incident beam is diffracted into fields with longitudinal 

propagation constants 1i.=Ii.-27rvIA. Strong coupling between the input beam and a waveguide 

mode results if the propagation constant for guided mode m, (1m, is wavevector matched with a 

space harmonic of the diffracted beam, ie. 

A .A _ 2nv 
......... A (3.3) 

where the diffraction order II=O,± 1,±2, ... (see figure 3-3). The efficiency of this transfer is 

optimized by careful choice of diffraction efficiency (determined by grating depth and shape, 

index change, etc.) and beam size. Best results are obtained when the 11=-1 order is used and 

8. < 0; this geometry is known as backward coupling rramir 1979]. If the grating period is 

known, careful measurement of the angle 8. at maximum coupling yields the propagation constant 

(1m of guided mode m. Applying the previous discussion, this provides a means for measuring 

0,. 

To facilitate coupling, surface relief gratings were fabricated into the SiOz substrates. A 

photoresist film spin-coated onto the substrate was holographically exposed by interfering two 

plane waves that formed a sinusoidal irradiance on the resist. The exposed resist was washed 

away, and the resulting masked substrate was reactive-ion milled to remove SiOz where the 

surface was exposed. The milling was terminated when a relief grating of about O.I#,m depth 

was formed, and the remaining resist was washed away [Mai 1985]. The substrate was then 

cleaned, and a layer of poly(4BCMU) spin-coated upon the grating. 
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Figure 3.3 Schematic representadon of grating coupling, showing the wavevectors involved 
in the wavevector-matching process. 

The angles at which efficient grating coupling occurred were measured using the apparatus 

depicted in figure 3.4. The beam from a diode-pumped Nd:YAG laser operating at 1.064 JLm 

was collimated with a telescope and apodized by a pinhole. A mirror placed 1 meter from the 

pinhole reuoreflected the beam back through the pinhole, and a ponion of this beam was 

reflected by a pellicle beamsplitter. A second pinhole and detector were aligned with this 

retroreflected beam. After this alignment, the retroreflecting mirror was replaced with the 

waveguide mounted on a computer-driven rotation stage. 

To measure the coupling angles, the nonnal to the waveguide (ie. the 8.=00 position) must be 

accurately found. After a coarse manual placement, the computer rotated the stage while the 

voltage at photodetector 1 was monitored. As the guide was rotated through the nonnal, the 
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Figure 3.4 Layout of waveguide coupling-angle measurement apparatus. 

signal at detector 1 increased and then feU; the angle at which the maximum power was detected 

was defined as the normal. The computer then rotated the waveguide while optical power 

scattered from the waveguide was collected in a fiber bundle and measured by a second detector. 

A typical data file for TE polarization using backward coupling into a A=0.63 #lm period grating 

is shown in figure 3.5 (the angles are actually negative). This data displays three modes, with 

TEo at 8= -10.160 and substrate modes appearing for angles less than -140. 

For the high resolution (48= .001 0) rotation stage used, the error in measured coupling angle 

was limited by the F-number of the coupling beam, and was estimated to be 10'3 radians. For 

typical parameters, this translated into an equivalent index error of An=-O.002 after data 

------------------- -- -. 
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Figure 3.S Coupling angle spectrum for poly(4BCMU) slab waveguide. 

reduction. For the data shown in figure 3.4, the calculated film refractive index, 0" is I.S 19, 

and the calculated thickness is 3.S J'm, assuming a slab-waveguide geometry. This panicular film 

was spun from a solution that was two days old. A film from a fresher solution gave an index 

of 1.578. As a comparison, there are published estimates of n= 1.59 [Townsend 1989) for spin-

coated poly(4BCMU). This variation demonstrates the difficulty in making reproducible optical 

films of thia owerial. 

Poly(4BCMU) slab waveiUides spin-coated onto milled-grating substrates at Boeing High 

Technology Center using a proprietary process, were measured with this apparatus at 1.064 J'm. 

The measured refractive index for the three-mode guide was 1.563 for TE polarization and 1.523 
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for TM. A similar measurement for the proprietary strip-loading polymer that is utilized in the 

channel waveguide structure (described in chapter 4) gave n= 1.595 for TE and n= 1.587 for TM. 

Subsequent measurements at Boeing using a commercial prism-coupling instrument (Metricon PC-

2000) produced refractive index values that agreed to within 0.003. 

Waveguide losses 

Waveguide losses in the slab guide were measured using the method described by Himmel 

[1986]. A schematic representation of the apparatus is shown in figure 3.6. Collimated laser 

radiation at 1.064 /lm was chopped and grating coupled into a spin-coated single-mode 

poly(4BCMU) slab waveguide. A coherent fiber bundle (Collimated Holes, inc.) with 2 mm by 

10 mm faceplate dimensions was aligned along the waveguide so that the light scattered from the 

waveguide was imaged at the opposite end of the fiber bundle. An automated, stepper-motor

controlled slit was scanned along the imaging end of the fiber, and light passing through the slit 

was detected with a red-enbanced photomultiplier tube. The photomultiplier voltage was 

processed by a lock-in amplifier to reduce background noise, and the scattered power at each 

position was recorded by the computer. 

For the TEo mode, a typical result is shown in figure 3.7. Assuming exponential power loss in 

the waveguide, a linear least-squares fit to the logarithm of the intensity gives the waveguide loss 

per unit length. For this measurement, the waveguide loss was 5 dB/em. Because the measured 

loss was sensitive to the alignment of the fiber bundle, the value is expected to be accurate to ± 1 

------ ----_._- --- .--_.--.--
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Figure 3.6 Apparatus for measuring propagation losses in planar waveguides. 
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dB/em. Also, care was taken to avoid measuring scattered light too close to the coupling grating; 

this can lead to artificially high losses since power in non-guided radiation modes can be collected 

by the bundle. 

3.4 PHOTOBLEACHING PHENOMENA IN POLY(4BCMU) FILMS 

As previously noted, poly(4BCMU) in solution can degrade with time. These changes are 

irreversible, and not a consequence of the confonnational changes described in section 3.1. 

Historically, the ultraviolet (UV) photochemical degradation of polydiacetylene PTS-12 solutions 

was used to prepare smaller molecular-weight samples from originally high-molecular weight 

solutions [Wenz 1982]. Additional study of polydiacetylene solutions, including poly(3BCMU), 
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Figure 3.7 Scattered light versus position along a TEo waveguide mode in a poly(4BCMU) 
slab waveguide. 

showed that the absorption peak decreased and shifted to higher energy when exposed to UV 

radiation, but was unaffected by visible radiation [Muller 1984]. These authors concluded that 

photodegradation results from absorption in the side-chain R- groups which then form radicals 

which initiate a chain scission reaction in the backbone. 

In the course of this work, irreversible photo-induced bleaching was observed in thin films. The 

phenomeoon was similar to the solution observations, but without the shift in absorption peak. 

The effect of this bleaching on several optical properties was quantified [Rochford 1989J. The 

methods used and results obtained will be presented in this section. 

~--~.----- ... -
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Bleaching process 

A simple demonstration of bleaching occurred when 514.5 run light from an argon-ion laser was 

focused onto a spin-coated thin film approximately 1 I'm thick. A 7.5 mW beam was focused 

to a 400 I'm full-width-half-maximum (FWHM) spot and the light transmitted through the fllm 

was collected by a silicon photodetector. The laser radiation wavelength was very close to the 

peak absorption (figure 3.2) so that the initial transmission was very low. Over time, the 

transmission increased as the polymer bleached (figure 3.8). About 1.8 kJ/cm2 total exposure 

was required for the transmission to reach one-half the saturation value. Qualitatively similar 

results were obtained when a helium-cadmium laser at 442 run (1.35 mW with a 500 I'm FWHM 

beam) was used. Less energy was required to bleach, with 160 J/cm2 needed to bleach to one

half the saturated value. 

The presence of oxygen plays a role in this process. When the transmission experiments were 

repeated with the film placed in an evacuated chamber, no bleaching occurred during 14 hours 

of laser irradiation at the same power levels as before. When air was finally allowed into the 

chamber, bleaching proceeded. Conversely, the presence of additional oxygen accelerates the 

process, with bleaching occurring on the order of five times faster when oxygen was bled over 

the film. In addition, bleaching was caused by irradiation with high-power 30 pS Nd: Y AG pulses 

at 1.064 I'm, at intensities on the order of 1 GW Icm2
• This qualitative observation suggests that 

bleaching may also occur via a two-photon mechanism in poly(4BCMU). 

--_.-._---
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Figure 3.8 Transmission of a 7.5 mW, 514 run laser beam through a poly(4BCMU) film. 

The changes in the visible absorption spectrum caused by the bleaching process were measured 

by exposing a spin.wated poly(4BCMU) film to ultraviolet radiation from a mercury lamp that 

output 30 mW/cm2 at 405 nm. The resulting spectra for various exposures are shown in figure 

3.9. About 90 J/cm2 was required to decrease the absorption by one-half. Qualitatively similar 

curves result when the argon laser at 514 nm was used to irradiate the film, and 1.5 kJ/cm2 were 

required to decrease the absorption by about 50%. The position of the peak: absorption was 

invariant during the bleaching process, in contrast to the behavior reported in solution by Wenz 

[1982]. 

Since the visible optical properties (ie, absorption, refractive index, nonlinear effects) result from 

interaction with the conjugated 'll-electrons in the backbone, the bleaching effect suggests a chain 

scission process that shonens the backbone and conjugation length. This was measured directly 

--- -----_.- -
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Figure 3.9 Absorbance of poly(4BCMU) film for various exposures from a ultraviolet 
mercury lamp. 

by gel penneation chromatography. In this method a dissolved polymer flows through a column 

filled with a porous gel with a known pore size. The smaller the dissolved molecule, the slower 

it will traverse the cell since it can penneate the gel pores. A UV spectrometer monitors the 

density of solids exiting the column and records this versus time. The relationship between 

transit time and molecular weight (MW) is obtained using a calibration polymer. Since the 

calibration polymer may have different penneation properties, the method is better for measuring 

differences rather than absolute values of MW. As the chromatography data in figure 3.10 

shows, the average MW of the polymer chains drops over one order of magnitude. Since each 

monomer unit has a MW of 480 glmol, the data shows that the average chain length dropped 

from forty monomer units when pristine, to two units when fully bleached. 

------- ----
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Figure 3.10 Gel permeation chromatography data for pristine and bleached polymer showing 
a decrease in average chain length. 

Attempts to discover the composition of the bleached form using Fourier transform infrared 

spectroscopy and Raman spectroscopy were unsuccessful. For thin films, changes in the spectra 

were slight, and interpretation inconclusive. 

The invariance of peale absorption wavelength during bleaching deserves comment. A general 

rule in organic chemistry states that the longer the conjugation length, the lower the energy of 

the absorption edge [Solomons 1976J. (This can be simply explained by viewing the electron in 

the conjugated chain as being a particle in a one-dimensional box; quantum mechanics shows that 

the difference between energy levels will decrease as the box dimension increases.) Thus, as 

bleaching reduces conjugation length, the absorption peak should gradually shift to higher energy, 

as observed in solution. There is a possible, but unproven, explanation for the absorption peak 

invariance observed in the poly(4BCMU) thin films. A single chain might undergo numerous 

scissions very quickly upon exposure, so that an intermediate conjugation length (with a slightly 
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shifted peak) is very short-lived. The proposed scission mechanism (Muller 1984) suggests that 

a radical causes the chain to split into two smaller chains with an unstable form of carbon (radical 

or carbene) as a termination. In the presence of solvent, this carbon will react into a stable, 

saturated form. The thin film contains no solvent to quickly neutralize the unstable atom, and 

its presence may in tum initiate another scission at a neighboring site. 

Measurement of photobleaching induced changes in optical properties. 

The data presented in the last section shows the decrease in chain length, and similarly 

conjugation length, with bleaching. The considerable decrease in absorption demonstrates the 

dependence of the optical properties on conjugation length. In this section, the effect of bleaching 

on refractive index and nonlinear properties is reported. 

As predicted by Kramers-Kronig relations, a change in the absorption of a material system results 

in a change in the refractive index. The large drop in poly(4BCMU) absorption, from l~ cm'l 

at the 480 nm peak to the order of to' cm·1 or less when fully bleached suggests that a large 

change in index in the transparent region must follow. 

The change in refractive index at 1.064 #Lm was measured using the planar waveguide grating 

coupling technique described in section 3.3. A thin-film poly(4BCMU) waveguide was mounted 

on the automated rotation stage, and the coupling angles for three TE modes were measured. 

The coupling region was then irradiated with 420 mW of 514 om argon-laser radiation focused 

to a 3 nun FWHM spot for 15 seconds, and the coupling angles were re-measured. This 

_. _._-------
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procedure of timed argon-laser exposure and coupling angle measurement was repeated numerous 

times. for a tota) accumulated exposure of 1020 seconds, at which time the film appeared totally 

bleached. The coupling angles measured at each exposure were used to calculate index and 

thickness at each exposure. The result of these calculations, assuming a simple planar waveguide 

structure in which the film index is constant with depth, appears in figure 3.11. 
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Figure 3.11 s-polarized refractive index at 1.064 JUD ofa poly(4BCMU) thin film at various 
photobleaching exposures. 

The bleacidus caused a monotonic decrease in refractive index until the material was fully 

bleached. The index fell from an original value of 1.523 to a bleached value of 1.494, for a 

total decrease of An= -0.029. The calculated film thickness, 3.95 JUD, remained constant to 

within the experimental error of ±0.1 JUD throughout the bleaching process. This demonstrates 

that the photoinduced change in color is due to material bleaching, and DOt caused by 
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photochemical or photothermal ablation. 

The measurement was repeated using UV exposure from a mercury lamp to bleach the polymer. 

Here the waveguide film was formed from a more recently polymerized batch of poly(4BCMU) 

that exhibited less degradation. (This was confirmed by a qualitative MW measurement which 

showed an increase by a factor of 2). For this film, the initial index of 1.578 bleached to a value 

of 1.501, for a total change An = -0.077. The fact that both measurements yield the same index 

value for the fully bleached material is reasonable, since the composition of the bleached product 

should be independent of processing and initial condition of the polymer. 

As noted in section 3.1, the nonlinear properties of poly(4BCMU) stem from its conjugated 

backbone. The decrease in conjugation length caused by the bleaching process should affect the 

nonlinear optical response as well as the linear properties. This was demonstrated by measuring 

the third-harmonic-generation [Kajzar 1987] response from poly(4BCMU) thin fllms. Raman

shifted laser radiation at h= 1. 891'm was weakly focused onto the film in a vacuum cell, and the 

third-harmonic Maker fringes at .63 I'm were collected. The experiment performed for pristine 

films showed a THG xC'SJ of 2x1o-11 esu. When performed on a fully bleached film the THG 

measurement gave xC'SJ=3xlo-'4 esu, a value on the order of fused silica. This indicated that 

bleaching decreased xC'SJ by over two orders of magnitude. 

Fabrication of illlegrated-opticaJ structures by photobleachlng 
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The large decrease in index caused by photobleaching suggests that the phenomenon may be 

useful for direct patterning of refractive index structures into poly(4BCMU) films. This property 

could have applications in linear or nonlinear integrated optics and holography. Demonstrations 

of photobleaching fabrication will be reported in this subsection. 

The first issue to resolve is whether the bleaching process imparts additional losses to the film. 

Although bleaching greatly reduces the absorptive loss, the effect on scattering losses may be 

important, especially in waveguides where in-plane propagation leads to long path lengths. 
t • . 

The influence of bleaching on scattering was quantified by measuring waveguide losses using the 

apparatus described in section 3.3. A single-mode planar waveguide was fabricated by spin-

coating, and the TEo mode excited by grating coupling of 1.064 pm laser light. The scattering 

loss was determined after several exposures from a UV mercury flood lamp. Since the bleaching 

process reduced the refractive index, the coupling angle was optimized after each UV exposure, 

and the fiber bundle carefully aligned before measuring the scattered light. The measured 

waveguide attenuation after several exposures is shown in figure 3.12. The maximum exposure, 

1500 seconds, corresponds to nearly complete bleaching. The changes were within the 

experimental error of ± 1 dB/cm, and demonstrate no trend with exposure time. Thus, the 

bleaching process appeare to alter the optical properties of thin films without measurable changes 

in scattering loss. 

Gratings were formed in thin films by interfering two 514 om argon-laser beams. Each CW 

beam delivered 30 mW of power and they intersected at a 19 degree angle at the sample, creating 

.--.- .... _-_.- ---
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Figure 3.12 Waveguide attenuation in a poly(4BCMU) waveguide as a function of UV 
bleaching exposure. 

a standing wave pattern with period 1.74 Ilm. A 300 second exposure bleached a refractive index 
i· 

grating into the film. The first-order diffraction efficiency of the pbase grating for a 1.064 Ilm 

probe was 0.01 %. Using a BeNe laser probe at 0.633Ilm, the efficiency was 0.1 %. The BeNe 

diffraction was bigher since the index cbange sbould be larger closer to the absorption edge and 

the higber absorption at 633 nm may also lead to a transmission grating as well as a phase grating 

for the visible beam. A waveguide grating coupler with a period of 620 nm was also fabricated 

using this technique. 8SS nm light from a Styryl-9 dye laser was coupled into the film via the 

grating with a measured efficiency of 8 % . 

Channel waveguides were defined in poly(4BCMU) films by placing a metallized mask in contact 

with the film and irradiating with collimated UV light. Exposure for several hours at 30 mW Icm2 
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created unbleached red patterns surrounded by a bleached transparent film. Lines as narrow as 

5 ~m were defined by this process. Representative channels are shown in figure 3.13. The 

required exposure time was reduced an order of magnitude by enriching the surrounding 

atmosphere with oxygen. 

Figure 3.13 Channel waveguides fabricated in poly(4BCMU) by photobleaching. 

The bleached region is softer than the unbleached polymer (which is expected since the 

mechanical strength is also derived from the backbone), but it is robust enough to withstand 

additional processing. Several patterned films were successfully overcoated with spin-coated 

adhesive and capped with another Si02 slide to encapsulate the film. After encapsulation, 

additional exposure to UV did not appear to further bleach the film. 

The ends of a sandwich-encapsulated bleached waveguide were polished to facilitate end-fire 

coupling. Mechanical polishing was perfonned by placing the waveguide edge against a rotating 

- -- -----_._---
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platen covered with an abrasive emulsion. Although this technique has been used with success 

for poly(4BCMU) waveguides (see chapter 4), the bleached region was damaged by the process, 

and polishing was unsuccessful. Guiding in a 10 ~m wide poly(4BCMU) channel fabricated by 

photobleaching was demonstrated by grating coupling 1.064 ~m laser light into the channel. 

More robust channel waveguides in poly(4BCMU) have been fabricated, polished using 

mechanical methods, and guiding demonstrated. One method relies on strip-loading the planar 

film by indiffusing high-index ions into the substrate, resulting in a composite diffused waveguide 

[Schlotter 1989]. For this method, insertion losses for TE polarization at 1.064 ~m of 15 to 17 

dB have been reported for a 1 cm guide. Another method uses loading of the polymer film with 

a thin, higher-index-polymer strip to define the channel [Krug 1989]. These guides show 

insertion loss in the 12 to 17 dB range. Channel waveguides made by the latter process and 

supplied by Boeing High Technology Center are described in the next chapter, and were used in 

the nonlinear characterization experiments described in chapter 5. 
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LINEAR PROPERTIES OF POL Y(4BCMU) 
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While the slab waveguides described in the previous chapter are valuable for determining linear 

optical properties of poly(4BCMU) films, channel waveguides are superior for observing 

nonlinear interactions. The additional confinement of optical energy leads to higher power 

densities over longer diffractionless propagation distances, thus increasing the effect of optical 

nonlinearities. 

In this chapter, the use of a channel waveguide for the measurement of several nonlinear 

properties at 1.319 I'm is discussed. First, the fabrication of a strip-loaded channel waveguide 

is described and the linear properties are tabulated. Next, numerical methods for calculating the 

electric field profile of the propagating mode are discussed. The modal profile is calculated using 

the measured refractive index and waveguide dimensio1l5, and the effective area is calculated. 

With the modal profile known, the nonlinear measurements de3cribed in chapter 5 can be reduced 

into nonlinear coefficients for the spin-coated poly(4BCMU) film, using relationships developed 

in appendix B. 
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4.1 UNEAR PROPERl1ES 

The nonlinear optical measurements were performed on channel waveguides supplied by Bill 

Krug at Boeing High Technology Center. The guiding channels are defined by strip-loading a 

slab guide with a thin layer of higher refractive index material [Uchida 1976]. Several details of 

the fabrication are proprietary, but the salient features required for analysis of the waveguide are 

known [Krug 1990], and are discussed in this section. 

Poly(4BCMU) dissolved in cyclopentanone was spin-coated onto. clean fused-silica substrates, 

resulting in an optical quality thin-film waveguide with a thickness of 1.2±0.1 pm. Upon this 

slab a higher refractive index, photolithographically-patternablepolymer was spin-coated, creating 

a 0.1±0.01 pm thick loading layer. This layer was exposed optically to form strips of various 

widths, from 1.0 pm to 10 pm in O.S pm increments. (Since the poly(4BCMU) is encapsulated 

beneath this layer, no photodegradation occurs during the exposure process due to the lack of 

oxygen). The material between the patterned strips was then removed, leaving behind high-index 

stripes along the length of the waveguide. The patterning material is not expected to significantly 

contribute to the thermal or nonlinear effects in the waveguide. The linear absorption spectrum 

is transparent in the visible, and THG studies show nonlinearities much smaller than for 

poly(4BCMU). The resulting waveguide structure was then covered with a low refractive index 

optical adhesive, and protected with a second fused silica microscope slide placed on top. The 

final sample is depicted in figure 4.1. 
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Figure 4.1 Poly(4BCMU) strip-loaded waveguide used in this study. 

After the adhesive cured, the end faces of the resulting sandwich structure were mechanically 

polished to permit adequate end-fire coupling. Polishing is a time-consuming process in which 

abrasion from a colloidal suspension of diamond grit on a rotating platen removes material from 

the coupling edge. Because the polymer is softer than the surrounding glass, the polishing rate 

was nonuniform and a concavity formed in the polymer/adhesive region. Although the result was 

imperfect, coupling efficiencies calculated from throughput and loss measurements for waveguides 

processed in this manner were typically 10% to 25% [Krug 1990]. 

Channel Waveguide Loss at 1.0641J1n 

The linear optical properties of the waveguides were measured at 1.064 I'm using a low-power 
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diode-pumped Nd:YAG laser [Krug 1990]. Apparent single-mode propagation occurred in 

waveguides defined by 5.0 pm wide strips; these guides were used in all the linear and nonlinear 

experiments. For a 1.15 cm long channel, a propagation loss of 9 ± 1 dB was measured; in units 

of loss corresponding to Beer's law, this becomes a= 1.8 em'·. This Joss is Significantly larger 

than the intrinsic absorption loss, which is estimated as 0'0=0.06 cm·· [Krug 1988]. The 

difference suggests that losses are primarily due to waveguide fabrication; scattering from micro

domains inside the P'Jly(4BCMU) layer, absorbing or scattering impurities and interfacial 

roughness between the various regions are likely mechanisms. 

One can describe the effect of waveguide loss in nonlinear interactions by introducing an effective 

length, Lorr• The effective length occurs naturally in a mathematical formulation of two-photon 

absorption and intensity-induced refractive index interactions, and is defined as Lotr=(I-exp(

aL»/a, where L is the physical length. For this guide, Lcrr=0.49 cm, which is less than half the 

physical length. 

For end-fire coupling to a waveguide, the power collected from the output facet, Pout, is related 

to the power incident on the input objective, Piap"," by 

where Tobj is the transmission coefficient of the coupling objective (Tobj=0.8 for our 40X 

objective) and C. is the input coupling efficiency (which includes effects such as mode mismatch, 

Fresnel reflection, alignment loss, etc.). T ... is the waveguide transmission coefficient; for the 
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9 dB loss in the channel, T .. =O.13. Throughput measurements at 1.319 p.m for the 5.0 p.m wide 

channel yield P OU1/P. = 0.025, indicating that the input coupling efficiency C1 is approximately 

25 % . Manipulating the above equation gives a relation for power in the guided mode at the 

entrance face, p .. , in terms of the power measured at the input objective, 

P .... -TH/C1P"" 

- 0.19 P bI,pIIr' 

4.2 MODAL SOLU110NS OF CHANNEL WAVEGUIDES 

(4.1) 

The single propagating waveguide mode bas a spatially varying transverse electric field; the shape 

of this profile is a function of the thickness and refractive index of the waveguide layers. The 

measured index values, along with the thicknesses given above, provide the information necessary 

to determine the mode profile. In this section, a modeling method is discussed, and the field 

calculated numerically. 

Analytical solutions for rectangular dielectric waveguides do not exist, requiring approximate 

[Marcatilli 1974] or numerical solutions [Goell 1969]. A further complication is that most 

analyses begin with the scalar wave equation; the birefringent poly(4BCMU) films should be 

analyzed using a full vector treatment for complete rigor. For the present purposes, birefringence 

effects are not important, and thus the scalar model is reasonable. Two approximate solutions 



72 

to the scalar equation were developed, one of which allows accurate computation of the electric 

field profile. The s~ight uncertainties in field profile due to the scalar approximation are thought 

to file smaller than the errors introduced by uncertainty in the waveguide fabrication. 

The effective-index method [Knox 1970] was used to find the propagation constant of the guide 

since it is more accurate than Marcatilli's method, especially near cut-off. In essence, this 

method leads to a solution of the rectangular structure by considering it as two orthogonal slab 

guides (see figure 4.2). For example, consider how the calculation for a quasi-TE mode in the 

strip-loaded waveguide structure proceeds. First, the dispersion relation for the four-layer slab 

consisting of a substrate, film, loading strip and cover is solved for TE propagation. From this 

we obtain a propagation constant {J, and in tum an effective-index N={J~ for the slab 

waveguide. Next, the dispersion relation for the symmetric three-layer slabs (consisting of a 

substrate, film and cover) on either side of the strip-loading layer is solved, yielding a second 

effective index. Now, the lateral confinement due to the loading-strip is modeled as a symmetric 

three-layer guide along the dimension parallel to the interfaces. The layer refractive indices used 

are the effective indices calculated above for each region. The dispersion relation for this 

effective slab is solved, using TM polarization in this case to maintain the relationship between 

the effective slab and the TE electric field vector required for the complete structure. 

For the poly(4BCMU) channel waveguide, the refractive indices measured at 1.064 I'm were used 

to calculate the propagation constant at 1.319 I'ffi, under the assumption that errors due to index 

dispersion are minimal. The structure analyzed is shown in figures 4.1 and 4.2a. The strip

loaded chrumel was partitioned into three slab guides (Figure 4.2b). First, the four-layer slab 
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Figure 4.2 Illustration of the effective-index method. A) Partition of strip-loaded waveguide. 
B) Three slab guides resulting from partition. C) Equivalent guide, formed from effective 
indices of the slab guides, imposes x-dimension confinement. 

waveguide which confined radiation in the y-dimension was considered, and the propagation 

constant found for TE polarization. For a four-layer waveguide, the dispersion relation is given 

by [SUD 1977] 

where 

kob~ _ arctan p. + APl"tlln( P, p,c:osA - PlsinA ) 
b --"l. b p,c:osA +p,sinA 

(4.2) 
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leo = 21r1'>.o is the free space wave vector, and N=~1ko is the effective index for the propagating 

mode. The dispersion equation above for the zero-order mode is subject to the constraints 

nJ~n.~n,,1\ and requires a solution for propagation in the guide layer, with n.~N~n,. These 

conditions are met for the poly(4BCMU) structure, and the pertinent values are summarized in 

table 4.1. Measurement of strip and guide indices are discussed in chapter 3, the Si02 substrate 

index is derived from a Sellmeier intelpOlation, and the cover adh~iv~ index is taken from 

manufacturer's data. 
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Table 4.1 Refractive index and thickness for poly(4BCMU) channel waveguide. 

LAYER INDEX THICKNESS 

Cover 1\= 1.479 

Loading strip n1=1.595 d,=O.I±O.OI I'm 

Poly(4BCMU) 0.=1.563 dz=1.2±0.1 I'm 

Substrate 0.= 1.447 

The channel waveguide effective-index was calculated for a wavelength of 1.319 I'm. The four

layer waveguide dispersion relation (4.2) was solved numerically to obtain an effective index N4 

= 1.533 in the region defined by the loading strip. Similarly, the dispersion relation for the 

three-layer guides on either side of the strip (figure 4.2b) were solved (using either the slab 

dispersion relation in chapter 3, or equation (4.2) with d, = 0). Numerical computation resulted 

in N3 = 1.529. Then the effective-index method was applied, and the confining strip region 

modeled as a symmetric three-layer slab; i.e. a w=5.0 I'm thick guide of index N. clad on each 

side by media of index N3 (figure 4.2c). As the orientation of the electric field was then 

perpendic:ular to the layers, the three-layer TM dispersion relation was applied, yielding an 

effective-index N = 1.531 for the channel waveguide. 

The calculated effective-index satisfied the constraint on equation (4.2) that N be bounded by the 

film and substrate indices. Further modeling confirmed that the guide was indeed single-mode 
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for TE polarization, with the TEl mode cut off at strip widths of 6.0 pm for 1.319 pm radiation. 

The electric field profile could be calculated using this propagation constant by assuming that 

E(x,y) is separable, and solving the four-layer guide for E(y) and the orthogonal effective-index 

structure for E(x). Since the field is not separable, in general, a more complex numerical method 

was used. 

Field Profiles and Effective Area 

The modes of the strip-loaded waveguide were calculated using a recently introduced method for 

solving the scalar wave equation [Henry 1989] that is briefly outlined here. Assuming simple 

propagation and time dependence of the form e·I (1:z...-), the wave equation for transverse fields in 

a waveguide is 

where N=fj!ko is the effective index of the guided mode. 

Following this method, the electric field profile is decomposed as a two-dimensional Fourier 

series, 

E(x,y) - E ap j.x,y) 
J 

where the basis function c/Ij is given by 
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(4.3) 

In (4.3), m,n= 1,3,5 ... for even symmetry waves and 2,4,6 .. for odd. The subscript j is a 

contracted index over all pairs m,n. Using this solution in the wave equation, mUltiplying by a 

basis function ,pI, and integrating, yields the matrix equation 

where the matrix A is given by 

and Kx=m>J2Lx and K,,=nXJ2L,. 

The waveguide is decomposed into several rectangular regions of equal index, and the integral 

in each matrix element Au is performed over each of these rectangles and summed. Thus, n(x,y) 

is constant over a rectangle, and the integrals are calculated exactly. For the poly(4BCMU) strip-

loaded guide, six rectangles were demarcated; three corresponded to the loading-strip, 

poly(4BCMU) film and substrate, and three others to the adhesive region. After forming the 

matrix A, the matrix equation was solved using standard numerical algorithms [Press 1986]. The 

eigenvector corresponding to a guided-mode solution contained the coefficients a, that described 
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the field. Thus, both effective index and the field profile for a propagating mode were found. 

As a test, the three- and four-layer slab poly(4BCMU) waveguides described previously in the 

effective-index method section were analyzed with this approach. When compared to exact 

solutions, the effective index of the mode agreed to the fifth decimal place, and the field profiles 

were in remarkable, nearly perfect agreement. In the original work by Henry, two-dimensional 

application of this method to an optical fiber yielded field profiles indistinguisbable from the exact 

solution. 

To analyze the strip-loaded structure, the guide was centered in a grid that was 20 p.m in the x

direction along the film and 10 p.m in the y-direction. The large grid insured that the field was 

essentially zero at the grid boundary. Noting that the lowest order mode must be symmetric in 

x, ten even waves were used in this direction, so that m= 1,3,5 ... 19. In the y-direction, thirty

five waves of both type were used, so that n= 1,2,3, ... 35. For this configuration, a matrix A 

of order 350 was formed, and about one bour was required to solve the eigensystem on a 25 

MHz 386-style microcomputer. The calculated effective index of the lowest order mode was 

N= 1.531, and cross-sections of the intensity are shown in figure 4.3. 

From the sollitions, several features are deduced that lend credibility to the integrity of this 

method. First, the effective index N calculated from the Fourier-basis method and the effective

index method agree to within 0.4%. Also, the field is small at all step-index interfaces except 

for the film-strip interface. For the latter, the field is parallel to the index step, so that continuity 

is preserved. Therefore, the scalar wave equation is applicable and the approximation very 
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Figure 4.3 Equal intensity contours in strip-loaded waveguide calculated by Fourier method. 

reasonable. 

One can define an effective area of the waveguide which relates the peak intensity in the guide 

to the total guided power, so that Io=P ... IA.,y. Using the calculated intensity profiles, one can 

numerically solve 

A _ AxAYLE(x;J'f 
qf [E(x,y~ 

- - ---------~- ------



80 

where the sum is over all x and y field points and Ax and fly are the step sizes (typically 0.1 J-tm 

or less for the numerical integration). The calculated effective area is 5.5 x 10-' cm2
• The 

fabrication tolerance of the guide, ±O.l J-tm for the poly(4BCMU) layer and ±0.01 J-tm for the 

loading strip lead to uncertainty in Acrr as tabulated in table 4.2. An error of 10% is found, so 

that A.tr=(5.5±0.5)x 10" cm2
• 

Table 4.2 Effective area variation for strip-loaded guide 

strip thickness dl poly(4BCMU) Aetr 

thickness ~ (xlO"' cm2) 

0.10J-tm 1.2J-tm 5.508 

O.09J-tm 1.3J-tm 6.086 

0.11 J-tm 1.1J-tm 5.011 

AdditioMl considerations required for nonlinear measurements due to beam profile 

The next chapter is devoted to nonlinear measurements using the strip-loaded waveguide. These 

effects, two-photon absorption and nonlinear refractive index, are proportional to the local and 

instantaneous optical intensity I(x,y,z,t). The effects of nonlinearities on a propagating mode are 

- - --------------------
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somewhat more involved, and the simple concept of effective area is not sufficient to relate the 

peak nonlinear response to the average response. In addition, pulsed laser beams have temporal 

variations, and most experiments actually measure the effect over the entire pulse, so that the 

nonlinear response is averaged over the pulse. Because of these considerations, the simple CW 

plane-wave models must be modified. These modifications are presented in appendix B and in 

the data analysis sections of the next chapter. 
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In the previous chapter, the poly(4BCMU) strip-loaded channel waveguide was modeled to 

calculate the intensity distribution of the waveguide mode. By coupling high-peale-power laser 

pulses into these channels, high intensities exist in the nonlinear poly(4BCMU) guiding layer, and 

intensity dependent effects may be observed. In this chapter, the measurement of three intensity

dependent phenomena is reported. Transmission is measured as a function of intensity, and the 

two-photon absorption coefficient, 'Y, is calculated. A novel pulse-modulated interferometer is 

described, and used to measure thermally and electronically induced phase shifts. From this data, 

the electronic and thermal contributions to the intensity-dependent refractive index, ~ and 11zr. 

are calculated. In chapter 6, these values will be used to assess poly(4BCMU) device 

performance using the device figures-of-merit discussed in chapter 2. 

5.1 TWO-PHOTON ABS0RP110N 

As noted in chapter 2, two-photon absorption (TPA) degrades performance in all-optical devices. 

This effect is a material limitation which cannot be overcome by simply lengthening the device, 
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or increasing the operating irradiance. Therefore, the value of the TP A coefficient, 1', is required 

to predict performance of a proposed device. 

Two TPA measurements in poly(4BCMU) at 1.064 pm have been published. The first, in a 

1.7% polymer gel, yields 1'=0.8 cmlGW [Nunzi 1987]; ignoring intermolecular effects (a poor 

assumption), this extrapolates to 45 cmlGW in bulk form. Also, work in poly(4BCMU) 

waveguide directional couplers results in'an estimate for TPA of 1'= 1.3 crnlGW, [Townsend 

1989]. Further work suggests a lower TPA coefficient at 1.3 pm, 1'<0.1 crnlGW [Townsend 

1989a); this lower value prompted our work at 1.319 pm, to test whether reasonably large 

intensity-dependent index changes might occur with less of the TP A that degrades device 

performance. 

1heoretical Description of 1Wo-Plwton Effects 

TPA causes a decrease in optical transmission with increasing irradiance. From (2.13), the 

expression for transmission of plane-wave fields that have propagated a distance z = L in a media 

exhibiting TP A is 

T- I(L) _ exp( -aLl 

1(0) 1 + Y 1(0) [l-exp( - aLl] 
a 

(5.0) 
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Substituting the expression for effective length, L.rr=[l-exp(-aL)]/a , and inverting, the 

expression becomes 

! _ 1 +yl(O)L4f! 

T exp(-czL) 

which is linear with irradiance. The slope, which is proportional to 'Y, is obtained from data 

plotted as Iff; this is a standard procedure for experimentally determining 'Y. 

To accurately determine 'Y, an additional consideration is important. Experimentally, the total 

transmitted energy in the beam is measured. Typical laser beams have spatial and temporal 

variation; thus the CW plane wave approximation may not hold [Bechtel 1976]. The simple form 

of (5.0) can be used, however, if corrections are made to relate the average transmission over 

the pulse to the effect at the peak irradiance. 

The temporal pulse profile leads to a transmission that differs at each time during the pulse. For 

picosecond pulses, typical detectors are too slow to resolve each temporal point, and measure 

energy in the pulse instead. Thus, an experiment measures total transmitted energy versus input 

energy. The average TP A transmission measured experimentally is less than the peak TP A value. 

A method for converting the average value to the peak value is described in appendix B. 

The spatial profile of the intensity causes similar averaging over the irradiance. For waveguide 

propagation, the problem is more involved since the mode has a fixed transverse field profile that 

---- --
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must propagate unchanged. The nonlinear absorption does not attenuate each point of the field 

locally, but rather affects the mode as a whole. The modal nature of TPA on waveguide 

transmission leads to a more complicated expression for deriving 'Y from the transmission data. 

The derivation of this expression is also outlined in appendix B, and will be used to analyze the 

TP A data that follows. 

Picosecond Two-Photon Absorption Measurements 

Intensity-<iependent transmission in the single-mode poly(4BCMU) strip-loaded guide was 

measured at 1.319 #lm using the apparatus depicted in figure 4.5. Sixty pS (FWHM) pulses from 

a Quantronix 4126 Nd:Yag laser mode-locked at 76 Mhz passed through a Pockels cell (labelled 

"pulse slicer" in the figure) placed between crossed polarizers. By increasing the voltage across 

the Pockels cell, the beam polarization was rotated, resulting in increased transmission through 

the analyzer. The transmitted beam was split into two paths, one of which was coupled into the 

single TE waveguide mode with a 40X microscope objective. The light collected at the 

waveguide output and the light from the reference beam were focused with two 100 nun focal 

length lenses onto individual 300 #lm2 area InGaAs detectors. The detected pulses were captured 

with ooxcar integrator gated amplifiers. As the beam intensity was increased by the Pockels cell, 

the signal from each detector was acquired by an AT-clone microcomputer. A ratio of the two 

signals was performed, yielding transmission T versus input power. 

Several precautions were taken to guard against spurious results. First, the Pockels cell was used 
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to change the beam intensity rather than a waveplate. The small beam deflection due to slight 

waveplate tilt misaligns the beam and decreases coupling efficiency at the waveguide, potentially 

leading to a perceived change in transmission. Second, the focused beam in each arm underfilled 

its corresponding detector; this insured that intensity-induced changes in the beam size (thermal 

blooming, etc.) did not modify the detected power. Finally, the incident intensity was increased 

to a maximum and then reduced to the starting value, and transmission data collected for both 

excursions. If the transmission versus input followed the same path, without hysteresis, then no 

irreversible damage had occurred; such damage might incorrectly be considered as nonlinear 

transmission if not properly identified. 

Measurement of transmission through the waveguide at an input average power of up to 560 mW 

showed a maximum change in transmission of -1.7%. Simply modeling the pulse train as a series 

of 60 pS FWHM sech(t) waveforms spaced at 76 MHz, the peak power was 182 times greater 

than the average power, or 102 W. Using equation (4.1), and inserting the 3.4% waveguide 

throughput measured for this experiment, this corresponded to Po=26 W peak in the guide, or 

a peak intensity Io=PoIAew =470 MW/cm'l. From chapter 4, the linear waveguide loss was given 

as a=1.8 cm- I ; thus the effect ofTPA is to increase this loss slightly, by Aa....=0.035 cm- I
• 

Using equation (B.23) to convert this temporally averaged value to a peak value requires 
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which gives a peak change ..1ap=O.OSS cm- I
• Though modelling TPA changes by a Beer's law 

loss is not rigorous, it is quite reasonable for the very small change noted here. 

As a check of the experimental system linearity, the measurement was repeated with the mode-

locker disabled so that a CW beam irradiated the sample. Any change in transmission detected 

with this scheme was certainly not peak intensity induced TPA, but an artifact introduced in the 

detection, signal amplification or processing, or due to thermal coupling changes. With CW 

irradiation, ~ similar transmission change of -1.7% occurred, indicating that the nonlinear 

transmission in the waveguide was no greater than the system nonlinearity. This result placed 

an upper bound on 1. 

Using the theory derived in appendix B, the change in absorption in the presence of TPA is 

related to 1 by (B.7), 

y f f "(XtY)4 dxdy 

A«-Po--~·~-------

[f l.U(z,y),thdyr 

where the integral is performed over the nonlinear medium, which in this case is the 

poly(4BCMU) layer. Using the normalized field solution u(x,y) from chapter 4 gives a value of 

8.6x104 cm-2 for the ratio of integrals. Inserting the values for Po and ..1ap give 1=0.25 
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cmJGW. Also. since the measured absorption change is no better than the linearity of the system, 

this is only an upper bound. Thus. "Y<0.25 cmJGW for the spin-coated red-form of 

poly(4BCMU) at 1.319 I'm. This compares favorably with a previous measurement in spin

coated channels that reports "Y<0.1 cmlGW [Townsend 1989a]. 

Nanosecond Two-Photon A.bsorption Measurements 

Nonlinear transmission was also measured 'llsing a Spectra-Physics GCR Nd:YAG that produced 

10 nS pulses at 10 Hz. In addition. this laser pumped a hydrogen-filled Raman cell. which 

provided other wavelengths. For these experiments. a 70 I'm thick poly(4BCMU) film fabricated 

by solution-casting was placed in an evacuated chamber to minimize possible degradation due to 

photobleaching. The lasel' beam was focused onto the sample, and the transmitted light collected 

by slow pyroelectric detectors. This experimental set-up exhibited much more intrinsic 

nonlinearity than the picosecond experiment, so that the sensitivity was greatly reduced. 

The thin samples provided a short path length over which nonlinear effects could accrue. Though 

it was poasible to make thicker films, they tended to scatter excessively. Another difficulty arose 

in the relatively large energies delivered by the ten nanosecond pulses. The films damaged at 

lower peak intensities, compared with sixty picosecond pulses, resulting in small observed 

trans~ion changes before damage. In table 5.1 the results of these TPA experiments are 

tabulated. The damage value refers to an intensity at which damage to the film was 

unmistakable, and observed by a sudden, irreversible change in transmission; this value is 

---------------_._- .- - -----
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provided only as an estimate for damage with 10 nS pulses, since accurate damage threshold 

determination is much more involved. At 1.579 ",m, no damage occurred, so a lower bound is 

given. 

Table S.l Nanosecond pulse TPA results 

Wavelength (pm) 'Y (cm/GW) Damage (MW Icm':) 

0.952 970 ± 200 8S 

1.064 36±16 675 

1.579 <20 >260 

The wavelength dependence suggested that previously reported TPA at 1.064 ",m was actually 

slightly off-resonance, and on the low energy side of the TP A peak. This work has recently been 

expanded to other wavelengths; for a more complete discussion of the infrared dispersion ofTPA 

in poly(4BCMU), consult the authoritative work by Torreullas [1990]. 

5.2 lNIENSITY-DEPENDENI REFRACIWE INDEX 

The intensity-dependent refractive index, ~, describes the effect of optical irradiance on the 

velocity of light in a material. Direct determination of ~ is somewhat difficult, and many 

researchers extrapolate its value from indirect experiments such as optical third-harmonic-
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generation, degenerate four-wave mixing, or DC-induced Kerr effect measurements. One 

difficulty encountered in direct measurements is that a fraction of the incident optical energy may 

be absorbed, leading to a thermal refractive index change; to completely characterize the effect, 

the fast electronic and slow thermal index changes must be resolved. 

No measurement of ~ at 1.319 J.Lm has been reported to date, and the measurements that exist 

at shorter wavelengths show substantial discrepancy in both magnitude' and sign [Valera 1990]. 

In this section, the measurement of intensity-dependent phase shifts is discussed, and the 

electronic and thermal components, Il:z and Ilzr, at 1.319 J.Lm are reported. 

Nonlinear Interferometry for Determining Intensity-Dependent Index CJuznges 

A direct method for measuring intensity-induced refractive index changes involves placing the 

sample under test in one arm of an interferometer and changing the intensity. As the index 

changes, the path length in the sample arm will change, leading to a change in interferometer 

transmission. This results in a change in transmission of the output fringe, which forms where 

the two beams recombine. 

Various interferometric determinations of Il:z are described in the literature. The first 

measurements of bulk properties used streak cameras to time resolve a phase-shift of .,./30 in a 

pulse [Bliss 1974). Later, increased resolution was obtained with a stabilized Mach-Zehnder that 

incorporated angularly separated pump and probe beams to map out temporal response [Halbout 

---~--.-----~--- -------- -- -
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1982]. In waveguides, angular separation of beams is impossible, but time-resolved 

interferometry has been performed using pump and probe beams separated by polarization 

[Ironside 1988, LaGasse 1990]. 

The previous waveguide techniques measured the nonlinear tensor element X(3)I22I. since the pump 

and probe were orthogonally polarized. For isotropic media, this is useful since only three 

independent elements exist, and all others are related by symmetry [Butcher 1965]. From the 

differences between TE and TM propagation in poly(4BCMU) slab waveguides reported in 

chapter 3, it is obvious that the material is anisotropic, and the cross-term X(3)I221 is not simply 

related to the desired single-polarization term xmllll' In addition, polarization scattering in the 

guide (typically 1 % or less) would create difficulty in isolating the probe from the pump. For 

these reasons, the previous techniques are undesirable, and a method that does not rely on 

orthogonally polarized pump and probe beams is required. 

Pulse-Modulated Interferometry - Description 

A single-polarization waveguide interferometer was developed for direct measurement of Oz. In 

this technique, the laser beam incident on a Mach-Zehnder interferometer was intensity-modulated 

to produce a pulse train with two known peak power levels. The output of the interferometer at 

each power level was measured while slowly changing the optical path in the reference arm to 

scan the interferometer through several fringes. Thus, the two data sets contained sinusoidal 

time-series, one from the high intensity pulses, the other from the low intensity pulses. If an 



93 

intensity-dependent index change occurred in the sample, this would cause a phase bias in the 

sinusoidal transfer function of the interferometer during the high-intensity pulse. This intensity

induced bias would appear as a phase shift between the high-power and low-power fringe scans. 

By measuring the phase shift between the high- and low- intensity data sets, the intensity-induced 

phase shift was found. A detailed description follows. 

The experimental configuration is depicted in figure 5.2. A 76 MHz mode-locked train of 60 pS 

FWHM pulses was polarized and directed into a Pockels cell. Upon exiting the cell, the beam 

encountered a second polarizer set at 90° to the input polarization, so that initially, transmission 

was very low. Voltages applied to the cell rotated the polarization, so the transmission of the 

beam could be modulated. A DC potential of several hundred volts placed across the Pockels 

cell resulted in a nominal transmission of 5 %; this leakage comprised the low-power background 

pulses used in the interferometer. In addition, a 10 nS high-voltage pulse, synchronized to 

coincide with a laser ~i;Jse, was applied to the cell every millisecond. This higher voltage 

increased the t!'1!!lsmiss!cn to about 50%, so the Pockels cell periodically transmitted a single laser 

. pulse with ten times greater peak power than the intervening background pulses. 

The pulse-modulated train was divided by a thin film beamsplitter, with 90% of the energy 

focused onto the channel waveguide end-face with a 40X microscope objective. Light transmitted 

by the guide was collected, nearly collimated by a second objective, and directed through an iris 

which blocked scattered light and passed only the out-coupled guided mode. Simultaneously, the 

reference beam traversed an equal optical path length, following a Mach-Zehnder configuration 

as it traveled from a mirror mounted on a piezoelectric element to a cube beamsplitter where it 
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recombined with the sample beam. Non-localized circular fringes formed where the two 

combined beams overlapped. One fringe was imaged by an infrared camera to facilitate 

alignment. The remaining fringe was expanded with a negative lens, and the center portion of 

the fringe was detected with a small area (3()O Jtm2) InGaAs PIN photodiode. Thus, any change 

in interferometer transmission due to a phase shift in the sample and/or reference arm caused a 

change in detected intensity. 

The pulses detected at the photodiode were amplified and temporally selected by two gated 

sample-and-hold amplifiers. The first unit, a commercial fast sampler, was synchronized with 

the pulse-slicing high-voltage trigger and acquired a signal corresponding to the energy of the 

high-power pulse. The second gated unit, a boxcar averager module, was triggered just before 

the high-power pulse, and captured a signal proportional to the energy of the low-power 

background pulse that preceded. Each signal was separately converted from analog to a 12-bit 

digital value, and the two values were stored on an AT-style microcomputer. 

During a measurement, a function generator furnished a 4 Hz sawtooth waveform which was 

amplified to high-voltage and used to periodically ramp a piezoelectric crystal mounted behind 

the mirror in the reference arm of the interferometer. The ramp amplitude was chosen to provide 

an excursion of the reference mirror equal to on';}-half of the 1.319 I'm wavelength, so that the 

interferometer scanned through its entire transmission range (ie. one complete fringe) with each 

sawtooth period. 

The instantaneous intensity of a pulse transmitted through this interferometer can be easily 
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derived. Consider a low-power pulse, with irre».diances 'Lt(t) and ILo(t) in the reference and signal 

arm, respectively. The irradiance at the detector during a low-power pulse is then 

(5.1) 

where q,(t) refers to the linear ramp induced by the reference arm piezo and tPo is some arbitrary 

starting phase. For the high-power pulse, however, the phase in the sample arm will be slightly 

altered if the sample material exhibits a nonlinear index~. Specifically, the intensity-induced 

phase difference flq,Ndt) between the low- and high-power pulses is written as 

(5.2) 

where IHa(t) is the high-power pulse irradiance in the sample arm, following the previous notation. 

The time-dependence of intensity due to the pulse causes the nonlinear phase shift to be time

dependent. 'l1I.en, the irradiance at the detector during a high-power pulse is 

(5.3) 

Because the pulse sees an intensity-dependent refractive index in the waveguide, the high-power

pulse fringe, IH(t) is shifted with respect to the low-power-fringe, 'L(t), by the nonlinear phase 

shift flq,NL(t). This is the phase shift we wish to measure. 

Consider a ramp function q,(t) that increases linearly with time by applying an increasing voltage 

to the piezo-mounted reference mirror. When plotted versus time, the detector signals due to 'L(t) 
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and IH(t) consist of sinusoids of different amplitudes, each on different DC levels. Of interest 

is the relative phase between the two sinusoids. The initial phases, tPo, are equal because the 

high- and low-intensity data points are taken only tens of nanoseconds apart and the 

interferometer is stable on this time scale; vibrations that induce phase noise are frozen out at 

these MHz rates. Thus, the phase shift between the two sinusoidal time series is equal to the 

phase shift (5.2) induced in the nonlinear waveguide medium by the increase in optical power. 

The problem then, is to measure this phase shift Aq,NL(t) from the data. 

Before discussing the data analysis, a few experimental details need to be discussed ... 

1) For lJractical reasons, the piezoelectric reference mirror did not simply monotonically 

ramp the interferometer through a succession of fringes. Piezoelectric crystals do not 

behave linearly over large displacements. To overcome this limitation, a periodic 

sawtooth drive was used, adjusted so that exactly one fringe was swept through for each 

period. Typically four complete sinusoidal fringes were collected as a data set, and 

numerous data sets acquired for averaging. 

2) The JnGaAs detector was slower (several oS FWHM) than the laser pulse, 

so the detection process measured the integrated intensity over the pulse duration. 

The dett.~ signal was then proportional to the energy transmitted through the 

interferometer. Since the instantaneous phase shift varied over the pulse profile, 

the measured phase shift was an average over the temporal pulse profile. The 

derivation above for instantaneous intensity through the interferometer can be 



repeated for energy to find the effect of slow detection. This is done in appendix 

B, and yields a simple multiplicative factor that relates the measured average 

phase to the phase shift at the peak of the pulse. 

3) Experience with the poly(4BCMU) channel waveguide showed that the 

transmission often decreased during prolonged high-power irradiance. One effect 

appeared to be thermal-expansion-induced changes which altered the alignment. 

Realignment reversed this effect. However, an irreversible change in the 

transmission was observed for high flux exposure (typically tens of minutes at 

about at about 1 GW Icm2 irradiance). The origin is unknown; similar exposure 

of thin films suggested that photo-bleaching was not responsible. To minimize 

these changes, the fringe data was acquired in a one second burst. A shutter then 

blocked the beam while the slow (one minute) transfer of data to the computer 

ensued, and reopened one second before the next data acquisition cycle. 

Pulse-Modulated InJerjerometry - Data Analysis 
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As noted above, the interferometer experiment provided two sinusoidal time series, typically of 

the form of equations (5.1) and (5.3), whose phase differed by the intensity-induced phase shift 

(5.2). To find this phase shift, the real, discrete data sets were converted to a time-varying 

phasor, and the instantaneous phase was calculated at each data point for both high- and low

intensity scans. (This method was flfSt introduced for analyzing solar oscillations [White 1973).) 

------------ .. - .-~--.--. -- -. 
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The phase for the high- and low-intensity scans was then compared pointwise, with the 

difference being the desired nonlinear phase shift. A discussion of the analysis and the 

experimental implications of this method follow. 

Consider one time-series data set, s(t), which would follow the form of (5.1) or (5.2) over several 

cycles (ie. t/I(t) from 0 to 8~). The data set is strongly sinusoidal (with small deviations due to 

noise) and oscillates at a frequency dominated by the piezoelectric path modulation; in this sense, 

the time-series is narrow-band about the piezo frequency. Thus, the magnitude of this phasor is 

roughly constant, with deviations induced by various optical and electronic noise sources. 

Ignoring the DC offset that occurs when the fringe visibility is less than one, the data set may 

be decomposed as 

z(t) -A(t)CQI~t) 

where A(t) represents the magnitude, including the small intensity fluctuations, and t/I(t) 

represents the effect of the piezo modulation, and may include a bias </10. The above equation is 

known as an analytic signal, and this form is widely used in communication theory for band

limited signals [Stark 1979]. Conversion of the real data set s(t) into the analytic form z(t) will 

yield tho desired phase of the sinusoidal scan, t/I(t). After both the high- and low-intensity data 

sets are converted to phasor form, the phase at each low-intensity scan point can be subtracted 

from its corresponding high-intensity scan point to give the phase shift induced by the increase 

in pulse intensity. 

To force s(t) into the complex analytic form, the Hilbert transform is used. For a real function 

----- -- --------
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s(t), one can assume the existence of a complex function z(t)= s(t) + iSHiI(t), where SHiI(t) is the 

Hilbert transform of s(t) [Bracewell 1986]. For a narrow-band signal, z(t) is a unique 

representation of the real data set s(t) [Stark 1979], and obviously related by s(t)=Re[z(t)J. This 

complex expression is equated with the above polar form to give 

so that 

s(t) + iSaJ.t) -A(t)cos(41(t» 

41(t)-arctan [Sau(t)j 
s(t) 

are the instantaneous amplitude and phase. 

(5.4) 

(5.5) 

The conversion of real data into complex values may appear suspect, but its validity is 

demonstrated by the properties of the Fourier transform. Since the transform of real data is 

Hermitian, the negative frequency components mirror those at positive frequencies, and can be 

dropped without loss of information; this is the basis of single-sideband modulation. Conversely, 

this spectrum with no negative frequencies corresponds to a complex signal. The real to complex 

conversion, therefore, can be done by simply removing the negative frequency components of 

the time-series. 
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The Hilbert and Fourier transforms are closely related in the sense noted above. Specifically, 

if signal s(t) has Fourier transform S(t) and Hilbert transform SHU(t), then 

T[Sgu(t)]- -\S(/)sgn(f) 

where T denotes the Fourier transform operation, and the function sgn(t) returns -1 if f < 0, and 

+ 1 if f> O. Traru:forming the analytic signal z(t), 

-S(/)+l [-1 S(f)sgn (f») 

{ 
o. 

- 2S(/). 

/<0 } 

/>0 

shows that the Fourier transform of the desired analytic signal z(t) is proportional to the single

sided Fourier transform of the real data set set). Thus, finding the analytic signal requires the 

following steps [White 1973). First, the data set set) is Fourier transformed, and to insure a 

bandwidth-limited signal, low-pass filtered. The zero..frequency term is set equal to zero to 

eliminate the DC offset. Then, all negative frequencies are set to zero, and positive frequencies 

----- -.- ---.. ---
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doubled. The resulting spectrum is inverse transformed, and this generates the complex data set 

z(t). Using (5.5), the phase of each point on the complex data set z(t) is calculated. This 

operation is performed on both the high- and low-power fringe data sets, and phases compared 

pointwise to obtain the nonlinear shift. 

The high- and low-intensity detected voltages were stored in the computer as two data sets of 

fringe irradiance versus time, so processing required a numerical fast-Fourier transform (FFT) 

[press 1986]. The use of the FFf further constrains the data. First, the FFf routine operates 

on 2D data points. Also, since the Fourier transform assumes an infinitely long periodic signal, 

discontinuities at the data endpoints must be avoided. The data acquisition system, then, acquired 

high- and low- intensity data sets as four complete sinusoids over 1024 points, and the 

piezoelectric modulation was adjusted to provide the required waveform. The two waveforms 

were stored on the computer and repeated as required. 

The presence of laser and detection noise corrupted the fringe data, and could lead to errors in 

the numerical determination of phase. The calculated phase difference at II single point in the 

time series was unreliable; fortunately, this method lends itself to averaging. Many (ten to fifty) 

fringe data sets (ie., 40 to 200 full sinusoids) were obtained, and the phase sbifts at all points 

were averaged to yield the nonlinear pbase shift. The sensitivity and accuracy of this process are 

discussed briefly in the next section, and more completely in appendix A. 
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Measurement of Electronic Nonlinear Refractive Index 

The poly(4BCMU) waveguide was placed in the sample ann of the interferometric apparatus 

depicted in figure 5.2. With the half-wave plates adjusted for TE polarization, the transmission 

in the euide (objcctive-to-objective) was 2.5%. The low-power background pulses had a 39 mW 

average power. The single high-power pulses incident at 1 kHZ had peak powers 9.5 times 

higher than the background pulses. Thus the change in average power from low- to high-power 

was 330 mW. Using equation (4.1), the average power differential in the waveguide mode was 

63 mW; for 60 pS sech(t) profile pulses at 76 MHz, this corresponded to a 11.5 W change in 

peak power, or a 208 MW/cm2 change in peak: irradiance between the high- and low-intensity 

pUlses. 

A representative fringe scan is shown in figure 5.3. The sharp vertical discontinuities were due 

to flyback of the piezoelectric since the falling edge of the sawtooth wave was not instantaneous; 

this effect degraded the accuracy of the measurement. The laser/detection amplitude noise of the 

system was measured by blocking one interferometer ann and recording the power at the detector 

using the same gated amplifier circuitry. For the background pulses, the noise had a standard 

deviation of 3% about the mean. The high-power pulses exhibited 13% noise, partly due to 2% 

digitization error, but mostly due to increased amplifier noise and substantial drop-out error in 

the fast szmpler (Stanford research model 255). The effect of these noise levels and the flyback 

signal are modeled using Monte-Carlo techniques detailed in appendix A. For the system just 

described, the estimated sensitivity is 0.02 radians with a ±60% error. Under better 

experimental conditions, greatly improved performance is predicted (see appendix A). 
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Figure 5.3 Typical fringe scan for background pulses 
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1200 

Forty-five fringe data sets were acquired, and the data analyzed by computer as discussed 

previously. The measured difference in phase between high- and low-power pulses, averaged 

over all scans, was 0.07 radians, with a standard deviation of 0.04 radians. Since this represents 

the temporal average over the pulse, flrp .... , the peak phase shift is greater. Applying relation 

(B. 12) from appendix B, 
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gives .:1q,p=O.ll ±O.06 radians. Inserting the wavelength and effective length into (5.2), this 

corresponds to an increase in the effective refractive index of .:1N =4. 7xl~. 

Due to the modal nature of waveguide propagation, the nonlinearity does not act locally to 

provide a phase shift distribution .:14>(x,y) over the pulse. Instead, the propagation constant of 

the mode is altered, and the phase shift is constant over the profile. The change in waveguide 

effective index due to an intensity-<iependent index change can be derived from coupled-mode 

theory [Stegeman 1982] in the regime where the field distribution is not a function of power. 

The small index changes here fall within this requirement. A derivation of this result using the 

variational theory, normalized for the type of fields generated by the Fourier-basis modeling 

program used in chapter 4, is outlined in appendix B. 

The derivation leads to an effective index change .:1N that is power dependent, equation (B.5), 

~f f u(x,y)4dxdy 

AN -Po---------

[f l.U(q) 24<dyr 
(5.6) 

where Po is the peak power in the pulse, u(x,y) is the nurmalized field profile of the mode, and 

the integration is performed over the poly(4BCMU) region which contains the nonlinearity 

described by~. Solving the ratio of integrals numerically yields 8.6xl()6 cm·2• For the 
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experimental change in peak power, Po= 11.5 W, and the measured index change, AN =4. 7xl(t6, 

equation (5.6) gives n2=(4.8±2.7)xlo-1 cm2/MW. 

Presumably, any thermal change induced in a single 60 pS can be ignored, so this n2 value 

represents the electronic contribution. (This assumption is verified in the next section when the 

thermal nonlinearity Ilzr is discussed). A similar measurement for TM polarization gave results 

below the sensitivity of the experiment. This is consistent with the observed in-plane ordering 

of the conjugated backbone in the spin-roated films. Since the projection of the field along the 

ordered conjugated backbone chains dominates the nonlinear effect, in-plane TE polarization 

causes greater nonlinear interaction than the perpendicularly polarized TM field. 

Measurement of 1hermal/y-Induced Refractive Index 

Intensity-dependent refractive index changes may occur through mechanisms other than the Kerr 

effect. In an absorbing material, a portion of the optical energy is converted to heat, and this 

additional lattice energy changes the refractive index. Since heat does not dissipate 

instantaneously, the effect is cumulative on times shorter than the thermal relaxation time T, but 

will eventually saturate at longer times. This behavior is described by a relaxation equation 

[Stegeman 1987] 

.----_ .. _----- -.-- ------ .. -- -- -
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For short pulse durations .:1t, the second term can be neglected since .1.o(.:1t) is small. The change 

in index due to a short laser pulse with intensity I(t') and FWHM At~T is [Stegeman 1987] 

where ao is the absorption coefficient, p is the density, cp is the heat capacity and dn/dt describes 

the change in index with temperature. As noted above, these parameters lead to an intensity-

dependent thermal refractive index coefficient, Ilzr. Also, since short irradiation times were 

assumed, this simple expression for index change ignores thermal conduction and diffusion, 

which dissipate heat, lower the temperature and decrease the local index change. Also, this 

model neglects saturation, and assumes that the pulse duration .:1t is much less than the thermal 

relaxation time T. 

For short pulses .:1t<T, the relaxation terms T in the integral will cancel, and the integration over 

a secb(t/.:1t) temporal profile will provide a term .:1t. The Llt time can be in~orporated into the 

thermal ~ definition by defining the thermal nonlinearity Dzr' due to a single pulse of duration 

.:1t, 

... _-_ .. _----- -- ~-.----. -- -
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I tIn lIob.t 
~T----' 

dt pCp 

This form of Rzr' is dependent on the pulse duration, but appropriate for quantifying changes due 

to the t1t=6O pS mode-locked pulse. For a general pulse duration t1t, ~ T, the corresponding 

thermal nonlinearity 1lzr'(t1t,) is given by 

where Ilzr' is the t1t=6O pS result. 

To obtain a rough estimate, Ilzr' for the t1t=6O pS pulses may be calculated using the following 

available literature values for poly(4BCMU) and PTS: p= 1.4 g/cm3 and c,= 1 J/gK 

(polydiacetylene PTS crystal (Wyboume 1985]), and, ao=O.()6/cm and dnldT= 1<f4 K"I 

(poly(4BCMU) films [Valera 1990]). For these values, Dzr'=2.Sx10"10 cm2/MW in one 60 pS 

pulse; this is well below the sensitivity of the interferometer. But, since thermal effects are 

cumulative when pulses arrive faster than the thermal relaxation, a measurement of the index 

change due to an ensemble of pulses may be possible. 

A modified interferometer permitted the evaluation of thermal effects. By using an acousto-optic 

cell as a pulse modulator, a packet of many (about 1000) contiguous high-power pulses was 

transmitted each millisecond, rather than one pulse. The altered configuration is shown in figure 

5.4. A pair of monostable multivibrator circuits followed by operational-amplifiers produced 

rectangular voltage pulses with adjustable delay, pulse-width, amplitude and DC offset. This 

signal was used to modulate a RF carrier, which created a first-order diffraction in the acousto-

----- --- ----.---
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optic cell. The zero-order beam was blocked, and the diffracted beam was directed into the 

interferometer. 
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The experiment proceeded as before, using gated amplifiers to temporally select high- and low-

intensity pulses. The difference was that the high-intensity data was acquired after a pre-

determined number of high-intensity pulses had irradiated the waveguide. The number of pulses 

allowed to accumulate before sampling the fringe was selected by adjusting the delay Td on the 

gated amplifier trigger; see figure 5.5. Note that Td is thetime from the start of the high-intensity 

pulse packet, and is proportional to the number of accumulated pulses which arrived at 76 MHz 

before the gated measurement. 

k t 2 
1. 

1 ••• 1 • •• 

••• • •• 

Time 

Figure S.S Pulse-modulation and detection times for thermal measurement. 1 refers to 
background measurement gate, and 2 refers to high-power fringe gate. 
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For this experiment, a 470 mW differential in average power between pulse levels was incident 

on the input objective. Transmission for TE polarization was 2.5%, so the differential peak 

power in the waveguide was 16.3 W (again assuming secb(t) pulses), and the change in irradiance 

was about 300 MW/cm2
• Fringe data was acquired for ten data sets (as before, one set was four 

complete sinusoids), and the experiment was repeated for several delays T4' Figure 5.6 shows 

the results of the data analysis . 
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The straight line, fitted by least squares, has a slope of -0.032 rad/llS. The fit to a straight line 

presumes that the thermal effect is not near saturation; this assumption appears reasonable since 

the data exhibits no saturation with increasing delay. Since pulses arrived every 13.2 nS, the 

extrapolated thermal contribution is -4xlO"" rad/pulse. As noted before, the energy transmitted 

through the interferometer was measured, so the measured phase shift was averaged over the 

pulse. In addition, the thermal effect actually integrated, and increased with pulse duration, so 

the temporal average over the pulse was weighted by this integration. A mathematical description 

of this process is presented in appendix B. Using the result of this derivation, equation (B. 17), 

gives the dependence between the measured average phase shift .:1q,lIVJ{lhormaI), and the peak phase 

shift, 

Thus, the peak phase shift in one pulse is .:1q,p= -2.5xlO-4 rad. This corresponds to an index 

change of .:iN= -l.ldO- I
• Using this value in (5.6) with Po= 16.3 W gives a value of 

D/2T= -(7.9±4.5.)dO-1l cm2/MW for 60 pS pulses arriving at 76 MHz, which is close to the 

value estimated above. The assumption that the single-pulse effect is predominately electronic 

is justified by comparing D.z and D' n; in one isolated pulse the cumulative thermal contribution 

is 600 times less than the instantaneous electronic effect. 

Note that since the thermal relaxation time T is Dot accurately known, the value of Dzr cannot be 

----- ---- -------_. 
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calculated. As noted before, for arbitrary pulse widths A~ < T, the nonlinearity due to that pulse 

can be found from the At=60 pS result n' 2T using 

where Ra is the rate of nonlinear change. R.a = 1.3dO"12 cm2/MW· pS, and is valid for pulse 

times A~ much shorter than the thermal relaxation time T. 

In summary, pulse-modulated interferometry bas been used to measure the electronic and thermal 

intensity-dependent phase shifts in poly(4BCMU) strip-loaded channel waveguides. The 

coefficients I1z and Ilzr' for these effects were calculated from the phase shift measurements. An 

upper bound on 'Y was also estimated in this waveguide. Using this data measured at 1.319 I'm, 

along with previously estimated waveguide loss data, the utility of poly(4BCMU) for all-optical 

switching purposes can be evaluated employing the figures-of-merit discussed in chapter 2. This 

evaluation is the subject of the next chapter. 
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CHAPTER 6 

FINALE 

6.1 EVALUA110N OF DEVICE FIGURES-OF-MERIT 

Having measured the linear and nonlinear properties germane to all-optical switching at 1.319 

I'm, it is now possible to examine these values and perhaps gain insight into the utility of this 

material system in devices. In this sect.ion, the figures-of-merit discussed in chapter 2 will be 
r • .,.J 

evaluated using the values measured in chapters 3, 4 and S. From this exercise, the potential of 

poly(4BCMU) in all-optical applications is =timated. 

W Parameter 

The figure.of-merit W sets a limit on acceptable optical loss by limiting the device length to I/a. 

This implicidy limits the allowed nonlinear interaction length and puts a constraint on the 

minimum nonlinear index change An required. From (2.15), 

w • ..!!!..> 1 
cc loo 

(6.1) 
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where a= 1.8 cm'l is the total waveguide loss from chapter 5. For the measurement reported in 

chapter 5, An=4.7x1Q-6 in the channel waveguide. Combining these values yields a poor value, 

W=O.02. 

The large loss a= 1.8 cm,l is due mostly to waveguide fabrication. Only a small fraction, 

ao=O.06 cm'l is due to intrinsic absorption. Assuming that the total waveguide loss could 

approach this intrinsic value through improved fabrication, W increases to W=O.6, a value still 

too small for an acceptable device. 

Note, however, that the.An value required in (6.1) is the maximum index change possible in the 

material. The An measured in these experiments may be only limited by the laser power 

available from the Quantronix 4126, or by the rather large effective area. Thus, if the material 

does not saturate, An may be increased by using higher intensities. Previous experiments in 

poly(4BCMU) waveguides report coupled irradiances of up to 1 GW Icur without damage 

[Townsend 1989]. Assuming that ~ does not saturate before this intensity is reached gives a 

larger An=4.8xHt'. Inserting into (6.1) gives W=6, a value for reasonably good device utility. 

TParameter 

The figure-of-merit T is also important for evaluating all-optical device performance since it 

assesses the effect of two -photon absorption. In the presence ofTPA, one cannot simply increase 

the intensity to get a larger index change, as was done in the above discussioll, without adding 
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additional loss. As noted in chapter 2, this is a fundamental material limitation. 

Recalling the relationship for T from (2.16), 

(6.2) 

where n2=(4.8±2.7)xlO"' cm2/MW and 'Y<0.25 cmlGW are the nonlinear coefficients measured 

at 1.32 I'm, and reported in chapter 5. This formulation assumes linear losses are negligible, so 

the assumption that waveguide losses are minimized is again required. Evaluating gives T< 0.7, 

and provides only an upper limit on T since the measurement of'Y was limited by the sensitivity 

of the experiment. Using the other reported value at 1.3 I'm, 'Y < 0.1 cmlGW [Townsend 1989] 

shows an improvement, and limits the parameter to T<0.3. Thus, good device performance is 

expected in the presence of TPA. 

Thermal Considerations 

As demonstrated by the thermal interferometry experiment, device operation at 76 MHz with 60 

pS pulses will result in masking the fast electronic effect with a slowly-varying thermal baseline. 

At this repetition rate the duty cycle of the pulse train is 10"'; smaller duty cycles are obviously 

required if thermal effects are to be insignificant. 

To increase the repetition rate of device operation beyond the kHz regime, the energy delivered 

by the pulses must be decreased so that cumulative thermal effects are negligible. This is done 
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by shortening the pulse duration. From figure 5.6, the thermal relaxation has at least one time 

constant that is on the microsecond time scale or longer. Assume 10 p.S as a lower limit for the 

thermal relaxation time. Under this assumption, a limit on the maximum duty cycle of a device-

actuating pulse train can be estimated, using the n2 and n':r reported in chapter 5. 

For a relaxation time T, pulse energies will change the index cumulatively for times less than the 

relaxation time; at longer times the effect saturates, and is no longer cumulative. For device 

operation, the total thermal index change caused by pulses accumulated during T= 10 p.S must 

be much less than the electronic index change. The number of pulses, N. during the relaxation 

T. is N=fT, where f is the operating frequency. The corresponding change in refractive index 

due to the thermal contribution of N pulses of duration At, is 

At I 
A liT'" N :::.:.z. "17' 10 

Ato 
(6.3) 

where Aro=60 pSt the pulse width used to measure n'n. This can be divided by the index 

change due to the electronic effect. 0:10. Requiring that this ratio be ~ess 0.01, so that thermal 

changes are minimal gives 

(6.4) 
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Inserting the known values gives 4!1t,f< 4x1o-', which sets an upper limit on the duty cycle. 

Operation at f= 1 GHz, for example, requires 4!1~=40 femtosecond pulses; obviously, the 

maximum frequency is further limited by available pulse widths. 

Additional Considerations 

One factor that has been neglected in the througbput versus nonlinearity arguments above is the 

coupling efficiency into the waveguides. The sample used in these experiments contained 

numerous channel waveguides, and coupling efficiencies varied from a 10 to 30 percent. This 

level of efficiency is fine for laboratory work, but for actual device work, coupling must be 

improved. 

Also, the index inhomogeneity in the waveguide was not measured. This has been shown to 

degrade performance in all-optica1 devices [Jackel 1990]. Index inhomogeneity may be an 

important factor in spin-coated poly(4BCMU) waveguides, since the mixture of conformational 

forms in the film might lead to refractive index domains that scatter light as well as influence 

device performance. 

6.2 CONaUSIONS 

In summary, spin-coated poly(4BCMU) has electronic nonlinear coefficients ~ and'Y at 1.319 
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I'm that are almost acceptable according to the standard figures-Qf-merit for the all-Qptical NLDC. 

Other devices require less phase shift and should exhibit proportionally improved performance. 

Unfortunately, these measurements were limited by the peale power available from the mode

locked laser, and only limiting values of Wand T are provided. Because of this power constraint, 

a larger index change An=fizI could not be observed, and the maximum value of An could only 

be extrapolated from the lower intensity ~ value. Direct measurement of An at higher power 

might reveal saturation which would lower the extrapolated Wvalue, or might show no saturation 

and a higher damage thretitold, and lead to an increased W. Also, the power was not high 

enough to create TPA changes larger than the experimental sensitivity, so that only an upper limit 

of 'Y was obtained. At higher power, 'Y may prove to be much smaller than this limit, and T 

could take on a favorable value. 

A more deleterious effect is caused by the thermal index changes. This effect sets limits on the 

duty cycle of the device, and suggests that high-speed operation may not be feasible. It is not 

known if the thermal effect is due solely to a=O.()6 cm" intrinsic poly(4BCMU) absorption, or 

if additioml absorbing impurities introduced in the fabrication process are contributing. 

Obviously, the net absorption in a poly(4BCMU) device must be decreased for high-speed 

operation. 

This work leaves many unanswered questions that must be resolved to accurately evaluate 

poly(4BCMU) as an all-optical device material. Most importantly, the value for saturated index 

-- ------ .------
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change and damage threshold are still unknown. Also important is the wavelength dispersion of 

the effects; while 1.3 p.m operation is marginal, there may be other wavelengths at which 

poly(4BCMU) may demonstrate better performance. 

In addition, this study suggests directions for future work. Though remarkable progress has been 

made in only a few years, the fabrication ofpoly(4BCMU) films and channel waveguides requires 

improvement. The present waveguide losses are unacceptably high. If scattering losses are due 

to index inhomogeneities, these must also be minimized to prevent degradation of all-optical 

performance. Also, accurate measurements of the true intrinsic absorption of poly(4BCMU) are 

required, and. if possible, absorption due to impurities minimized. The small absorption measured 

in this work created large thermal effects which must be eliminated for reasonable device 

performance. 

Finally, channel waveguides with better light confinement would be advantageous by providing 

higher intensity at a given power. For strip-loaded and diffusion-loaded slabs, confinement is 

poor in the plane of the film. One solution might be to photobleach the poly(4BCMU) on each 

side of the loading strip. This would lower the index surrounding the channel and provide 

significantly better confinement. The photo-bleaching process would only need to be used in the 

region where nonlinear interactions are to occur, thus avoiding the need to polish photobleached 

coupling erlges. 
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The mathematical reduction of the fringe data sets to obtain an intensity-induced phase shift relies 

on a numerical Fast-Fourier transform. Numerical Fourier transforms must be performed 

carefully, since waveform discontinuities may cause artifacts in the result. The experimental 

sinusoidal data sets are formed by ramping through exactly one sine period aru:t repeating, and 

acquiring the four full periods as 210 data points. Careful adjustment of the ramp and data 

acquisition rate is required to meet this constraint. Since perfect adjustment is not possible, 

however, the effect of imperfect waveforms must be understood. Also, since the laser and 

detection electronics exhibited amplitude noise, it is important to recognize the extent of error 

caused by this noise. 

To model these effects, the Hilbert data reduction was performed on numerous computer

generated data sets. The data sets were formed using the following relations, 

S .. -R1(Ol'l+ !siD{t<t)+A.Nl.+RO(~O>]) 

S,.-R2(O~I+! siD{t<t)+RO(OO>]) 

._-- --- ------ ._-
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where Sbj and Sio are the detected signals for the high- and low-intensity data points, and cP(t) 

represents the ramp in phase induced by the piezoelectric element. The Ri represent random 

variables with normal distributions and a standard deviation (71' RO represents phase error and 

has a mean of zero, while Rl and R2 represent the amplitude noises, and have a mean of one. 

The model assumes unity magnitude and maximum fringe visibility; the use of arbitrary 

magnitudes and smaller visibilities does not effect the outcome of the Hilbert data reduction. 

As a first test, the program was run with all noise variance set to zero, and the cP(t) chosen to 

ramp through exactly 871" of phase in 1024 points. Using simulated phase shifts t.cPNL between 

0.02 and 0.2 radians, the calculated phase shift agreed to within the numerical precision of the 

computeJ:'. 

The next series of tests demonstrated the effect of waveform variations on the calculated phase 

shift for shifts between 0.02 and 0.2 radians. For these tests, the noise variances were again 

zero, but the </)(t) function was altered to yield waveforms that were not the exact sinusoids used 

before. First, cP(t) was set to scan through 8.511" in 1024 points to show the effect of mismatch 

between the piezo scan rate and the data acquisition rate. This gave a minimal error of -.03 % 

between measured and simulated phase shift. 

Next, the effect of the error in the piezo ramp voltage was modelled. If the ramp voltage was 

set so that the maximum piezo excursion was not equal to JV2, then each ramp cycle would not 

comprise exactly one full sinusoid. Instead, each data set would con~ four cycles, each of 

which scanned through 211"±e, where E was the error due to the voltage misadjustment. The 

---.--- ------~ ---- .----.--- -- -
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results of these tests are tabulated in table A.t. 

Table A.t Data reduction error due to imperfect scanning of the piezoelectrically driven 
reference mirror. 

phase scan per % error in calculated phase 
cycle (radians) 

tl~NL =0.02 rad tl~NL =0.2 rad 

2~ 0.0 0.0 

311" -47 -47 
I, 

2.511" -3.5 -7.3 

2.1r 4.4 4.0 

1.95~ -2.6 -2.8 

From the data, it is clear that the piezo voltage must be carefully set so that 211" phase is swept 

out with each cycle. Errors result in discontinuities at each cycle, that in turn lead to calculation 

errors. Because of this result, special care was taken to adjust the ramp voltage, and errors of 

less than ±3% are expected. 

To model experimental data more accurately, noise was introduced using the normal distributions 

RO, Rt, and R2. From experimental observations, the noise standard deviations were estimated 

to be 0'0=0.01 rad for phase noise, 0'1=0.13 for amplitude noise in the high-intensity pulse, and 

0'2=0.03 for amplitude noise in the low-intensity pulse. Since the high-and low-intensity data are 

taken tens of nanoseconds apart, the phase is constant over that time, and the same value of the 
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random variable RO is used in both signals ~ and Sio' Since the laser is also quiet on that time 

scale, it is reasonable to form Rl and R2 from the same random variable. However, the detector 

noise is independent and uncorrelated, so to be conservative, the values Rl and R2 were formed 

independently. 

To parallel the electronic phase shift measurement, fifty data sets were simulated, and the 

intensity-induced phase shift was c?J;uiated. As before, this was done for simulated phase shifts 

between 0.02 and 0.2 radians. Assuming the piezo and data acquisition rates are correctly set, 

q,(t) was defined to form four complete sinusoid over 1024 points. The error in calculated phase 

for two trials is shown in figure A.1. 
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The simulations depicted in figure A.I show that reasonably good performance is achieved in the 

presence of noise. Many more trials would be necessary to generate statistics on the expected 

error. 

As noted before, the fringe pattern exhibited a discontinuity (see figure 5.3), which was ascribed 

to the non-instantaneous fly-back of the voltage ramp that drove the piezoelectric. From the data, 

it appears that the flyback spans about eight data points. This effect was incorporated in the 

simulated data, and the results are shown in figure A.2. 
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Figure A.2 Simulated data reduction for data with noise and eight point flyback. 
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The flyback seems to cause additional error, but two trials are insufficient to draw conclusions. 

The Monte Carlo experiment was repeated for a simulat.ed phase shift of 0.07 radians. One 

hundred trial were simulated, each trial consisting of fifty data sets of four sinusoidal cycles, 

using the same noise variances, flyback, etc. as above. The resulting calculated phase shift was 

0.0694 radians, which differs from the correct value by 0.9%. The standard deviation of the 

calculated phase shift from trial-to-trial was 0.0068 radians, so that the estimated error in one 

trial was 10%. The standard deviation of calculated phase within a data set was 0.042 radians, 

or about 60% of the mean. This Monte Carlo calculation was used to estimated the error in the 

reported Oz. 

The simulations demonstrate the detrimental effects of some features of the experiment, and also 

lead to suggestions for improving the accuracy and sensitivity of this technique. First, many 

problems arise from the use of the piezoelectric transducer to scan the fringe. The flyback in the 

voltage ramp could be eliminated by using a higher-quality function generator to drive the high 

voltage. In addition, the piezo could be replaced with a Pockels cell phase-shifter. This 

approach would facilitate adjustment because the piezo response varies with the bias voltage, has 

lower frequency response, and may exhibit hysteresis and time-varying response. Replacing the 

piezo system with a good voltage ramp and Pockels cell would eliminate the flyback problem, 

as well as errors caused by not having exactly a 2 ... pbase scan for each cycle. 

An upgrade of the data acquisition system would improve performance as well. Obviously, 

accuracy and precision increase as more data is averaged. The current interface (Stanford 

.-----+---------_. -------- - --
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Research model 255) is limited to 1024 data points at 1 KHz, and requires one minute to transfer 

the data to the computer. An interface with more capacity and speed would allow many more 

cycles per data set. Since the acquisition and computation time are short, the increased data 

would result in improved accuracy with little effort. With a faster system, the voltage ramp 

could be computer-generated using a D/A convertor, and this routine could synchronize the gated 

amplifiers and the Pockels cell pulse-slicer that extracts the high-intensity pulse. This 

improvement would eliminate the need for tedious manual adjustment of the various inputs. 

Of course, a decrease in the amplitude noise sources would be beneficial. The Quantronix 4126 

exhibited 6% peak-to-peak amplitude noise. A quieter laser system would decrease errors due 

to amplitude noise. Similarly, the noise in the short gate fast sampler (Stanford Research) was 

excessive. It is not clear if this is d~e to amplifier noise or jitter. A longer gate-width sampler 

with significantly lower noise could be used to overcome the errors due to noise. 
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The purpose of this short appendix is to outline the procedure for calculating the effect of an 

intensity dependent nonlinearity on the propagation of optical energy in a waveguide. First, the 

effect of I1z on the propagation constant is discussed. Originally done using coupled-mode theory 

[Stegeman 1982], the treatment hei'e begins with the variational theorem for fields in a two

dimensional waveguide. Next, a similar result describing attenuation in a waveguide in the 

presence of TP A is outlined. Both of these expressions are used in chapter 5 to calculate ~ and 

')' from the experimentally measured phase shift and loss. 

Next, the effect of non-instantaneous detection of laser pulses is discussed. The detectors used 

in the phase shift and TPA measurement were slower than the pulse duration, and this resulted 

in an averaging of the nonlinear effect over the pulse. A calculation in this section will detail the 

method for recovering the peale effect from the averaged measured value. 
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B.1 EFFECI' OF NONUNEARI11ES ON MODAL PROPAGA110N 

Nonlinear index clumge 

The variational theorem relates perturbations in the polarization to changes in values related to 

propagation in the medium. For a dielectric waveguide, the variational formulation is [Kogelnik, 

1979 (p,4I)] 

AN Po - c f f AP E;dxdy. (B.I) 

--
This relates the change in waveguide effective index of mode m, AN, to a change ill polarization 

1lP. As noted in chapter 2, the polarization term can be used to model linear Imd nonlinear 

changes in refractive index, absorption, anisotropy, etc., through the expansion of X terms. The 

peak: power of the mode, Po, is given by the integral over the Poynting vector, 

-
Po - -i~"cc f f E.E;tL.dy. (B.2) .-

For a nonlinear effect, the appropriate polarization is of the form of equation (2.4), and the 

change iD polarization due to intensity is M=xmEE1:; for the nonlinear index case assume x(3) 

is real. For the single-mode guide, assume that the modal fields 1;. drive the polarization, since 

the radiation fields included in E are negligible in the nonlinear layer over the length of the 

guide. Using this polarization in (B. I) and using equation (2.8) to obtain B: from xrn gives 

The Fourier-basis modeling method from chapter 4 gives a normalized single-mode field profile 
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2 2 2 • 

ANPo" eo~C f f ~IE .. 12IE .. 12tb:dy. (B.3) 
-. 

u(x,y) for the modal solution of the strip-loaded guide. The field E", is then rewritten as 

EIII=Eou(x,y), where Eo is the peak field in the guide. Making these substitutions in (B.3) gives 

(B.4) 

Using (B.2) to simplify the coefficient, the change in index due to the optical power is 

~f !lu(%.,Y)I 4dxdy 

AN-Po w . 

[/ hu(xoY)I 2,adyr 
The nonlinear index, ~, is assumed to be constant and nonzero only in the poly(4BCMU) region; 

thus the top integration in (B.S) is performed over only this layer, and the ~ term is pulled out 

of the integral. 

Using a numerical integration over the modal solution from the Fourier-basis calculation of u(x,y) 

for the strip-loaded guide, the integral ratio gives a value of 8.6xl06 cm·2• Therefore, ~ can 

easily be calculated from (B.S) if the peak power in the waveguide Po and the induced effective 

index change aN are known. 

_._---_.----_.- ~--.---- -- -
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Nonlinear transmission change 

The effect of TP A on transmission in a waveguide is calculated in much the same way as above. 

Here, the assumption is that the change in transmission is small, and can be written as a 

perturbation on the linear absorption a. As before, the starting point is the variational theorem. 

In this case, the imaginary part of f' is of interest, and the real part is zero, so that the 

variational expression for TPA is 

A(tPo-,,;~c2f f yIE.14thdy. (B.6) 

--
Here'Y is the TPA coefficient, related to x(3) by (2.12). Assuming the functional form for the 

modal field that was used above, and manipulating as before gives 

y f flu(XJ~4thdy 
Am-Po· :a' 

[I ~u<r.7>1'tUdyl 
(B.7) 

Thus the averaging effect is the same for ~ and 'Y. 

B.2 EFFECt OF TEMPORAL AVERAGING ON NONUNEAR MEASUREMENIS 

The detectors used in the experiments de3cribed in chapter S bad response times of several 

nanoseconds (FWHM). The 60 pS pulses, then, were effectively delta function inputs, and 

instantaneous intensity could DOt be measured. Both nonlinear index and TP A changes are 

-- ------ ---
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functions of instantaneous intensity, so the slower detection resulted in an averaging of the 

nonlinear effect over the duration of the pulse. In contrast, thermal index changes accumulate 

during the pulse, so that the measurement averages over the integral of the phase shift. In the 

following derivation, relationships for obtaining the peak change from the measured average 

change are found. 

Nonlinear index change - electronic effects 

Consider the instantaneous intensity output from an interferometer that has a nonlinear medium 

in the signal arm, as described in (5.3); 

I(t) -Ir(t) + I,(t) + 2,/lr(I)/,(I) cos(~o + A~Nl.c'» (B.B) 

where .:1<PNL(t) is the nonlinear phase shift due to pulse I.(t), and equals konzLoIll.(t). The <Po term 

includes a phase bias, and the position of the piezoelectrically driven reference mirror, which 

does not move over the short time of the laser pulse. The slow detector integrates the pulse, and 

actually gives a signal proportional to the energy E. The energy incident on the detector during 

one pulse is then 

--
E- f[/r(t)+I,(t)+2Jlr(t)/J.I)COS(~o+~L<I11,(t»]dt. -

Note that both the signal pulse and reference pulse have the same temporal profile. This is 
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written explicitly as Ir{t)=I.J(t) for the reference pulse, and similarly for the signal pulse. The 

nonlinear phase shift may be rewritten to extract the time-varying intensity profile, so that 

44>p=~LeIlI.o gives the phase shift at the pealr. irradiance. The trigonometric relation for the 

cosine of a sum (ie. cos [A + BJ =cosAcosB-sinAsinB) is introduced, and the approximation that 

44>p-C 1 is used so that cos44>p= 1 and Sin4q,..=44>p. The equation for energy in one pulse then 

becomes 

--
E-[/rl) +1..0+ 2J IlOIlO cos4lo]J I(t)dt -

• 

--
This can be rearranged to yield 

(B.9) 

where 

/1(t)2dt 

~cI>4n7 - ~cI> p -: - ~4» pF. (B. 10) 

JI(t)dt 
--

The ratio of integrals in F gives the relationship between peak phase shift and the average phase 
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shift measured by the experiment. 

The cosine and sine terms can be reduced to a sum of angles, recalling the assumption that 

.1.<p"", < 1. Then, 

(B.ll) 

Thus the effect of non-instantaneous detection of the pulse is to alter the detected ampJitudes 

uniformly and to average the phase shift. Additional averaging due to ';'2 boxcar integration data 

acquisition will also alter the amplitude, but with no effect on the phase term. Since the data 

analysis used in chapte.r 5 to determine the phase shift does not rely on the amplitude, the analysis 

accurately yields the ,Iverage phase shift, .1.<p8Vi!' By evaluating the factor F in equation (B.lO), 

the average value can be related to the peak. 

Mode-locked pulses are theoretically considered to follow a sech(t) profile. Using f(t)=sech(t1.1.t) 

in (B.lO), the integral ratio F equals 211l', so that 

(B. 12) 

Thus the peak phase shift can easily found given the measured, average phase shift. 

Nonlinear Index change - thennal effects 
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Because thermal effects are cumulative, the correction due to experimental averaging of the phase 

shift must be handled slightly differently. For the thermal case, the index change accumulates 

during the pulse, in the regime where thermal relaxation is unimportant. For a 60 pS pulse. 

thermal relaxation is negligible, and the phase change at time t in a material with thermal 

relaxation T is given by [Stegeman 1987] 

(B.13) 

where the convention of separating the temporal pulse profile into a peale intenr,ity times the 

profile f(t') is continued. As discussed in section 5.2, the relaxation time T is unknown, but this 

problem can he solved by introducing n' zr. which is the thermal nonlinearity in a .1t=60 pS 

pulse. Since the two coefficients are simply related by flrrlT=n'zr/At. the phase shift (B.13) is 

easily rewritten as 

A~Nl,<t) - koLt#J j ~Tlllf)fr,) dI 
--

- A~' ff-tJ!ldl 
o At --
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The derivation for energy at the detector continues exactly the same as for the electronic case, 

resulting in an energy at the detector of 

(B. 14) 

where the new correction factor FT is given by 

. , 
f I(t) f I~) dt' dt 

Fr - -- --• 
(B. IS) 

fl(t)dt 
--

Again, consider a sech(t/.:1t) pulse to describe the temporal profile from the mode-locked laser. 

Substituting u=t/.:1t, this factor becomr, 

j I(u) ran-I [ sinh(u) + ;]du 

Fr--------------------• 
(B. 16) 

/I(u)du -. 
Numerically integrating yields FT =1r12, so the relationship between peak phase shift and the 

measured averaged phase shift is 

(B. 17) 

Thus the effect of averaging a thermal nonlinearity increases the phase shift since the nonlinearity 
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accumulates over the duration of the pulse. 

Nonlinear transmission change 

For the measurement of nonlinear transmission change, the detectors still integrate over the pulse, 

so that the transmitted energy is actually measured. An analysis of the TPA experiment for 

pulses gives the same result as for electronic ~, namely, that the measured average transmission 

change is related to the peak transmission change by the correction factor in equation (B. 10). 

To show this, begin with the TPA expression (5.0), writing the intensity as I(t)=Iof(t) as before; 

then 

1 f(t)e-·L 

I(L,t)- 0 • 
1 +y 10 f(t)L", 

(B.20) 

Assuming that TP A is smaller than linear absorption, the denominator can be expanded using 

(1 +X)"l= I-x for x< I, to give 

(B.21) 

Again, since the energy is measured by the detector, this result is integrated so that 

.~--.- ... _-_.- ~--. ------~ ~-. -
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• • 

- 1 /f(t)2dt 
-I,' -OL[ !!(t)dt l-L",yl,--:--

/f(t)dl 

(B.22) 

--

Thus, the transmitted energy is decreased by an average TPA effect. Again assuming sech(tlAt) 

temporal profiles for the mode-locked pulses, the result is similar to (B. 12), 

(B.23) 

From the measurement of the average effect, the peak TPA is easily calculated, and the 

coefficient 'Y can be found from the experiment in chapter 5. 
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