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Abstract

We report here on a series of tricyanovinylaniline chromophores for use as dopants
in poled poly(methyl methacrylate)waveguides for anomalous dispersion phase-matched
second harmonic generation. Second harmonic generation measurements as a function of
mode index confirmed anomalous dispersion phase-matching efficiencies as large as
245%/\Wer? over a propagation length of about 35 nm. The waveguide coupling
technique limited the interaction length. The photostability of the chromophores was
measured directly and found to qualitatively agree with photodegradation observed during
second harmonic measurements over time and was found to be improved over previously
reported materials. Prospects for obtaining efficient conversion by combining anomalous

dispersion with Cerenkov phase matching are discussed.



. INTRODUCTION

The generation of new optical frequencies using nonlinear interactions has been atopic
of considerable interest. Generation of ultraviolet (UV) light using optical second
harmonic generation has been of particular interest due to potential uses for optical data
storage, xerography, photolithography, spectroscopy, and display applications. Organic
and polymeric materials have shown promise in this area*>.

Waveguided second harmonic generation” can produce efficient frequency conversion
by phase-matching over long interaction lengths, using large fundamental intensities
observed in waveguide confinement, employing materials with large optical nonlinearities,
and operating in regions of low optical loss. Phase-matching, which can be challenging to
effectively achieve in waveguided interactions, may introduce additional difficultiesin
providing mode overlap asin modal dispersion phase-matching and require phase
matching of smaller off-diagonal second harmonic coefficients’.

A number of approaches to phase-matching have been employed in both inorganic and
organic materials. These techniques include modal dispersion phase-matching,®"® quasi-

1041 and Cerenkov phase matching'®*>*. In all of these techniques,

phase matching
materials that are transparent throughout the harmonic to fundamental wavelength range
reduce the useful optical nonlinear susceptibility due the transparency-efficiency trade-

off.®®

This trade-off arises from the fact that in the conventional situation, the lowest lying
absorption of the chromophore lies at higher energy than the second harmonic photons,
thus limiting the magnitude of the nonlinear response. 1n anomalous dispersion, the lowest
lying chromophore absorption lies between the fundamenta and second harmonic
energies. Thisalows utilization of the large optical nonlinearities found in visible
absorbing dyes.

For anomalous-dispersion phase-matched second harmonic generation™®*’

,a
chromophore with absorption maximum between the fundamental and harmonic
wavelengthsis placed in a host polymer that exhibits normal dispersion. At an appropriate
chromophore concentration, the normal dispersion of the host is canceled by the
anomalous dispersion of the chromophore, yielding equal refractive indices at the

fundamental and harmonic wavelengths. ADPM has several merits compared to the



conventional methods of phase-matching: exploitation of large diagonal second harmonic
coefficients, high spatial overlap in matching lowest order modes, and defeat of the
nonlinearity transparency trade off."> In waveguides, the phase-matching can also be tuned
by adjusting the thickness, and thus the mode index.

In our previous work, we demonstrated anomalous dispersion phase-matching in a
polymer waveguide using a thiobarbituric acid (TBA) derivative™. These dyes are 4-amine
donor substituted styrenes with a thiobarbituric acid acceptor group at the b,b terminus of
the styrene. In that work, we observed efficient harmonic generation per unit length.
However, absorption and the prism coupling technique limited the interaction length, and
the second harmonic output was unstable due to photodegradation of the dye caused by
the generated second harmonic light. The two related issues of reducing residua
absorption and enhancing photostability must be addressed to make the use of anomalous
dispersion practical, and we describe two approaches here.  First, we report on the use of
new tricyanovinyl (TCV) substituted chromophores possessing larger nonlinear optical
susceptibilities and enhanced UV photostability. These dyes are amine-substituted
styrenes with three cyano groups on the a,b,b positions of the styrene. These
chromophores have recently been demonstrated in femtosecond pulse applications.™
Because UV photostahility is more critical in waveguided applications, we also report here
on the UV photostability as well as on the performance of the new materiasin
waveguided parametric devices in order to confirm whether photostability of the dyeis
responsible for the observed decay of second harmonic generation. Simple benzene based
chromophores with TCV acceptors were among the first to be studied. Their large
nonlinearities are well known.™** Second, we report how the combination of anomalous
dispersion and Cerenkov phase matching may be employed to address the issue of

absorption-limited propagation length and possibly to some extent photodegradation. **

II. MATERIALS
Nonlinear optical chromophores possessing enhanced properties for ADPM

including better transparency at the harmonic wavelength, larger nonlinear optical



susceptibility, and enhanced UV photostability were synthesized. A range of smple
tricyanovinylaniline chromophores which differ in the identity of the amine substituents
were prepared and from this group three representative candidates were chosen which
were readily compatible with PMMA.

The three tricyanovinyl substituted chromophores 1-3 used in thiswork are
depicted in Figure 1 along with the previoudy studied thiobarbituric acid (TBA) derivative
4. The substituents on the amine adjust various properties of the chromophores as we will
show in this paper. Here the TCV compounds differ only in the respective groups on the
donor nitrogen atom: a pair of 2-methylbenzyl groupsin 1, a cyclic pentamethylene group
in 2 and a pair of n-butyl groupsin 3. All three TCV derivatives were prepared by the
conventional method of reaction of a dialkylaniline with tetracyanoethylene.?? The N,N-
bis(2-methylbenzylamino)aniline precursor for chromophore 1 was made by smple
alkylation of aniline with 2-bromomethyltoluene. The combination of amine donor and
tricyanovinyl acceptor moieties provide for a broad long-wavelength absorption and a
large nonlinear optical susceptibility. The UV-visible absorption spectra of the four
compounds are shown in Figure 2. It isclear that the tricyanovinyl compounds exhibit
significantly lower absorption in the harmonic region near 400 nm wavelength relative to
analogous system with a thiobarbituric acid acceptor. Thisisthe so-called “blue window”
in the absorption spectra which lies between the charge transfer band (400 — 600 nm) and
the higher energy aromatic electronic transitions (400 nm and lower, off scale in Figure 2).
Table 1 lists the molar absorptivities in the blue “transparency window” for the
chromophores considered here as well as the 1/e propagation length at the second
harmonic wavelength. Three tricyano chromophores exhibit considerably lower
absorption at the harmonic wavelength compared to TBA.

1. SAMPLE PREPARATION

The polymethylmethacrylate (PMMA) host polymer and dye were mixed to the
desired weight fraction and dissolved in a mixture of solvents consisting of 65% propylene
glycol methyl ether acetate (PGMEA) and 35% g-butyrolactone (GBL) to a solid weight
fraction of 8% -10%. Planar nonlinear optical waveguides were fabricated using a film

float-off technique as we now describe. Indium tin oxide (ITO) glass coated substrates



were coated with the water soluble polymer polyvinylalcohol (PVA) release layer by spin-
casting. The PVA solution was 5% solid weight fraction in deionized water with typical
film thickness are around 0.5-2.0 um. These films were placed in an oven for 30 minutes
to eliminate water. Nonlinear optical waveguides were then spun onto PVA coated ITO
glass using the spin speed and solution viscosity to control sample thickness. After
spinning, films were placed in an oven for severa hours at 80-90° C to remove solvent.
To produce the non-centrosymmetric ordering necessary for second order
nonlinearities, the samples were corona poled on ITO glass.?® A grid was inserted into the
poling apparatus to control the magnitude and homogeneity of the poling field and to
minimize the poling induced damage. Poling fields were measured with an isoprobe
electrostatic voltmeter after poling. Following poling, films were then floated free by
immersing the substrate and films in water to dissolve the PVA. ™ The freely suspended

films were then used as planar waveguides.

V. FILM CHARACTERIZATION

In order to determine the optimum (phase-matching) thickness of the waveguides
for ADPM, we measured the dispersion of the refractive index of the films. This, aong
with the thickness, was used to determine the mode index dispersion. We employed a
prism-coupling technique to precisely measure the refractive index. Free-standing films
were applied to base of equilateral SF-10 glass dispersing prisms (Melles Griot
Corporation) and the input coupling angle was tuned to obtain the effective index
necessary to launch light into the waveguide. Guided modes were detected as dipsin the
intensity vs. input coupling angle scan and their locations were used to calculate bulk
refractive indices.* The wavelength was tuned in the fundamental and harmonic regions
using atunable CW Ti:Sapphire laser and its second harmonic obtained with a frequency
doubling lithium borate (LBO) crystal. Figure 3 shows the measured refractive indices and
resulting fits to the following Sellmeier equation using the absorption maximum

wavelength and oscillator strength obtained from UV -visible absorption measurements:
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Fit parameters are listed in Table 2.

In waveguides, it is the effective refractive index that must be phase-matched. We
calculated the effective index of the poled films as a function of waveguide thicknessin
order to predict the phase-matching thickness.* Figure 4 depicts the effective index as a
function of waveguide thickness for the lowest order fundamental and harmonic TM
modes. The intersection points indicate phase-matching film thickness. Experimentally it is
possible to tune through the phase-matching condition by varying the film thickness.
Based on the results in Figure 4, a series of films of various thicknesses were prepared
near the phase-matching thickness in order to verify the phase-matching properties.

The second harmonic coefficients of thin films containing each chromophore was
determined by the rotational Maker fringe method® in transmission using a previously
described method.?® The fundamental at 1340 nm wavelength was produced by an optical
parametric oscillator pumped with the second harmonic of a nanosecond pulse Nd:YAG
laser. The beam was passed through a polarizer and then was split into sample and
reference beams. The reference beam was focused onto a quartz plate resulting in second
harmonic light that was collected with a photomultiplier tube, and was used to eliminate
shot-to-shot fluctuations in the pulsed laser. In the sample arm, light was focused onto the
sample and the second harmonic was measured as function of sample rotation angle. The
experiments allowed the nonlinearity to be determined with respect to the nonlinearity of a
known quartz reference sample (dy;=0.486 pm/V) as measured in a subsequent run. The
data analysis has been described earlier, and assumes, asis usual for nonresonant
measurements, that the film thickness is much less than the coherence length.”® Results are
given in Table 3 along with values normalized to the poling field.

VI. ADPM SECOND HARMONIC GENERATION

A femtosecond modelocked Ti: sapphire laser was constructed to measure the
conversion efficiency. This laser is advantageous because it has a high repetition rate
(100MHZz), high peak power pulses from 100fs mode-locked pulses, and its tuning
capabilities allowed frequency doubling into the short wavelength transparency window of



the ADPM chromophores. Fundamental laser light was focused onto the coupling spot of
the free film on the base of an equilateral prism using a lens of focal length 12.5 cm. The
prism was angle-tuned to selectively couple into the lowest order synchronous angle and
the reflected fundamental was attenuated with a neutral density filter and collected on a
large area calibrated silicon detector.

The coupling efficiency can only be roughly estimated, and represents the largest
uncertainty in the accuracy of the measured efficiency. The tight focusing of the incident
beam results in an m-line whose thickness is much less than the beam spot reflected from
the prism base. Thus, most of the beam may not be coupled in. We measured the
reflected intensity with two detectors. one whose area is much larger than the reflected
spot, and one whose dimension matches the width of the m-line. We found that the
reflected power dipped by 5% when turning through the m-line with the large detector,
and by about 30% with the small detector. This confirms that most of the light is not
coupled in due to the angular spread caused by the relatively tight focus. We assumed the
5% dip included both the tunneling efficiency and the losses due to angular spread. We
assumed that the outcoupling efficiency is unity. The outcoupling efficiency is probably
lower, but we wished to err on the side of underestimating the conversion efficiency. We
multiplied the incoming fundamental power by 0.05, and the outgoing second harmonic
power by 1 to determine the efficiency given in Table 3. We should note that the effect of
the uncertainty of the coupling efficiency would affect the accuracy much more than the
comparative numbers since we observed the same coupling factors for each sample. In
addition, we have attempted to state the conversion efficiencies conservatively.

The average power was taken to be the incident fundamental power. The temporal
pulse width was measured with an autocorrelator giving a duration of 96 fs. From this
and the measured repetition rate, the peak power of the pulses was determined. The
experimental conversion efficiency was defined as the ratio of peak (pulsed) harmonic
power to the peak fundamental power with coupling corrections as described above.
Results for peak conversion are given in Figure 5 and Table 3. The relative amount of

second harmonic power is plotted versus film thickness. The data was fitted to
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using the amplitude C and the propagation length L as adjustable parameters. Both C and
L could be robustly fit since C largely determines the amplitude (related to the conversion
efficiency) and L the width of the curve yielding the propagation length listed in Table 3.
Note that the values of L listed in Table 3 are much less than the absorption lengths | listed
in Table 1 so that the approximation of low absorption implicit in Eq. 2 is reasonable.
Additionally, it is clear that the propagation length and thus the efficiency is limited by the
prism coupling technique rather than absorption.
VII. PHOTOSTABILITY
Photostability is a critical material parameter for device lifetime, especially in

parametric interactions where multiple wavelengths are smultaneously used and
generated. While it is often desirable for these devices to operate at high optical intensity
to enhance nonlinear interactions, these conditions also may also provide additional
pathways for photochemical damage that include single and multiple-photon interactions.
Harmonic generation into the UV, in particular, tests the limit of dye photostability
because energetic photons can cause bond delocalization or simply dye ablation or
bleaching that ultimately lead to device faillure. Until recently, photostability has been
ignored as a key material parameter in favor of nonlinearity, transparency, and
thermal/temporal stability of induced nonlinearity. In our previous work we observed a
strong decay of harmonic generation conversion over time that was attributed to dye
decomposition.*® In this study we probed the photostability of dye molecules using SHG
experiments, UV photobleaching (in the blue transparency window), and a pump-probe
experiment to determine quantum efficiencies of photodegradation. The technique was
used to yield quantitative values for dye photostability asit relates to chemical structure.

In the first of these experiments, the second harmonic signal was observed to
decay over time as shown in Figure 6. First, Figure 6a depicts the conversion efficiency
changes as a function of time at the maximum conversion efficiency. The maximum
conversion efficiency was scaled to unity at t=0. After 4 minutes exposure, the conversion

efficiency of the waveguides containing the three tricyanovinyl substituted chromophores



decreased to around 50%, while at the same time the efficiency of the waveguide
containing the TBA decreased to around 22% even though it generated approximately an
order-of-magnitude less UV light. This decay is likely due to the combination of lower
photostahility and higher absorption at the second harmonic wavelength. Second, to
eliminate differences in harmonic light power that were attributed to conversion efficiency
differences, decay data was collected for al samples operated at the same 25% conversion
efficiency for each compound as shown in Figure 6b. The efficiency was adjusted by
phase-matching, i.e. by using a film of appropriate thickness. Figure 6b shows that under
relatively similar UV fluence conditions, TCV dyes decayed to around 80% of their
original value whereas TBA decayed to approximately 20%.

Photobleaching of the chromophores was studied directly in these polymer films by
flood exposure with a broadband medium pressure Hg vapor UV-light source that
provided 32 mwW/cm’ of 365 nm wavelength light. The light source was sufficiently large
and homogeneous so that al samples were bleached simultaneously. Absorbency changes
at | nax Were monitored as a function of exposure time in an ambient (oxygen containing)
environment using a UV-visible spectrometer. Figure 7 shows the changes in absorbency
resulting from 365 nm UV flood exposure. The absorption maximum was scaled to unity
at t=0. For the three tricyanovinyl-substituted chromophores, dye bleaching is sow
compared to the dye bleaching of TBA. Nearly all of the TBA dye was photobleached
after 5 minutes of UV exposure. Only 25% of TCV dye 2 was photobleached after an
hour of exposure while the other TCV dyes 3 and 1 remained relatively stable after one
hour of exposure. Thisis considerably longer than the waveguide results due to the fact
that the intensity is considerably lower in the flood exposure case. Although not shown
here, smilar tests performed in a N, environment resulted in substantially improved dye
photostahility for compound 2 and TBA. For the case of dye 2 at most 7% of the dye was
lost after one hour, suggesting that oxygen plays a significant role in the photodegradation
process, perhaps through singlet oxygen excitation. Although approximately 70% of TBA
decomposed after one hour of UV-exposure, it also exhibited enhanced photostability in a

nitrogen environment.



Photostability was also characterized using a pump-probe laser method to monitor
changes in the electronic absorption band as detected by transmission changes of a 543nm
probe beam as a function of pump laser fluency. This experiment is beneficial for
guantitatively comparing different dyes because it yields an intrinsic photostability
parameter, quantum efficiency for photodegradation (average number of photons a dye
molecule can absorb before decomposition), that is obtained by fitting a theoretical
expression containing only one adjustable parameter. Figure 8 shows an illustration of the
experiment. A sputtered thin-film metal mask containing 100nm apertures was fabricated
on each sample to define exposure regions for the experiment. Although the experiment
allows for different pump and probe wavelengths, the results in this paper represent the
degenerate case of | ;=I ,=543nm.

For modeling experimental results and determining intrinsic photostability a simple
one-photon process was used to described the absorption characteristics of the dye-doped
polymer samples. Further, assuming that decomposition products absorb less than
unbleached dyes and that the dye is randomly distributed in the polymer matrix, an
expression relating %-transmission changes to integrated pump energy can be developed.”’
The expression takes the form

T(E) = Ty/[ 1+ (Ty/Ts-1)exp(-bE) ] (3)
where

To = exp(-s1k), Tx = exp(-s2k), and b = s,/ hnB
where T(E) is the probe beam transmission as a function of input energy, Ty is the probe
beam transmission for a nearly bleached sample (time = infinity), T, is the probe beam
transmission at the start of the experiment, s; and s, are the absorption cross-sections of
the dye and bleached species respectively, J,is the number of dye molecules per unit area,
h is Planck’s constant, n is the frequency of light, and B is the quantum efficiency for
photodegradation. Because the initial and final transmission values are extracted from the
experiment, the only remaining unknown parameter, B, is used as an adjustable parameter
to fit the data. Figure 9 shows pump-probe photostability data of a TBA/PMMA sample
at 543nm. A B-value of 0.3x10° was used to fit equation (3) to the experimental data.
After approximately 1 J of integrated 543nm optical energy, TBA isamost completely
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decomposed. Once a device geometry is specified and failure limits identified, lifetimes of
dye-doped systems limited by photostability can be extrapolated from plots similar to
Figure 9.

Results are listed in Table 4. Larger B-values indicate better photostahility.
Compounds 1, 2 and 3 differ only in donor substitution in the amine group and result in
only dlight changes in photostability, TBA on the other hand has considerably less
photostahility. The appropriate figure-of-merit for describing photostability of dye
systems must include the absorption characteristics of the dye at the measurement
wavelength. For this reason we have listed the photostability FOM in Table4. TCV dyes
are among the most photostable EO dyes that have been measured thus far.

DISCUSSION

Table 3 contains the major results concerning ADPM second harmonic generation.
Conversion efficiencies are reported for peak power since power density is difficult to
determine in slab waveguides, and the power efficiency is more relevant in applications.
Extremely large conversion efficiencies per unit length are obtained with the new
tricyanovinyl substituted chromophores. These figures are the largest reported thus far
and confirm the efficacy of ADPM, in particular, the ability to exploit the second harmonic
coefficients of visible absorbing chromophores. Obvioudly, the tricyanovinyl dyes are an
improvement over the previoudly studied TBA compound.

The relatively constant value of the last column of Table 3 indicates that the
second harmonic coefficient determines the conversion efficiency and that the coupling
and phase-matching properties are similar from film to film. This can be explained by the
fact that the propagation length is relatively constant from film to film and is mainly
determined by the single prism coupling technique rather than the absorption length. As
stated previously, the absorption length (1/e) is much longer than the propagation length
in all cases.

Inspection of Figures 6b, 7 and Table 4 indicate that photobleaching of the dyesin
the waveguide could be a major contribution to the decay of conversion efficiency. The

second harmonic light generated in the guide that is adsorbed by the dye may lead to
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degradation of the chromophore due to simple loss of bulk second order nonlinearity.
Also, there may be other secondary damage mechanisms that produce losses in the guide
due to other processes. The trendsin al three measurement techniques are consistent and
indicate enhanced photostability in the tricyanovinyl dyes.

It is difficult to provide any detailed mechanistic interpretation here concerning the
relative performance and stability among the three TCV dyes. The various electrooptic
and efficiency values for the three TCV dyes are, in fact, quite smilar as seen from the
valuesin Table 1. Asfar as stahility goes, the TCV chromophores again differ little but
the observed trend is1 > 3 > 2. It isinteresting to note that this is the same trend as
observed for the thermal stahility for these three dyes with the following respective onset
(Tqi) and maximum (T 4y) of decomposition in deg C measured at 20 deg/min for 1 (356,
373), 2 (318,329), 3 (349, 392).%%% With alarger and more diverse set of TCV
chromophores with more disparate structures one might be able to establish some clear-
cut relationships amongst performance characteristics such as photochemical stability and
thermochemical stability and molecular characteristics such as oxidation potential and
optical adsorption (energies of the electronic transitions). Typical more disparate examples
of TCV dyesinclude the julolidine derivative, which should be more nonlinear but much
less stable, and the dihenylamino derivative, which could possess even superior stability to
the three TCV dyes examined here for ADPM applications.® It is clear that the
tricyanovinyl dyes represent an improvement in the materials set available for development
of the ADPM technique, and that ADPM leads to large conversion efficiency.

Further improvements in photostability are needed. However, both the problems
of photostahility and the propagation length problem due to absorption can be addressed
by considering Cerenkov phase matching in conjunction with ADPM since the second
harmonic does not propagate in the dye-doped waveguide, but rather in the transparent
cladding. Figure 10 depicts the conversion efficiency of Cerenkov phase matching as a
function of the intrinsic material dispersion. These results are based on the previoudly
reported calculation.* By using ADPM, one can move to the left along the curve and
attain exponential increases in Cerenkov conversion efficiency. Further, as seenin the

figure, Cerenkov efficiency isrelatively insensitive to absorption since the second
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harmonic is not confined in the waveguide. This technique will not eliminate all of the
problems of photodegradation due to the residual UV absorption since high intensity
locally produced SHG resides in the waveguide prior to launching radiation into the
cladding, pointing to the need for further improvement in UV photostability.
Understanding the mechanisms of photochemical degradation is currently an active area of
research. The Cerenkov/anomalous dispersion measurement will allow assessment of the
potential of anomalous dispersion methods in practical second harmonic generation
devices.
IX. CONCLUSIONS

We have investigated a series of tricyanovinyl chromophores as guest-host type
polymer in PMMA. We demonstrated their high second harmonic generation conversion
efficiency and improvements in the photochemical stability. The maximum conversion
efficiency of 245 %/Wenv and improved photostability has been demonstrated. Further
improvement in UV stability and the use of other techniques such as ADPM enhanced

Cerenkov could lead to the development of UV sources using this technique.
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Table 1. Absorptivity parameters for the studied dyes. The percent is dye percent by mass in the polymer film. The quantity e»is the
minimum molar absorptivity in the UV transparent region, e, the peak molar absorptivity in the visible region with the corresponding
wavelengths listed, and | the 1/e propagation length due to absorption.

Dye MW I min I 0 €min € I (mn)
au nm nm
10% 1 403 355 492 170 51000 280
8% 2 262 361 503 220 55000 150
8% 3 306 363 507 90 49000 500

8% TBA 396 384 506 500 90000 120




Table 2. Fit parametersto the Sellmeier equation.

Dye AO | 0 Al | 1 Az | 2
10% 1 1.174 123 0.050 508 -934 2.36x10°
8% 2 1.174 125 0.053 515 -424 2.47x10°
8% 3 1.171 123 0.047 517 4.96 9.41x10°

8% TBA 1.170 123 0.044 514 185 5.06x10°




Table 3. Results of second harmonic generation measurements in poled polymer waveguides at the anomalous dispersion phase-
matching peak. The quantity ds; is the second harmonic coefficient of the measured film determined from second harmonic generation,
E, the magnitude of the poling field, P the beam powers, L the interaction length, and h the guided-wave conversion efficiency.

Material E, 033 dss/E, P'ave) P*(ave) P"(peak) P*(peak) L h h/dss”
MV/em  10%mv 10 mw my w W m %/\Wem? A.U.
10% 1 1.93 11.2 5.8 4.5 33 450 3.3 36.4 215 172
8% 2 1.85 10.6 5.7 35 17 350 1.7 34.7 203 181
8% 3 1.82 11.8 6.4 4.5 38 450 3.8 36.7 245 176

8% TBA 2.03 3.9 1.9 4.5 2.8 450 0.28 30.3 26.5 173




Table 4. Results of pump-probe photostability experiments. B represents the quantum efficiency for photodegradation (average
number of photons a dye molecule can absorb before decomposition). Larger B-values indicated better photostablity. The
photostability parameter isthe ratio B/s.

Dye Thickness N S B @543nm FOM
mm 10%cm’ 10™"cn? 10° 10" cm®
1 0.91 1.42 0.9 3.0 3.3
2 143 2.19 1.0 1.0 1.0
3 0.96 1.87 12 15 1.25
TBA 1.67 1.10 0.6 0.3 0.5




Figure Captions

Figure 1. Nonlinear optical dyes used in this study.

Figure 2. Ultraviolet-visible absorption of the studied dyes as dissolved in PMMA films with maxima normalized to unity.

Figure 3. Refractive index dispersion of 10% weight fraction 1 in PMMA, 8% 2 in PMMA, 8% 3 in PMMA, and 8% TBA in
PMMA. Solid lines are fitsto athree-parameter Sellmeier equation.

Figure 4. Mode indices of the fundamental and second harmonic TM modes versus thickness as calculated from index of refraction
data.

Figure 5. Phase matching curves for guided wave second harmonic generation. Solid lines are fits to Equation 1 with the amplitude
and phase mismatch as fitted parameters.

Figure 6. Conversion efficiency as a function of time for a) maximum conversion efficiency and b) at 25% conversion efficiency.
Figure 7. UV photobleaching of dyes.

Figure 8. Photobleaching experimental setup.

Figure 9. TBA/PMMA pump-probe photostability experimental data and resulting fit to equation (1) using B=0.3x10°.

Figure 10. Theoretical conversion efficiency for Cerenkov phase matching versus bulk refractive index difference. Curves are
parameterized by various absorption levels in the waveguide at the second harmonic wavelength.
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