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Abstract. Second-order nonlinear optical properties of newly designed and synthesized coumaro-
methacrylate side-chain polymers are reported. The optimum poling conditions were determined
experimentally. The optimum poling temperature for these side-chain polymers is well above
the glass transition temperature. The second harmonic coefficient of films poled by corona-
onset at elevated temperature and the linear electro-optic coefficient of films poled by contact
electrodes were measured. The stabilized value of the second harmonic coefficient, di3, at
1064 nm fundamental wavelength was found to be 13 pm/V. The linear electro-optic coefficient,
r33, exhibits strong dispersion ranging from 2 to 12pm/V in the wavelength range 477 to

1115nm.

PACS: 07.60H, 42.65K, 42.80K, 78.65, 78.20], 77.40, 81.208S, 81.40R

Polymeric films with large macroscopic second-order non-
linear properties can be created by permanently orient-
ing molecules with large second-order hyperpolarizability
within a polymer [1-5]. One method is to deposit a thin
film consisting of randomly oriented nonlinear molecules
embedded in a polymer host which are then oriented by
the application of an external electric field. Even though
poled films are not in a state of thermodynamic equilib-
rium, it has been demonstrated that significant second-
order nonlinearities exist for several months after poling
[6, 7]. The nonlinear stability can be further enhanced by
attaching the nonlinear molecules to a polymer backbone,
forming a nonlinear side-chain polymer. In addition to
the stability a higher nonlinear chromophore density is
possible in side-chain polymers. The higher concentration
leads to a larger second-order nonlinear performance,
only if the absorption does not significantly increase at
the operating wavelengths. Usually a larger second-order
hyperpolazibility also implies a chromophore absorbing
more strongly at longer wavelengths [8, 9] (600-1000 nm).
For such nonlinear polymers increasing the chromophore
density is unattractive, since excessive absorption in the
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near infrared spectrum adversely affects waveguiding
devices operating at those wavelengths. An interesting
trade-off is to use a side-chain nonlinear polymer that
consists of a nonlinear molecular component that has a
smaller second-order hyperpolarizability, where the loss
in hyperpolarizibility is compensated for by an increase
the chromophore concentration. This strategy could po-
tentially result in a higher overall nonlinear performance
and a lower absorption at infrared wavelengths. Shift-
ing the absorption spectrum towards shorter wavelengths
also permit harmonic generation into the near-UV. Neg-
ligible absorption must occur at the fundamental wave-
lengths, while small absorption can be tolerated at the
second-harmonic wavelength.

In this paper we report the results of an electro-optical
investigation of one such a nonlinear side-chain polymer,
poly(methyl methacrylate-co-coumaro methacrylate)
(P(MMA-CMA)). Various molecular weights. and mole
percent CMA polymers were investigated (see Table 1).
Two poling techniques have been used to produce opti-
cal nonlinear films. Contact electrode poling is particu-
larly simple to implement and the resulting stratified film
structure maybe suitable for electro-optic modulator ap-
plications. Corona-onset poling at clevated temperature
(COPET) [6, 7] is particularly effective in achieving large
orientational order and the resulting films are suitable
for second harmonic generation applications. Hayden
etal. [10] characterized one low molecular weight COPET
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Table 1. The chromophore density

(molecules/cm?), glass transition temper- Sample Doping 7:% (M) (M,,) Mole %
ature (°C), number average molecular lab book # density [°C] [Daltons] [Daltons] CMA
weight, weight average molecular weights 20
and mole percent CMA of P(MMA-CMA) P(l;gl;/([)g-SCMA)-Z 2.2 x 10 109 23000 38000 34
side-chain polymers used P(MMA-CMA)-3 33x 109 111 20000 30000 55
1220-34
P(MMA-CMA)-6 5.7 x 1020 93 18000 ~ 60000 10.5
1220-48
P(MMA-CMA)-9 9.0 x 102 111 ~15000 ~ 58000 21
1253-6
PMMMA-CMA)-10 9.8 x 1020 116 14000 20000 23
1220-30
P(MMA-CMA)-11  98x 102 135 49300 101000 23
1295-6

P(MMA-CMA) side-chain polymer (i.c. PMMA-CMA)-
9 in Table 1). The second harmonic coeflicients were de-
termined by polarization sensitive second harmonic mea-
surements (ds3 = 11 pm/V at 1064 nm, fundamental). The
linear electro-optic coefficient was determined by wave-
guiding techniques (r33 = 3.5pm/V at 780nm). In this
paper a range of higher molecular weight (MMA-CMA)
polymers are investigated and poled by contact elec-
trodes and COPET. For COPET films the dependence
of the orientational order on the poling temperature
and poling current was determined. The relaxation of
the nonlinearities of a poled film when exposed to a
temperature well exceeding room temperature was inves-
tigated. The second-order nonlinearities were character-
ized by second harmonic and linear electro-optic mea-
surements. The electro-optic coefficients were determined
by electro-optic reflection polarimetry. The dispersion
of the linear electro-optic coefficient was measured and
compared to theory. Our group has recently reported
the harmonic generation of 315 nm, 14fs pulses utilizing
COPET P(MMA-CMA) polymer films [11].

1 Experiment
1.1 Synthesis and Characterization of P(MMA-CMA)

The PIMMA-CMA) nonlinear polymer (NLP) consists of
a nonlinear optical donor-acceptor, coumarin side-chain
chromophore  N-(3-methacryloxyalkyl)-7-diethylamino-
coumarin-3-carboxamide (CMA) (see Fig. 1) attached to
a methyl methacrylate (MMAY) backbone [12, 13] (see Ta-
ble 1). Various chromophore densities were synthesized.
PMMA-CMA) was prepared by a free radical initi-
ated solution-polymerization of methyl methacrylate and
coumaro methacrylate in tetrahydrofuran [12] (THF).
The copolymer was purified by preparative gel perme-
ation chromatography (GPC) with Styragel® columns,
using chloroform and a flow rate of 15ml/min. The av-
erage molecular weights were determined by GPC based
on polystyrene standards using THF. The glass tran-
sition temperatures were measured with a differential
scanning calorimeter (DuPont 1090) using a heating rate
of 10° C/min. The mole percent CMA was determined by
80 MHz proton nuclear magnetic resonance. The complex

H3CICH2
0 Ho

Fig. 1. Chemical structure of N-(3-methacryl-
oxyalkyl)-7-diethylaminocoumarin-3-carbox-
amide monomer

)

dielectric permittivity was measured versus temperature
at 0.1 Hz (DuPont DEA 4.2 A).

1.2 Film Preparation

Films were made on BK7, quartz, pyrex, or indium tin
oxide (ITO) covered substrates depending on the require-
ments of the intended characterization technique. In the
0.5-2.0 um thickness range, spin-cast films were prepared
by controlling the viscosity and the spinning speed which
ranged between 1000 and 2000 rpm. In the 2.0-5.0 pm
thickness range, blade-cast films were prepared by con-
trolling the viscosity and blade-to-substrate gap. Residual
solvent was removed by heat treating the films at 150° C,
0.5mm Hg vacuum for 12 h. Special attention to solvent
removal and subsequent thermal annealing is essential
since residual solvent and microvoids are known to lower
the glass transition temperatures [14] and effect the ori-
entational relaxation [15] behavior of the polymers.
Films were poled by the COPET technique using a
parallel wire electrode configuration [7]. The polymeric
films were deposited onto a substrate such as BK7 or
Pyrex microscope slides and placed on top of a grounded
metallic planar electrode. These substrates have sufficient
conductivity to pass the poling currents to the planar
electrode. The poling configuration consisted of a 40 pm
diameter tungsten wire, 2 cm long, suspended 1 cm above
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the polymeric film to which a variable voltage up to
10kV can be applied. A 10MQ resistor connected be-
tween voltage supply and electrode served as a current
fimiter. Another 10 MQ resistor connected between the
planar electrode and ground served as a current sensing
element. This poling configuration produced a poled strip
on the substrate that is approximately 1cm wide by 2cm
long (this corresponds to the length of the wire). The
length of the wire and placement of the slide should be
such that no significant poling current can pass around
the substrate and flow directly to the grounded clectrode.
The grounded electrode should extend the poling area
to prevent high current density regions in the polymeric
film. While the film was at a fixed elevated temperature,
the poling current was controlled by adjusting the volt-
age applied to the wire electrode. After approximately
five minutes, while holding the voltage constant, the tem-
perature of the film was gradually lowered to room tem-
perature. Second harmonic measurements were made on
corona poled films. Linear electro-optic measurements
were made on contact electrode poled films. A 5 um thick
polymer film was blade-cast deposited onto a 25 nm thick
ITO layer covering a glass substrate. A 100 nm thick gold
layer was vacuum deposited onto the polymer film. The
film was poled with a 1MV /cm electric field at 150°C
for 5min and cooled down to room temperature with the
electric field maintained.

1.3 Optical Characterization

1.3.1 Linear Properties. Absorption spectroscopy of films
was performed with a UV-VIS spectrophotometer (Per-
kin Eimer Lambda-4). Film thickness and refractive index
measurements were made by a guided mode attenuated
total reflection technique [16]. The in-coupling angles of
TE or TM guided modes were measured with a prism
coupling instrument (Metricon PC-2000) modified for
multi-wavelength measurements. Refractive index disper-
sion measurements were made at the following discrete
laser wavelengths; Ar: 477, 488, 502, 514nm, He-Ne:
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Beam Spilitter
8
1064 nm >
Halfwave plate Polarizer
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632nm, and Nd :YAG: 1064 nm. The film thickness ob-
tained at different wavelengths correlated within 5%.
Final verification of the film thickness was obtained with
a stylus profilometer (Dektak 3030).

1.3.2 Nonlinear Properties. Second harmonic generation
was used to measure the nonlinear susceptibility, to
probe long-term orientational stability, and to study ther-
mally stimulated orientational relaxation of nonlinear
properties. A Nd :YAG laser (Spectra-Physics GCR-11)
was used to perform second harmonic measurements
(A = 1064 nm, Q-switched at 10 Hz, 100200 mJ per 10ns
and 0.2cm? unfocused beam). A photomultiplier detec-
tor and boxcar averager (Stanford Research SR280) was
used to average over 10 pulses. The second harmonic in-
tensity of the films was measured with parallel polarized
(p) excitation and p-detection. The second harmonic in-
tensity was compared to the second harmonic generated
by a quartz reference, dy; = 0.45pm/V.

A hot stage was designed for the thermally stimulated
orientational relaxation studies to provide accurate tem-
perature control while the second harmonic signal was
monitored, see Fig. 2. A temperature controller (Omega
CN-9000) controlled the power to electrical heating tapes
wrapped around an aluminum stage. The temperature of
the sample was monitored with thermocouple placed on
the film. The temperature was controlled within +2° C.
The following precautions were taken to ensure that opti-
cal stability and electronic stability were maintained over
experimental time periods lasting up to 40h. For opti-
cal stability, the second harmonic signals from a quartz
reference channel and the sample channel were collected
separately by two boxcars averagers. The two output
pulse trains were digitized by two analogue to digital
converters and accumulated by two digital buffers (Stan-
ford Research SR245). The two signal channels were thus
collected in real time, and at regular intervals transferred
by a general purpose interface bus to a magnetic stor-
age disk. The experiment was controlled by a computer
(MAC II with National Instruments Labview software).
Electronic post-processing compensated for laser power
fluctuations. For electronic stability, the boxcar averagers

|

Analyzers Detectors

Fig. 2. Experimental configuration used to study the
clevated temperature relaxation behavior of poled
PMMA-CMA) polymeric films
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Fig. 3. Experimental configuration used for the electro-
optic coeflicient measurement

Babinet-Soleil
\ LD compensator
514
501 Substrate
ags My
477 \ ITO electrode
\ Poled
\ polymeric film
- =
632 (nm) / Polarizer Gold electrode
1115
/
[GaAs b/
835 (nm) .
N 3 Lock-in
° Amplifier
n,
N7

Modulating Voltage

were configured in an active baseline subtraction mode
to significantly reduce electronic long term dc baseline
drifts [17] in the electronic circuitry.

A reflection modulated technique [18, 19], see Fig.3,
was used to determine the dispersion of the linear electro-
optic coefficient. The NLP index of refraction was mod-
ulated by a voltage applied to two parallel electrodes.
One electrode was a transparent ITO layer and the other
was a reflecting Au layer. An input beam polarized at
45° to the plane of incidence was reflected off the Au
layer and passed through an analyzer. A Soleil-Babinet
compensator was adjusted to bias the optical system in
a linear modulation regime which occured at half the
maximum output intensity as measured by a photo de-
tector. A sinusoidal modulating voltage (20 V rms 1kHz)
was applied across the polymeric film with ITO and Au
layers serving as conducting electrodes. The modulation
of the output intensity was synchronously detected by a
lock-in amplifier (Stanford Research SR530). The spu-
rious modulation resulting from the first reflection off
the glass film interface was minimized by subtracting the
total modulation signal at two alternate optical bias po-
sitions (see [19]). Electro-optic properties were measured
at the following discrete laser wavelengths; Ar: 477, 488,
502, 514nm, He—Ne: 632, 1115nm, and GaAs: 835nm.

2 Results and Discussions
2.1 Linear Optical Properties

The absorption spectrum of a PIMMA-CMA) side-chain
polymer film is shown in Fig.4. A large second-order
hyperpolarizability in a chromophore is often achieved
by increasing the length of a w-conjugate link between
the donor and acceptor groups, usually with the re-
sult of a strongly red shifted absorption spectrum. A
film system absorbing at these longer wavelengths could
be undesirable for guided wave optical applications. In
poled film systems one compromise consists of using a

chromophore with a lower hyperpolarizability with at-
tendant low absorption at the longer wavelengths [8,
9]. Table2 compares the Ay, full width half maximum
(FWHM), dipole moment (1), and molecular hyperpolar-
izability (f8), of a mixture of PMMA and 4-(N-ethyl-N-(2-
hydroxyethyl))amino-4'-nitroazobenzene (Disperse Red 1

Table 2. Comparison of the absorption spectra of PMMA/DR1
mixture and P(MMA-CMA) side-chain polymers

Material Amax FWHM u
[nm]  [nm] D] 1073 [em? fesu]

PMMA/DR1 490 121 8.7 47
P(MMA-CMA)-3 410 69 5.02 20.7
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Fig. 4. Absorption spectrum of P(MMA-CMA)-11 film scaled to
1 pm film thickness
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Fig. 5. Index of refraction of PIMMA-CMA)-11 film as a function
of wavelength

or DR1) (PMMA/DR1) [7] and PIMMA-CMA). Semi-
empirical molecular orbital calculations (YMP Cray,
MOPAC 5.0) were used to obtain y and . PMMA /DR1
has a larger 5, absorbs at longer wavelengths and is
representative of a large class of nonlinear polymers.
P(MMA-CMA) has a smaller §, but absorbs at shorter
wavelengths.

The nonlinear coeflicient calculations from experimen-
tal measurements invariably requires the knowledge of
the index of refraction n at multiple wavelengths. The
value of n strongly influences the accuracy of the nonlin-
ear constant measurements (see (1) and (6)). The result
of an index of refraction dispersion measurement on an
unpoled PIMMA-CMA) film is shown in Fig. 5. The bire-
fringence induced by poling and induced piezo-electric
effects have not been taken into account in this study.

2.2 Nonlinear Optical Properties

2.2.1 Second Harmonic Generation. Accurate second har-
monic coefficient measurements based on Maker fringes
[20] are possible if the nonlinear material is several coher-
ence lengths thick. The coherence length in a nonlinear
film is given by L. = 0.254%/(n** cos 8> — n® cos 6%),
where n is the index of refraction, # is the angle of prop-
agation inside the film, the superscripts @ and 2w refer to
the fundamental and second harmonic wavelengths. In a
Maker fringe thin film experiment, the second harmonic
intensity is recorded as a function of optical pathlengths
by varying the angle of incidence. The Maker fringes
are the result of constructive and destructive interference
between the fundamental and second harmonic fields.
Maker fringes are absent if the film thickness is less than

the coherence length. Typically the coherence length of
nonlinear polymeric films is greater than the polymeric
film thickness. For example, from index dispersion mea-
surements, the coherence length of P(IMMA-CMA) at
1064 nm fundamental wavelength was estimated at 3.4 pm
at normal incidence and the polymer film thickness was
typically 1 um. A reasonable estimate of deg can be ob-
tained by performing measurements with p-excitation,
p-detection, and at the Brewster angle [7]. The measure-
ment of the second harmonic intensity produced by the
film (I3”) was made relative to second harmonic intensity
produced by a quartz reference (Ié“’), and the effective
d-coeflicient

244 Lo Ty (62 1 /)32 cos 6 e 1
) nLe¢ T20° M

nLe(e2 4 /£2#)3/2 sinc [f] 4

qf

where Ly is the film thickness, T is the product of the
electromagnetic power transmission factors of the funda-
mental and second harmonic waves, ¢ is the permittivity,
Lqc and Lgr are the coherence length of the quartz refer-
ence and the film respectively, 0 is the angle between the
boundary normal and the direction of phase propagation
inside the film, sinc(x) = sin(x)/x, and dq = 0.46 pm/V.
Multiple boundary reflection, and absorption at second
harmonic and fundamental wavelengths were neglected.

The largest second harmonic coefficient, ds3, is related
to the effective nonlinear coefficient, deg, through the
projection factor

deﬁ" =

ds3
deﬁ“

T2
[Z cos 8, sin 0, cos 0, + (% cos 02 +sin 0620) sin 62w]
2

where A = ds3/dy3. In the low poling field limit 4 =3, a
value often achieved with contact-electrode poling. In the
case of COPET films 4 was between 3 and 4, indicative
of the high electric field during poling. This large 4 has
been reported by several investigators [7, 10, 21]. Thus, it
is important not to assume the low poling field limit for
COPET films when d-coefficient calculations are made.

The parameter A of corona poled films was calculated
from the order parameter

5

® = 3 [G{(eos ) — 1)]. ®

It was shown previously that for COPET films & can
be determined from spectroscopic absorption data of the
films before and after poling [7, 21]. This measurement
technique was used to determine @ for the COPET films.
The statistical moments are given by {(cos 6)") = L,(-I"),
where L,(—T") is the n'® order Langevin function and I is
the ratio of electrostatic dipole alignment energy to ther-
mal energy. Under the assumption of the rigid oriented
gas model (ROGM) [7], d33 should be proportional to
the statistical moment {(cos’ §) and d;3 should be propor-
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tional to (cos @sin® #). The parameter 4 can be expressed
in terms of I' and & as
d3 r:
A=—=01—-P) = -2 4
=05 @
and parameters ¢ and I' have the following inter-de-
pendance:

372 2
p=1+2(=—-Z _
1+ 3 (F2 T cothF) (5)

Figure 6 shows a plot of 4 as a function of @. Another
method of determining A is by second harmonic gener-
ation measurements utilizing multiple polarizations for
excitation and detection [10].

The optimal COPET conditions for the P(MMA-
CMA) films were determined experimentally by vary-
ing the corona current and the poling temperature. It
was found that by increasing in the poling current past
2 LA provided no further enhancement in the observed
second harmonic intensity measured several days after
poling. This observation was consistent with independent
in-situ second harmonic experiments to optimize corona
poling voltage [22]. These experiments also showed a
saturation of the second harmonic signal as the poling
voltage was increased. In our studies by keeping the pol-
ing current at or above 2 pA, the orientational order was
repeatable at each temperature, but a strong dependence
on the poling temperature was observed. This behavior
was investigated in an experiment that kept the corona
current fixed at 2 pA, while the poling temperature was
increased from below the glass transition temperature to
~ 60° C above Ty. The DSC scan of PIMMA-CMA)-11
is shown in Fig. 7. The same sample was repeatedly poled
at higher temperatures. Between each poling run, suf-
ficient time elapsed to discount enhancement of second

M. A. Mortazavi et al.

Heat Flow (mW)
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Fig. 7. Differential scanning calorimetry scan of P(IMMA-CMA)-11

harmonic properties by residual charge. Before poling the
sample again at a higher temperature, the film was ther-
mally annealed at approximately 160° C for at least 5h.
Figurc 8 shows the stabilized values of the second har-
monic de/dquariz versus the poling temperatures while
keeping the corona current constant. Other films poled
only at 160° C and 2 pA exhibited similar degy/dquar, val-
ues. It was thus concluded that the poling and thermal
history of the sample that was used to obtain the results

100 120 140 160 180
Temperature (°C)
Fig. 8. The second harmonic def/dquar; for COPET P(MMA-

CMA)-3 side-chain polymer film as a function of poling tempera-
ture with poling current held fixed at 2 pA
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Fig. 9. The dielectric loss tan é of PIMMA-CMA)-11 as a function
of temperature measured at 0.1 Hz

in Fig.8, did not significantly influence the deg/dquart
values measured at the increasing higher poling tem-
peratures. The results indicate an increase by a factor
of approximately 2.5 in second harmonic deg/dquart, for
films poled at 160° C versus 100° C. The decreased second
harmonic intensity for poling temperature of 175° C was
most likely due to increased conductivity of the films or
excessive thermal randomization of chromophore orien-
tation. The measured dielectric loss of PIMMA-CMA)-11
is shown in Fig. 9. The conductivity increased significantly
at temperatures above 165° C. The highest poling tem-
perature (175° C) was still well below the measured onset
of chemical decomposition (240° C) as was determined
by thermogravimetric analysis at 2° C/min in nitrogen.
The optimal poling temperature for a PIMMA-CMA)
side-chain polymer was chosen to be 160° C at a poling
current of 2 pA.

In PIMMA-CMA) side-chain polymer, the increased
structural rigidity resulting from covalent attachment of
the chromophore to the polymer necessitated poling tem-
peratures of ~ 30-40°C above T, for optimal results.
This is contrary to the behavior found in chromophore
polymer mixtures, where poling was not as sensitive to
temperature and current. Experiments with side-chain
polymers having chromophores covalently attached to
the backbone through three and five methylene spacer
groups have shown poling behavior approaching that of
mixtures. In the case of side-chain polymers with less than
three methylene spacer groups, the chromophore and the
polymer backbone are closely coupled and tend to move
as one unit upon application of the poling field. Interac-
tion between the chromophore and the polymer can be
expected based on the length of the spacer group, size of
the chromophore and the possibility of hydrogen bond-
ing with the polymer. By heating the ilm to temperatures

well above the T, of the polymer, the motion of the dye
chromophore and the polymer backbone become more
decoupled through the disruptions of interactions, per-
mitting more efficient alignment to be achieved through
poling.

If dipole—dipole interactions are absent, a linear de-
pendence of second-order polarizability on the chro-
mophore density is predicted by the ROGM [7]. Side-
chain polymers have a clear advantage over the mixtures
{(e.. DR1/PMMA) since the concentration of nonlinear
chromophore can be significantly higher. In the case of
a mixture the solubility of the nonlinear molecules in
the polymer host is limited. The stability and nonlin-
ear molecular concentration can be increased by attach-
ing the nonlinear constituents to a polymer backbone.
For PMMA-CMA) we have experimentally investigated
the range in which negligible dipole—dipole interaction is
present. P(IMMA-CMA) substituted polymer films with
dye concentrations of 2.2 x 10%, 3.3 x 10%°, 5.7 x 10%,
and 9.8 x 10 molecules/cm?® were fabricated and corona
poled under identical conditions. Figure 10 shows the
second harmonic defr/dquarz dependence on the chro-
mophore density. A linear extrapolation based on the
available experimental data and error-bars indicate neg-
ligible dipole-dipole interaction in the range of chro-
mophore densities that was investigated. This observation
does seem to indicate that in nonlinear dye molecules with
relatively small (compared to red shifted dyes) ground
state dipole moment (¢ = 5D), dipole—dipole interac-
tions effects become significant only at much larger chro-
mophore concentrations. The lower hyperpolarizability
can be compensated for by increased chromophore con-
centration, since the dipole-dipole interaction at a fixed
concentration is smaller in the polymer with the lower
dipole moment.
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Fig. 10. Second harmonic defr /dquar, for COPET films of P(MMA-
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Second harmonic intensity measurements to quantify
d3; were performed on a COPET P(MMA-CMA)-11
polymer film. The polymer film was ~ 2.6 um thick, and
was poled at the optimum poling condition: 160° C and
2pA. Second harmonic measurements after poling in-
dicated a small initial decay of less than 10% within
the first 48h, followed by a stabilization of nonlinear
properties at room temperature, i.e. any fluctuations af-
ter 48h were within the second harmonic measurement
error. The initial decay can be contributed to decay of
residual charges present on the film. The charge cre-
ates a residual electric field that enhances the nonlinear
properties [7]. From the stabilized value of the second
harmonic intensity, index of refraction and absorption
measurements (¢ = 0.15 and from Fig.6, 4 = 34) it
was concluded that d33 = 13.0+ 1.3 pm/V. This value for
COPET P(MMA-CMA)-11, with a chromophore density
of 9.8 x 10 molecules/cm?, correlates well with indepen-
dently measured di3 = 11 pm/V [10] of a similar COPET
P(MMA-CMA) copolymer, with a chromophore density
of 9.0 x 10%° molecules/cm?.

The long term stability of nonlinear properties in
poled structures at temperatures exceeding room tem-
perature is critical for practical applications. Devices are
frequently exposed to high temperatures during fabri-
cation, as a result of heat dissipation from surround-
ing electronic circuitry, and from the environment. The
following experiment was performed to investigate the
relaxation characteristics of PIMMA-CMA) copolymers
at elevated temperatures. The temperature of a COPET
P(MMA-CMA) film having stable nonlinear properties
at room temperature was raised to 100° C and the second
harmonic signal was monitored over a period of 40h, see
Fig. 11. Stabilization of the second harmonic intensity

o
o

Relative SH Intensity
(=)
=

T

I

1 1 1 L 1

20 40 60 80 100
Time (Hours)

Fig. 11. Relaxation of second order nonlinear properties of a

COPET P(MMA-CMA)-11 film held at 100° C, after aging at room

temperature for several months
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occurs at approximately 60% of the original signal after
about 25h. After 40h, no further detectable decrease in
second harmonic intensity was observed. Some decay can
be expected since the poled films are not thermodynam-
ically stable. However, this result does further indicate
that the relaxation is not complete and substantial non-
linearity is retained.

2.2.2 Electro-Optic. A lack of understanding exists as to
what determine the second-order nonlinear optical be-
havior in the vicinity of material resonances. We have
performed an experimental investigation of the disper-
sion characteristics of the linear electro-optic coefficient,
r33. The experimental technique employed offers the flexi-
bility to characterize nonlinear polymers in regions where
absorption losses prohibit the utilization of guided wave
electro-optic methods. The electro-optic coefficient, using
the refiection technique, was calculated from [19, 23].

3y (n} —sin? 0)1/2
4nVIyjon? sin’ O

(©)

r33

where I, is the modulation amplitude of optical inten-
sity, Vi is the applied modulating voltage, I;; is the
half intensity point, ny is refractive index of the film, and
0 is the incident angle outside the film. It is assumed
that r33 = 3713 and poling induced birefringence is ig-
nored; consistent with the contact electrode low poling
field approximation. Figure 12 shows the dispersion char-
acteristics of the electro-optic coefficient. The measured
electro-optic coeflicient was 1.9pm/V at 1115nm and as
high as 11.9pm/V at 477 nm. The extrapolated value of
the electro-optic coefficient at 780nm (r33 = 2.5pm/V)
for PIMMA-CMA)-11, with a chromophore density of
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Fig. 12. For dispersion of linear electro-optic coefficient of poled
P(MMA-CMA)-11. A comparison is shown of measurements were
made on a contact-clectrode-poled film with the two-level electro-
optic theoretical predictions made from a second harmonic mea-
surement on a corona-poled film
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9.8 x 10% molecules/cm?, is smaller than reported in an
independent guided wave measurement [10] of a similar
PMMMA-CMA) copolymer, with a chromophore density
of 9.0x 10%° molecules/cm?, r33 = 3.5pm/V. This could be
indicative of a lower orientational order. This observation
is consistent with the different poling techniques used in
the two studies. Contact-electrode-poled films were used
in our electro-optic measurements, poled at a presum-
ably lower poling field than the corona-poled films used
in the guided wave measurements. As expected, a signifi-
cant enhancement occured in the electro-optic coefficient
for wavelengths that lie close to the main absorption
band. This substantial enhancement of the electro-optic
properties near resonance could be utilized in electro-
optic device applications with short optical path length
such as polymeric interference modulators [24].

A comparison of the measured electro-optic coeffi-
cient with a two-level dispersion theoretical model [25]
was made. Electronic resonant contributions play a dom-
inant role in polymers, and a two-level model predicts,
from second harmonic measurements, the electro-optic
coefficient dispersion behavior

ddsfifo (0 —0?) @) — o) @340
¥33 n* () faw f2 3wi(wf — w?)? ’
where w is the operating frequency, «' is the fundamen-
tal frequency used in the second harmonic measurements,
2’ is the second harmonic frequency used in the second
harmonic measurements, wq is the frequency of the first
excited state, and f is the local field factor of Onsager
type [26]. Figure 12 shows a comparison of the linear
electro-optic dispersion as measured and predicted by the
two-level molecular hyperpolarizability dispersion model.
The measured values were made on a contact-electrode-
poled film. The theoretical two level prediction was based
on a SHG measurement on a COPET film. The absolute
magnitude of the measured and calculated r3; coefficients
were different due to the COPET film having a larger
orientational order than the contact-electrode-poled film.
The model gave a reasonable prediction of dispersion
behavior far from resonance, but over corrects as the
frequency of the electro-optic measurement approached
resonance.

3 Conclusion

Films of PIMMA-CMA) were poled by both corona-
onset and contact electrode techniques. The optimal co-
rona poling temperature was approximately 40° C above
the T, of the polymer. Elevated temperature relaxation
studies of poled P(MMA-CMA)-11 at 100° C revealed
an initial decay in the second harmonic signal which sta-
bilized at approximately 60% of the room temperature
levels. We have reported the linear and nonlinear opti-
cal properties of a coumaromethacrylate side-chain non-
linear polymer. The refractive index (determined using
prism coupling) and degree of orientational (determined
by UV-Visible spectroscopy) were used in the extraction
of second order nonlinear properties. The stabilized value
of the second harmonic coefficient of the corona poled

P(MMA-CMA)-11 film is &~ 13 pm/V. The strong disper-
sion of the electro-optic coefficient of a poled film was
measured and compared to theory.
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