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Doped Polymers as Third-Order Nonlinear-Optical Materials

* : . Mark. (. Kuzyk ’
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AT&T Bell Laboratorics. Princeton, New Jersey

'

Carl W. Dirk
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: , Mark P. Andrews : .
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1 Abstract .

Recently, there has been much interest in doped polymeric materials owing to their suitabil-
ity for optical device applications.[t] While most of this effort has been centeved on poled
polymers and their applications to clectrooptics, doped polyners are beginning to emerge
as a promising material class for all-optical device applications:. In this coutribution, we
discuss the status of doped polymers as third-order optical materials. Particular attention
is focused on those properties that make doped polymers attractive as device materials such
as optical nonlinearity and loss and their suitability for nonlinear:optical fiber devices.

2 Introduction

All-optical devices share common material requirements.[2} The third-order optical suscep--
tibility, X", must be large enough to affect a chauge in the propagation propertics of an
optical beam over the device’s lengthy, L, to perform, for example, a switching or logic func-
tion. The length of the device, however, must be short enough to allow a detectable level
of light to pass through the device. In this chapter, we discuss those material properties
that make doped polymers attractive in all-optical device applications.

The intensity dependent refractive index, An, depends on the intensity of the light in
the nonlinear mediumn, /, and the cross sectional area of the beam, A, ihrough the constant
of proportionality, n,: :

!
An —'IT'_)A', . )

where i1, is proportional to the third-order susrcptibi]ity. \). The phase, ¢, of a light heamn
traveling through the nonlinear material will be afleeted by the refractive index change,

A¢p = 27.'11‘2%—{\1, / (2)
where A is the wavelength of the light, and L, the length over which the nonlincarity acts
on the beam. Most devices require a 7 phase shift to perform a function. The interaction
length, L. that is needed to affect a 7 phase shift is given by:

AX

= Gl ®)

3
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To maximize the nonlinear response ol a device, then, one needs large intensities to be
confined to small areas aver long distances of highly nonlinear material. The amount of
light absorbed or scattered by the material is given by alL, where o in the loss. To minimize
optical loss, then, the device lengths must be made as short as possible with materials of
low loss. A uscful figure of merit is thus the nonlincarity loss quotient, nz/a.

In the next section, we discuss how the nonlincarity, n, (or equivalently, x), can be
maximized by molecular engineering of the dopant to increase nonlinearity and solubility,
and by using metal nanospheres for increasing local fields. After appropriate optimization
of the material nonlinearity, the fabrication procedure for making low loss plastic nonlinear-
optical fiber is discussed. The figure of merit for the polymer fibers is compared with that
of glass fibers, which currently have the lowest losses and largest figures of merit.

3 Optical Nonlinearity

The third-order susceptibility of a doped polymer is additive over its substituents.[3][4] If
~* is the dressed third-order susceptibility tensor, the bulk susceptibility tensor, Xs,)r,, is
related to the molecular values,

. ok =N <7 >om, (4)
where N is the number density of dopants and where the brackets <> denote the orienta-
tional average of the molecular susceptibility tensor.
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Figure 1. Number density dependence of the quadratic electrooptic coeflicient, s1133 &
x®, for an azo dye.[4]
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The applied electric field, E, polarizes the material, so that the local field, 7, at the
dopant sites is given by the sum of the applied field and the polarization field. These local
fields can be calculated with local field models and are of the form:

Fi = LivEy, (8)

where L, is the local field tensor and where summation notation is implied. Because
the third-order susceptibility tensor mixes four eleciric fields, the relatiotiship between the
dressed susceptibility, v*, and the vacuum susceptibility, 7, is:

7" = L Ljj Lk Luryisegne. (6)

To enhance the third-order susceptibility, then, one needs to increase the dopant con-
centration, increase the nonlinearity of the molecules and increase the local field factors.
Figure 1. shows the linear dependence of the third-order susceptibility on dopant con-
centration. Below, we describe methods of molecular engineering to increase the dopant’s
third-order susceptibility and the use of quantum dots to increase the local fields.

3.1 Molecular Susceptibility

We use a two-level model to describe molecular properties that lead to a large third-order
susceptibility. It must be pointed out, however, that a missing state analysis of several
organic molecules shows that many states contribute to the third-order susceptibility. (5]
Furthermore, molecular orbital calculations show that for certain materials such as oc-
tatetraene, at least three levels are needed to accurately determine the third-order suscep-
tibility.[6][7) In the two-level model, the molecule is assumed to only have one dominant
excited state. While it is not clear whether or not it is possible to have purely two-level
systems, we show how a system that is nearly two-level was identified and measured to
have a large third-order susceptibility.

Far off resonance, the two-level model for the molecular third-order susceptibility is of

the form:
v o gy (wd — (Ap)?), ™

where pg; is the transition moment between the ground state and the dominant excited
state, and where Ay is the dipole moment difference Ap = py; — jigo between the excited
state and the ground state. To maximize the third-order susceptibility, then, we must
maximize each factor in Equation (7). The first factor is the square of the transition
moment and is maximum for large transition moments. Because the second factor is the
difference between the square of the transition moment and the square of the dipole moment
difference, it is maximum when the dipole moment difference vanishes, Au = 0. This
condition holds for centrosymmetric molecules.

The maximum susceptibility in the two-level mode!, then, is attained in highly colored
(large por) centrosymmetric (Au = 0 ) molecules. Perturbation calculations that take into
account the interdependence of the transition moments and dipole moments confirm that
the centrosymmetric limit is indeed maximum in the two-leve! system.[8] One class of such
materials are the squaryliuin dyes.[9] Using quadratic electrooptic modulation (QUADEQ),
we have measured a series of molecules that include some highly polar molecules that are
used for x® applications and the squarylium dye 1SQ. The centrosymmetric squarylium
dye is seen to have one of the largest QUADEO third-order susceptibilities.[4]



Figure 2. shows the molecwlar structures of the molecules while Table 1 summarizes the
measured third.order susceptibilitios.

DNTA
:r?@}}@»,

O (O

wewe -/ TN
. wage ~ <Q\N'N O (\{' HOHC > O “\@C’m .
ne' - _ . ~ o]

n

HOH,CH,C

HOHC m@) "\ @ o,

Figure 2. Molecular structures of third-order dye molecules.
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t The refractive index. a, was purposely overesimated owing to resonance
tnhancement, yielding vaives ‘as upper limits of <yy.> and x®.  Also, ‘the
orientational effects have not been taken into account so the Jressed molecular third-
order  suscepobility could be sysemadcally high by about 30% for the
noncentrosymmetric molecules.
Table 1. Suwmary of third-ceder susceptibility measurements of v of a series of dye

moleciles.[4]

3.2 Enhanced Local Fields

The local field at a molecule can be enhanced by doping the polymer with small metal
spheres in the vicirity of the dye molecules. These spheres enhance the local fields by



causing the applied field lines to bend in and concentrate at their surface. The electric field
inside a dielectric sphere, f,,, is related to the applied field, #,,.4 4, throngh the diclectric
constant of the sphere, ¢

) 3 I"‘"I’l"l' d

DR A (8)

«+2

Near the plasima resonance of the metal, where ¢ = =2, the field in the sphere is strongly
enhanced. [10]

As discussed in the previous section, the dressed third -order susceptibilily is proportional
to the fourth power of the electric lield and enhancements as lafge as 108 ave possible.[10]
To test these enhancement factors, we doped PMMA with small silver particles of 150an
diameter to concentrations of 0.045% by weight. Without local field enhancements, the
third-order susceplibilitics are expected to be below the detection limits of our quadratic
clectro-optic experiiments.

I the experimental configuration, a Mach-Zehnder inteferometer is used Lo measure
the change of relvactive index with applied electrie feld. The measured third-order sus
ceptibility of oursample at A = 633nm is yhe = 28(£0.5) x 10 Hesu, an enhancement.
of tive orders of magnitude over what, is expected for silver without-an enhanced Jocal
field. I is interesting to note that because the pump ficld in the QUADEQ mecasurement. is
quasi-static, none of the pump ficld penctrates further into the sphere than the metal’s skin
depth, thus yielding mostly a surface nonhinear-optical response. While this sasceptibility
is siall compared with that of molecule-doped polymers, large enhancements in a molecu-
lar dopant’s third-order susceptibility may be achieved by cither coating the surface of the
metal spheres with the dyes or by depositing the dyes within the metal sphere boundary.

4 Nonlinear-Optical Polymer Fibers

In the previons section, methods for improving material noulinearity are disenssed. Here,
we concentrate on the geometry of bulk structures that effectively use the nonlinearity of
the materials. Optical fibers are convenient for confining light to small arcas over long
distances.  This makes them ideal for nomlincar-optical device applications.  Au added
benefit of fibers is that the optical losses tend tobe smaller than that of the bulk miaterial.
The polymer fibers are drawn from a larger pre fmm Laving the siwme relative dimensions
as the final fiber as is discussed below.

The preform consists of the polymer poly(methyl methacrylate) (PMMA) in a rod form
with a dye-doped core and neat. PMMA cladding so that, alter being drawn down to a thin
fiber, light can be confined within the core and guided along the fiber axis. ‘Fo support
lightguiding within the core of the liber, the index of vefraction of the core must be slightly
higher than that of the cladding. The relative index difference, A, 35 defined by,

(9)

where ng and ny are the index of refraction for the core and cladding, respectively.

The value of A for the plastic liber we designed lies in the range of 0.35% - 0.4% to excile
a single-mode for a core diameter ol approximately 10pn. The core index is raised relative
to the cladding by doping it with a nonlincar squarylium dye imparting a large nonlinear
effect-on the guided mode. Typical doping levels of the squaryliin dye were under 1%
by weight, The coreto-clad ratio of the plastic preform is about 1 to 5 and the desired
fiber cote diameter can be optained by controlling the total liber diameter. A single-mode
fiber core diameler, d for a givenn wavelength | A, can be determined {rom the normalized



frequency, V, that is defined by,

IANV/2 .
- o

To restrict® guiding to only the lowest mode (HE};) of the core, the V-value must be
restricted to V < 2.4, For XA = 1.55um and A = 0.4%, the required core diameter for single
inode guiding is about 8um. Note that the index of refraction of PMMA is approximately
1.48.

4.1 Polymer Fiber Drawing

FFigure 3 shows a schematic of the polymer fiber drawing system, whose arrangement is
similar to silica fiber drawing systems except for the Jower furnace temperatures and shortér
fiber drawing distances. For our polymer fiber apparatus, an electiic heater furnace i$ used
to heat the polymers up to 300°C. Most polynier preform materials are softened within
this temperature range. The heater has a gaussian-like temperature profile along its axis.
Preform diameters typically range from 4mm to 10inm with lengths of about 200mm.

Figure 3.

The PMMA preform rod is fed through the electric heater that is set to a temperature
between 100 — 150°C which is just above the polymer’s glass transition temperature of
T, = 100°C." The doped rod is peripherally heated and the viscosity of PMMA varies
along the preform axis in accordance with the temperature profile of the heater. When
the preform rod is stretched with pulling tension, the extensional deformation yields the
“neck-down” region in the heater as shown in Figure 3. The shape of the neck-down
depends on the draw parameters such as the heater temperature, T, preform diameter,



D,, fiber diameter, D, feed speed, V;, and fiber draw speed, V3. The final fiber diameter
is determined by the mass conservation relation of fiber draw, given by,

Vi D? = V, D2 (11)

From the above equation, the fiber diameter, D, can be determined with any set of draw
parameters,

4.2 " Fiber Loss

There are several loss mechanisms in polymer fibers. They can be divided into two broad
categories: scattering and absorption losses. Scattering losses arise from structures within
the guiding region that are comparable to the wavelength of the propagating light, and,
in the polymer fiber can be attributed to polymer inhomogeneity, dopant aggregation,
scratches and other imperfections, and impurities. Absorption of light by stretch modes of
the polymer chains, electronic excitation of dopants, and electronic excitations of impurities
lead to absorption loss. The scattering losses can usually be minimized through material
processing, while the material-intrinsic absorption losses are reduced by designing new
materials with lower levels of absorption at wavelengths of interest.

In our ISQ/PMMA fibers, the total loss was measured at A = 1.3pm to be about
20dB/m. This loss is comparable to that of neat PMMA as measure by Kaino and
coworkers.[11] The presence of the nonlinear dopants seems to have little effect on the
loss. Because deuterated PMMA has been shown to have lower loss,[12] it is possible that
further reductions in loss can also be achieved in our ISQ/PMMA fibers.

5  Discussion

It is interesting to compare the figure of merit of our doped polymer fibers with glass
nonlinear-optical fibers. Because of the low loss of silica glasses, these materials have the
best figures of merit despite their low nonlinearities. Table 2 summarizes the figures of merit
of two glasses and the ISQ/PMMA fiber. While the figures of merit are comparable, it must
be noted that the lower nonlinearities of the glass fibers require much longer interaction
lengths to affect a n-phase shift than for the polymer fiber.

Material | Apm) | a(@B/m) | na(m?/ W) | mafe(10-Pm3/W - dB)
ISQ/PMMA 1.3 20 3.82x 10718 0.2
Lead Glass* 1.06 2.0 2.2 x 107® 0.1
Silica® 0.51 0.0! 2.7 x 107 2.7
*R. H. Stolen and C. Lin, Phys. Rev. A 17, 1448 (1978). .

+Newhouse et. al., Opt. Lett. 15, 1185 (1990).

With present molecular dopant improvement efforts, it is reasonable to expect new
molecules with susceptibilities that are two to four times larger than that of 1SQ. Con-
sidering that solubilities can be .increased from 1% to 5%, the bulk susceptibility can be
increased by a factor of twenty. By deuterating the polymer, losses can be reduced by a
factor of ten. With these two improvements, a 1 Watt beam of light in an 8um diameter 0.3
meter fiber can induce a 7 phase change with a total loss of 0.6dB. This compares favorably
with the silica fiber, which would require almost one kilometer of interaction length with
a total loss of 9dB. Even without using enhanced local fields, these improvements result
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in at least a two-order of magnitude improvement over today’s materials, making doped
polymers attractive for third-order fiber-based devices.

6 Conclusion

Doped polymers, owing to their low loss and high nonlinearity, now have a reasonable figure
of merit for all-optical device applications. With their processing flexibility, polymers can
be made into long nonlinear-optical fibers with low loss and large intensity dependent phase
shifts. New Polymer host materials and dopant dye molecules will no doubt lead to excit-
ing improvements in the material’s characteristics. With minimal material improvements,
doped polymers will be useful for all-optical device applications.

Bibliography

see for exaniple “New Materials for Nonlinear Optics,” - American Chemical Society, ACS
Symposium Series, vol xxx, S.R. Marder, J.E. Sohn, and G.D. Stucky, eds., ACS Washing-
ton, D.C., 1990/1991.

“Nonlinear Optical Effects in Organic Polymers,” NATO ASI Series, Series E: Applied
Sciences - vol 162, J. Messier, F. Kajzar, P. Prasad, and D. Ulrich, eds., Kluwer Academic
Publishers, Dordrecht, 1989.

M. G. Kuzyk and . W. Dirk, Appl. Phys. Lett 54, 1623 (1989).

M. G. Kuzyk, C. W. Dirk, and J. E. Sohn, J. Opt. Soc. Am. B 5, 842 (1990).

. W. Dirk and M. G. Kuzyk, Phys Rev A 39, 1219 (1989). .

J. R. Heflin, K. Y. Wong, 0. Zawani-Khamiri, and A. ¥, Garito, Phys. Rev. B 38, 1573
(1988).

7. G: Soos and 5. Ramasesha, J. Chem. Phys. 90, 1067 (1989

M. G. Kuzyk and C. W. Dirk, Phys. Rev. A 41,.5098 (1990).

. W. Dirk and M. Gi. Kuzyk, Chem. of Materials 2, 5 (1990).

10] F. Hache, D. Ricard, and C. Flytzanis, J. Opt. Soc. Am. B. 3, 1647 (1986).
1] T. Kaino, Japanese J. of Appl. Phys. 24, 1661 (1985).
. 12] T. Kaino, K. Jinguji, and S. Nara, Appl. Phys. Lett. 42, 567 (1983).



NONLINEAR OPTICAL PROPERTIES OF PBT IN NEMATIC SOLUTIONS

HEDI MATTOUSSI, PHILIP G. KAATZ, GARY D. PATTERSON, GUY C. BERRY

Carnegie Mellon University, Departmeni of Chemistry, 4400 Fifth Avenue,
Pittsburgh, PA 15213 .

ABSTRACT

.

Third-order nonlinear optical properties of lyotropic liquid crystal
poly(1,4-phenylene-2,6-benzobisthiazole), PBT, solutions are studied by third
harmonic generation measurements. Besides the enhancement observed for this
coefficient ' with respect to the pure PBT, coupling is observed between the
mean filed nematic director n and the incident fundamental polarization E,.
Different geometries, with respect to the relative orientation of By and m,
provided different tarmonic Maker Fringe Palierns. These data are compared
using refractive index measurements, independenily achieved on these
materials, and necessary for Maker Fringe analysis.

INTRODUCTION.

Nonlinear optical (NLO) properties of organic and polymeric materials, are
the subject of intense interest [1-3]. On one hand, a wide variety of highly
conjugated macromolecules have been . synthesized. Their advantageous
mechanical propertibs, and their processibility make them promising candidates
for NLO purposes [1<3]. Many previous studies on polymeric systems showed
that high values for the third order suspeptibility can be reached; eg, x(’)_ =
10~* (e.s.u.) has been measured for polydiacetylene [2]. These materiale also
have fast response Lime. Thin polymeric films with good optical quality and
controllable chain orientation have been made, using casting from solutions
and siretching procedures {4). On the other hand, liquid crystals (in general)
have also received active interest for their NLO potentials. The order showed
by such media adds another advantage: nonzero second order susceptibility
coefficients are possible in some cases. Polymer liquid crystials have both
properties: polymer and orientational order. Consequently, their NLO
properiien are of great interest.

Poly(1,4-phenylene-2,6-benzobiathiazole), PBT, is a conjugated chain. Its
NLO properties in the solid state (thin films) have been studied [3]. This
compound forms a liquid crystal medium when dissolved in suitable solvents
and at appropriante concentirations {5,6,8]. Third-order nonlinear susceptibility
measurementis on PBT in nemaiic and  isotropic solutions using a third harmonic
generation (THG) technique are presented. A brief deacription of the
experimental apparatus, the method of analysis, and the material we used, as
well as the sample preparation is followed by the results and their discussion.

EXPERIMENTAL SECTION.
1. Third Harmonic Generation Apparatus.

The third harmoric genération (THG) apparatus used is8 shown
schematically in Pig. 1. A Raman Cell filled with methane gas provides a
radiation at A = 1542 nm (Stokes component) when pumped with an intense
beam at A = 1064 nm. The pumping signal is provided by a pulsed N4 YAG
laser. Using a fundamental intensity (L,) at wavelength X = 1542 nm allows
generating a third harmonic signal (I,,) at X = 514 nm. This does not lie on
an absorption band of PBT and is, therefore, easily detected [5,6].
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