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1.
Introduction
Efficient coupling to polymer waveguides is important to properly test the optical
systems and subsystems for integrity and electrooptic effects. Toward this end, high
coupling techniques have been developed by incorporating single-mode optical fibers and
single-mode acrylic waveguides. This technique will be reviewed briefly. Using an
optical set-up to measure the optical intensity that exits polymer waveguides, ry
electrooptic coefficients can be calculated. The calculations necessary are described in
detail. For modulation, it is necessary to apply the correct bias voltage to the Nonlinear
Organic (NLO) materials. Vn is measured so that a system can be designed and tested.
Also, uncertainties in. the r33 calculation are reviewed in order to note the effects that, may
degrade or improve the electrooptic effect of the NLO material. The final section
presents the experimental work carried out to.study the nonlinear optical polymers
including valuable insights to processing and handling of these materials.
2.
Coupling Single-Mode Optical Subsystems Efficiently
Optical sub-systems incorporating single-mode optical waveguides have several valuable
features. Connections from single-mode fibers to single-mode waveguides can be made
efficiently because of the NA matching. Some optical components require single-mode
operation.
Examples include electrooptic modulators and wavelength division
demultiplexers. Because such components are expected to play a vital role in future
electronic systems, high efficiency coupling is essential.
When launching light into a single-mode waveguide, care must be taken to match the NA
of the source with that of the waveguide and to match the physical geometries. With a
larger mismatch in NA between optical components, the coupling efficiency decreases.
An approximate efficiency of coupling optical energy between two confined beams can
be determined by knowing the mode field diameter. As the NA of the source and the NA
of the waveguide are matched and the physical apertures are matched, optical power will
be transferred to the optical waveguide with high efficiency.
Single-mode optical fiber is used to launch and receive optical power from single-mode
optical waveguides. The fiber has an 8 jura core with a 125 /mi outer diameter. The
coupling technique relies on the combination of three factors: a modified single-mode
fiber that is lapped to the core; photodefmed alignment ways to guide the modified fiber;
and a transcision at the waveguide face to expose the waveguide to the modified fiber.
Refer to Fig. 1 for a schematic representation of the coupling technique noting the three
related factors. As noted in Fig. 1, the buried acrylic waveguide does not extend to the
substrate edge as it would in a typical butt-coupling scheme. Instead, the lower cladding
extends beyond the input of the buried acrylic waveguide. If the fiber is lapped to the
core from one direction and then cleaved and polished, the lapped region can be laid on
the lower cladding layer between the alignment ways so the core of the fiber will be at the
same height as the waveguide. After cleaving the lapped single-mode fiber and polishing
the end face, the cross section resembles a "D" in shape.

upper-cladding
buried
acrylic
waveguide

lower-cladding

alignment ways
singlemode
D-fiber
transcision
shelf
silicon
substrate
Fig. 1. Schematic of D-fiber, transcision, and alignment ways used for coupling singlemode optical fiber to polymer waveguides.

The combination of a precisely lapped D-fiber and a lower cladding layer results in
controlling the y-variable in the coupling scheme. The x-variable is controlled by the
precise positioning of the alignment ways which are photo-processed with the same mask
used to photo-process the optical waveguides. By carefully placing a transcision between
the alignment ways and the buried acrylic waveguides perpendicular to the optical axis,
the D-fiber can be slid on the lower cladding between the alignment ways directly to the
near vertical (-0.75° tilt) end face of the acrylic waveguide. All these positioncontrolling features help to place the single-mode D-fiber in the appropriate location for
optimal coupling. Using the cut-back technique, an average excess coupling loss of 0.25
dB between single-mode D-fiber and single-mode acrylic waveguide was measured.1
Next, we consider the electrooptic qualities of the single-mode acrylic waveguides.
3.
Calculating r\2, rj3 and r^3 from Intensity vs. Voltage Curves
Previously we presented2 data for the intensity of light transmitted through the transverse
modulator versus applied modulation voltage. This section shows how to convert these
voltage curves into measurements of the material r13, TV, and r33 values. The
measurements were made using the following optical set-up as shown in Fig. 2. The
transverse modulator measures the phase shifts of the vertically polarized light (E-vector
perpendicular to slab waveguide) relative to the horizontally polarized light (is-vector
parallel to the slab).

Vidicon

Waveguide

^^m
Laser Diode

Polaroid/lens

Polaroid/lens

Fig. 2. Set-up to measure transmission of optical power as a function of
modulation voltage.

The coordinate axes used in this derivation are shown in Fig. 3.
z, direction of applied electric field
Cladding Layers

-«Core Layer -^Z^^^

"

x

- direction of propagation

„Bottom electrode
Fig. 3. Modulator sample and coordinate axes.

The resulting intensity observed beyond the second polarizer is:

/ = _ffl&(i + cos(^-tz))
(1)
where <j>7 and <j)r are the phase shifts of the horizontal and vertically polarized light
respectively, and Imax is the maximum intensity. The problem is to relate §y and <))z to the
material properties r13, r^, r33 and the applied electric field Ez.
The index of refraction ellipsoid can be described for the completely general case as:3
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The indices of refraction for light polarized along their respective axis with no external
electric field applied are nxo, nyo and nz0. The modulating electric fields are Ex, Ey, and
Ez, and the rxj elements of matrix are the electrooptic coefficients (this formulation
assumes that the x, y and z axes have been aligned with the principal axes).
These expressions are general, but for our measurement situation and material, they can
be simplified. First, as the material will be poled with an electric field applied through
the sample (in the z-direction), and the material is isotropic except for this poling, the
principle z-axis will be perpendicular to the slab, and the x- and j>-axes will be equivalent.
Therefore rlx and r^ coefficients will be equal to each other. Also, Ex and Ey are zero,
because we do not apply any electric field in the plane of the modulator. Finally, because
the two polarizations of light of interest are perpendicular and parallel to the slab, and as
these are each principal axes of the material, we do not need to worry about the cross
terms (a^, au, a,2).
The general equations then reduce to:
«22 nl

=

1

for horizontal polarization

«33".-

=

1

for vertical polarization

(4)

and

_o

1

«22
-a33.

1

«Jo
1
."*>.

V
+

'23

E.

/33_

(5)

Solving these equations for ny and nz gives:
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The phase shift for each polarization is then
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where / is the length of the transverse modulator and X is the wavelength of light in the
material. The difference in phase shift between the two polarizations is therefore
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When there is no applied modulation voltage {Ez is zero) the initial phase difference is
A<t>o =2it-(«,o-«-o)

(9)
When a voltage is applied that causes a phase shift of TC radians from this value, the phase
difference is
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where /z is the thickness of the structure between the electrodes. Note that we assume the
core and cladding layers have infinite resistance and the electric field is Vn /h. It is now
advantageous to make the approximation that r^ and r33 are typically very small
compared to nyo and nzo-2'5 The square root can therefore be approximated by the first
two terms of a Taylor series. The result is
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We now have four unknowns, the ry coefficients and the indices of refraction along the
two axes. We have not measured nyo or nzo for these materials after poling. However,
we can make reasonable estimates based on previous measurements and published
information. Pagp.! presents data showing that 5 to 10% of Disperse Red #1 (DR1) in
Poly-Methyl MethAcrylate (PMMA) increases the index of refraction of the resin by
+0.0218 before poling. What we require, however, is the indices after poling. We expect
nzo to increase and nyo to decrease from the initial unpoled index. The magnitude of the
change will depend on how efficiently the sample is poled. In the best case, where all the
dye molecules are perfectly aligned along the z-axis, we would expect nz to increase by
three times the change caused by the unpoled dye. If nzi is the index of the resin itself
(without dye) and nZ2 is the index of the unpoled resin with dye, then nzs is the perfectly
poled z-axis refractive index.
".-3 =".-i+3(".-2 -".-.)
"y3 = »,l =

n
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However, published results suggest that at best only a small fraction of the molecules are
reoriented during poling.5 Several reports6-7 have derived a three to one ratio for r^/r^,
based on the physics of the poling process. What is seldom mentioned when referring to
this 3:1 ratio is that it only holds for weak poling. Measured data in the literature shows
ratios from 2:1 to 4:1.8 We can reasonably assume about a 3:1 ratio for our experiment,
and for the relative changes in nz and ny during poling.

Teng5 did an experiment with P2ANS attached to MMA in which they measured ny and
n:asa function of applied field during poling. Although this is not the same system as
ours, their results suggest that the refractive index changes during poling are small
compared to the change in index due to the dye being added to the resin. Comparing their
results to ours, we can estimate how much ny and nz will change after poling. Based on
these arguments, our best estimate of nyo and YIZQ are shown in Table 1.
Index
ny0

nz0
Table 1.

Resin
= 1.494 +
= 1.494 +

Dye
0.0218
0.0218

+

Poling
0.0058
0.0131

=
=

Total
1.51
1.5289

Refractive index of poled DR1 in PMMA

Likewise, we assume the usual 3:1 ratio of r3 3/r23, that is,

r23 =Si
3

(14)

Plugging these into equation (12) gives,
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This is the equation used to calculate the r33 results presented below.
4.
Measurement of r*&
From the formula for intensity versus phase shifts shown in (1) and the relationship
between the phase shift for polarization and electric field as derived in (7), we expect the
intensity to vary sinusoidally with modulation voltage:
/s!_^L(l +
2

cos(2ic^- + *0))
V
«

(16)

The data we obtained represented a portion of this curve. To calculate r33 we need a
measure of optical power, applied voltage and polarization angle. Using this data, a least
squares fit with the parameters Imax, Vu and §a can be made. The resulting Vn can then
be inserted into (15) to give |r„|. Combining the measurements made on samples as
reported previously9 and the preceding equations, we can calculate the electrooptic
coefficient |r33| when using the following chromophores in the guest-host system.
DR1: |r33|= 0.445 *10"12m/V
DR13: |r33| = 0.561 *10"12m/V

5.
Uncertainties in rM Measurements
There are six values that go into this r33 calculation: the sample thickness h, the
wavelength X, interaction length /, Vn and the indices of refraction nyQ and YIZQ. We can
analyze for the effect of each of these separately and then RSS (Root Sum of the Squares)
these effects together to give a maximum uncertainty.
As an example of this analysis for the uncertainty in thickness,
r
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-8Ä

skj = dt r33 |8A

'yO

",o-

/K.
(18)

For these samples, we estimate the uncertainty in our thickness measurement as being
about 0.5 /mi for the DR1 sample. Therefore the uncertainty in r33 due to uncertainty in
our thickness measurement is 8.89 *10"'5 for the DR1 sample. Using a similar analysis
for the other variables results in the values shown in Table 2.

DR1
Variable
h
X
I

v,
n-.o
Table 2.

Uncertainty
± 0.5 fim
± 0.001 /mi
±0.5 mm
±34V
±0.013
±0.013

5|r33|
8.89 *10"15
3.37 *10"16
5.29 *10"'5
2.07 *10"14
5.44*10"IS
1.67 *10"14

DR13
Uncertainty
±1.0//m
± 0.001 lira
±0.5 mm
±25V
±0.013
±0.013

Uncertainties in device paramters and effect on r

5|r33|
2.34
4.27
1.04
1.62
6.87
2.11

*10"14
*10"16
*10"14
*10"14
*10"15
*10"14

33

The value for r33 with the calculated uncertainty (RSS of the uncertainties) for each
chromophore is then:
12

|r33 (DR1)| = (0.445 ± 0.029) *10"" m/V
12

|r33 (DR13)| = (0.561 ± 0.038) *10"" m/V

6.
Discussion
Through July, our experimental work was concentrated on improving the r33 results with
DR1 and DR13. Unfortunately the above results are the best we could get. There are
several possible explanations:
•
•
•
•
•
•

Low dye concentration
Poor poling efficiency
Conductivity differences between the core and cladding layers
Fast relaxation of the order induced during poling10
UV degradation
Dye resin interaction (including dye-photo initiator interaction)

Attempts to increase the concentration of DR13 in the acrylic resulted in films that did
not transmit light. Viewing the samples by eye, the higher concentration films looked
dull indicating a rough surface. It appears that with a concentration above 5%, the DR13
and acrylic phase segregate producing higher scattering and loss.
We made several attempts to improve the poling process. We tried poling for a longer
time with a slower temperature ramp and at a higher temperatures. These produced no
significant improvement.
In one significant experiment we applied heat and electric field to the sample as we
passed light through it. At 125CC and 300 volts (about 10 volts///m field strength) we
observed significant absorption of the vertically polarized light, but not the horizontal.
When allowed to cool, the vertical transmission returned. This result suggests that
whatever poling action was taking place in the sample when hot was not stable at room
temperature.
Another interesting result on this sample was the time behavior of the transmission. If
the sample is at room temperature with no voltage, a baseline transmission of light was
observed. When a voltage was applied, the transmission quickly increased and then
faded away again with about a one minute time constant.
This result suggested to us that a difference in conductivity between the core and cladding
could be causing the ineffective poling. The problem is illustrated in Fig. 4.
The conductivity of the core and cladding will tend to discharge the effective capacitance
of each layer. If all the resistances are proportional to the thickness of the layer, the
voltages will still be divided as we expect. If the core has a higher conductivity than the
cladding, it will discharge, leaving most of the voltage across the cladding. The result is
that the core has less electric field than expected which results in a significantly reduced
electrooptic effect for the applied voltage.
To directly test the conductivity theory, we made a new sample with just the core material
on un-oxidized silicon. After sputtering a gold electrode onto the top surface, the
10

v+
Cladding Resistance

Upper Ciading

Core Resistance

Core

\Lower Clading

Cladding Resistance

V-

V-

Fig. 4. Picture on left shows physical model of sample, schematic on right
shows equivalent circuit model.
resistance of the film was measured at 100 volts. The result was a current of 0.5 ft A for a
film area of 1.96 * 10"3 m2 and thickness 10 /mi. If the cured resin has a dielectric constant
of 2.5, the RC time constant for the core film would be about 1 second. Given that
conductivity of these films may be highly process dependent, this agrees with the
observed one minute time constant. As all previous measurements were made essentially
DC, this conductivity could well be an explanation for some of our r33 discrepancy.
Core conductivity will have an adverse effect during poling also. Poling is inherently a
DC field process. If the core conducts and the cladding does not, than the core will not
see a large poling field and little reorientation will take place. We know from experience
that the undoped cladding layers we have used so far have high resistance. The samples
remain charged for several minutes after removing them from the corona poling field. If
the core is conducting, than there is little doubt that most of this field is across the
cladding layers instead of the core.
These results all suggest that this particular guest-host system is too unstable to be used
in real devices. For a practical device we need a material that is stable at room
temperature and at the moderately high temperatures common inside electronic units.
Many results have suggested that covalently bound chromophore-resin systems show
much better stability at room temperature than guest-host systems. At elevated
temperatures the important parameter is the glass transition temperature, Tg. Therefore,
we resumed a study started earlier in the year to find the most promising covalently
bound chromophore-resin systems reported. Some of the most promising systems are
shown in Table 3.
None of these materials are photodefmable. There is growing opinion that effective NLO
chromophores will all be too sensitive for photo-definition with Ultra-Violet (UV) light.
For HCC-1232, no devices are reported to have been made, only a thin film

11

Material

It

Reported r33

Measurement

Reference

HCC-1232

1.63 @ 1.34 faa

38pm/V@ 1.34 ßm

thin-film

Haas"

ellipsometry

Ta = 135°C
PUR-DR19

1.753 @ 633 nm

polyurethane

1.692 @ 800 nm

1500-46

1.745 @ 589 nm

Ta = 203°C

1.61 @ 1.3 ^m

Table 3.

12pm/V@ 1.06 nm.

Mach-Zehnder

Wang12

modulator
8.5pm/V@ 1.3 pcta.

Mach-Zehnder

Stenger-Smith13

modulator

NLO chromophores

measurement. One has to wonder whether this material has a low enough loss to make a
practical device. The DR19-PolyURethane material, on the other hand, has been made
into a device. Furthermore, the synthesis steps for this material have been published,14
allowing us to make it ourselves if needed. The 1500-46 material has a high Tg as
compared to our acrylics (which start to decompose at 185°C), however, sub-Tg poling
has been demonstrated. Another plus for this material is that it has been made into a
modulator at 633 nm.15
Our main conclusion from this study is that the ideal NLO material has not been
published yet. The key problem in this field is to discover an NLO material that has high
r33, moderate Tg, good stability below Tg, and low optical absorption.
7.
Back Projection Technique
Based on the results presented above, we decided to develop a process for conveniently
using a nonphotodefinable material in a practical device. The China Lake and USC
groups that made modulators with their materials used a reactive ion etch process. They
formed the base cladding layer and then a continuous core layer. Then, they etched away
the unwanted core and surrounded it with upper- and side-cladding. The addition of a
photodefinable procedure would increase flexibility in device fabrication.
We wanted to try a photodefinable process to form a trench that could be flooded with the
core material. By appropriately controlling viscosity and the method of application, it
should be possible to substantially fill the trench without getting too thick of a layer
above the trench. The processing can be divided into two steps: trench formation and
trench filling. We began with trench formation.
Because our acrylic resins are sticky until cured, we could not use contact printing. We
have used proximity printing in the past with mixed results. It is a difficult process due to
the requirement to get the mask very close to the resin surface, and due to variations in
the thickness of the resin film, particularly the edge bead.
We chose to try a back projection technique instead. This technique uses a substrate
transparent to UV light. Aluminum is deposited on one side and then etched into the
12

desired pattern of waveguides using standard photolithographic processes. Then a lower
cladding layer is spun on and cured with a UV lamp from above the surface. This cures a
full area layer 1 to 10 jura, thick. Next, the middle cladding layer is spun on. This time it
is cured from below by passing the light through the aluminum layer, which acts as a
mask one film thickness from the resin layer. After the device is formed, the aluminum
traces can be used as electrodes for any active devices. This technique has the advantage
of being a self-aligning process since the electrodes provide a mask to form the
waveguides according to their design as shown in Fig. 5.
UV Light

ill
1. Copy Mask to Glass Slide

2. Spin Coat and Cure Cladding

ftt

UV Light
3. Spin Coat and Cure Core

4. Rinse off uncured core resin

Fig. 5. Back projection process diagram.
Our first attempts with a Xenon arc lamp were unsatisfactory. We could not get the walls
of the trenches to cure without the bottom of the trench partially curing also. The result
was what looked like stringers or ribs across the trench which can be seen in Fig. 6. This
problem was much worse for the narrow trenches than for the larger structures.

13

Fig. 6. Acrylic core layer of "Y"-branch showing definition of side-walls when
layer has been exposed in N2 ambient by Oriel UV lamp. Back
projection technique is used for this sample.
We next tried an Argon-ion laser (X=350 nm). This showed the same problem, but not as
severe, until we tried a diffuser or mode-scrambler in the beam. A piece of adhesive tape
was placed in the beam about 1 cm from the sample being exposed. A sample made this
way is shown in Fig. 7. Note the smooth walls and excellent definition.

I n 1
rtl-P

1.0

kV

xl.00K

30.0pm

(a)
Fig. 7. SEM of the "Y" branch of the trench for an optical waveguide, (a)
Improved quality of processing resolution due to Argon-ion exposure in
air. (b) The enlargement of the central area of the branch in (a) showing
the smooth side walls.

14

While perfecting this process, we also did many experiments with different development
techniques. We tried room temperature acetone with ultrasonic agitation, warm (35°C)
acetone with and without ultrasonic agitation, and spraying the acetone onto the sample
with a squeeze bottle in the direction of the wave guides. The last technique ended up
working adequately once the diffuser and proper exposure were discovered. The final
back projection process is described in Table 4.
® Clean glass substrate
® Sputter Aluminum, about 0.1 /im thickness
® Define waveguides in Aluminum with standard, positive photo-resist processing
@ Etch Aluminum
© Spin on lower-cladding, 4500 RPM, 90 seconds
Cure lower-cladding from above, 4 minutes of UV light at 45 mW/cm2 in a N, ambient
© Spin on middle-cladding, 3500 RPM, 90 seconds
® Place sample on x-y stage, resin side down. Expose with Argon-ion laser, P=40m W,
7mm/sec scan speed, 400 //m pitch, tape diffuser 1 cm from sample
® Develop sample under an acetone stream
Table 4.

Back projection process steps

While this process was being developed, we acquired16 500 mg of 1500-46 NLO polymer.
This material has a molecular weight of 15 Kg/mole and a glass transition temperature of
203°C. Although the r33 of this material is not as high as some others reported, the high
Tg, good r33 and the fact that it has been made into a modulator at 633 nm make this one
of the leading materials presently available to us. It also is representative of the materials
being investigated for NLO resins, and the handling and processing problems that will
need to be solved.
To develop the process without spending all the NLO material, we started with 15,000
molecular weight PMMA dissolved in the solvents recommended by the manufacturing
group (5% chlorobenzene in pyridine) for testing purposes. This proved difficult because
of the low viscosity of the NLO material in the solvent system. At a spin speed high
enough to get acceptable spreading, the film thickness was only a few microns thick.
Even when mixed with less solvent, to produce a more viscous fluid, the films were very
thin, with essentially the same thickness at the bottom of the trenches as on the surface.
Even worse, the PMMA cracked during drying.
We next tried a blade technique. Instead of spinning the film to the required thickness,
we used a glass slide to spread the fluid out and fill the trenches. The slide was then
tilted on edge and lightly scraped across the substrate. The result was substantially more
resin in the trenches which is shown in Fig. 8.
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Fig. 8. SEM of PMMA waveguide cross-section using blade technique to fill the trench
with the core NLO material (1500-46).
In discussions with the providers of the NLO material, they suggested that we would not
have problems with cracking. The problems they had were in achieving a good film
thickness and filling the trenches. Their modulator had waveguides with a cross section
of about 2 jum square; ours are 10 jum square. The blade technique is giving us good
results in this area.
8.
Summary
We have demonstrated modulation using the DR.-13 dye as a guest in our tri/di aery late
host. The result was somewhat disappointing in that the measured m values were lower
than hoped for, and they faded within weeks at room temperature. Recent published
results tend to confirm this for other guest-host systems as well; they have poor stability
at room temperature.
Anticipating that the ideal NLO core material may not be photo-definable (because UV
will damage the molecule), we developed a process for making and filling waveguide
trenches with a nonphotodefinable resin. This new process has the advantages of being
fast, giving good side wall smoothness, and automatic alignment of electrodes with the
waveguides. This new process could have wide applicability to any NLO resin that can
be put in solution. It also uses processes that are already widely used in the thick-film
electronics industry.
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