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The basic theoretical concepts on which the electro-optic linear effect are based and the
optic modulation are briefly described in this work. A novel method for obtaining a
doped bulk polymer with electro-optic properties by means of the incorporation of an
organic pigment called 2-Methyl-4-Nitroaniline (MNA) in epoxy resin followed by a
poling technique of the MNA molecules by means of the application of a strong electric
field is proposed. Also, the construction of an optic modulator cell is described showing
the experimental arrangement and the results obtained, with the corresponding calcula-
tion of their main parameters. A simplified mathematical model is also proposed.

Keywords: Electro-optics; linear effect; modulators; 2-methyl-4-nitroaniline

1. INTRODUCTION

The rapid growth of optical fiber communication systems has stimu-
lated the search for new materials for fast and efficient processing of

*Corresponding author. e-mail: meneses(@servidor.unam.mx.
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optical signals. Fiber optics voltage sensors or modulators based on
the electro-optic effect (Pockels effect) in electro-optic crystals are well
known from experimental high voltage techniques [1,2]. However,
devices based on electro-optical crystals may have difficulties finding
their way into the market for advanced future applications, where
relatively low cost devices are required [3,4]. The crystals with the
current technology are too costly to be used for this application. As a
potential alternative, a new class of optically nonlinear organic poly-
mers have been studied. The electro-optic effect is not restricted to
inorganic single crystals, but it is also found in certain organic
materials. This material has the ability to alter the propagation prop-
erties of light opening the possibility of manipulating optical signals.
Operations such as optical switching, amplitude optic modulators,
electric field sensors, etc., are important in the evolving field of optical
telecommunications and optical instrumentation [1].

In this work, the basic concepts and the actual development of a
polymeric bulk modulator made with an epoxy resin matrix doped
with organic optically noniinear materials are described.

2. ELECTRO-OPTIC EFFECT

The electro-optic effect is related to displacements of charged particles
as a function of the applied field. The centers of gravity of the positive
and negative charges will be displaced and this produces the so-called
induced electric polarization (Pi), which can be expressed as

P(i)=¢eo[fV"*E + yP*E* + y*E> + ... ] (1)
in which ¢, is the permittivity in a vacuum, ¥ represents the dielectric
susceptibilities and E the electric-field strength.

The linear dielectric susceptibility ¥V is connected to the dielectric
constant and the refractive index n by

=g —1=n*-1 (2)

The others terms in eqn. (1) are also related to the refractive index.
These field dependences are the basis of the observed nonlinear -optic
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effects. The term ¥ gives the nonlinear optical effect such as frequency
doubling, linear electro-optic effect or Pockels effect. The term ¥
produces the quadratic electro-optic effect (Kerr effect) and stimulated
Raman scattering. Only non-centrosymmetric materials show second
(in general odd terms) and nonlinear effects [1]. In other words, the
linear electro-optic effect manifests itself by a change in refractive
index only if non-centrosymmetric materials are subjected to an
electric field. Organic polymers offer the freedom to induce non-
centrosymmetry in macroscopic or bulk systems. In particular, orga-
nic molecules like 4-dimethylamino-4'-nitrostilbene (DANS) or
2-methyl-4-nitroaniline (MNA) exhibit a very large second order
nonlinear value and do not have centrosymmetry.

Polymers doped with non-centrosymmetric molecules (guest/host
system) with large molecular nonlinearities do not always yield non-
linear bulk materials. It is clear that the orientation of nonlinear
molecules in bulk samples is very important with respect to the mag-
nitude of the second-order nonlinear properties. However, inactive
polymeric systems can be converted into a second-order nonlinear
medium by electric field-induced poling process [6,5]. In non-crystal-
line materials, the anisotropy induced by an external electric field in
the polymers could remain as long as the electric field is present,
temporarily (relaxation time) after withdrawing the field or settle
down permanently. This behavior is related to the alignment of cer-
tain molecules characterized by their chemical rigidity and their struc-
ture which determines how long the induced anisotropy will remain.

Polymeric materials are intrinsically isotropic, but when they are
doped with polar molecules and subjected to intense electric fields
during the production process, they acquire anisotropy and electro-
optic effects. The stability of this depends on many factors but certain-
ly temperature is one of the main ones which also determines the
relaxation time.

3. OPTIC MODULATORS

Electro-optic modulators have as an operating principle, the change in
light propagation characteristics in a material, when an electric field is
applied. In other words, the applied electric field produces changes in
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the material’s refractive index (induced birefringence). This variation
produces changes in the light polarization state when the light goes
inside the material, and an array of polarizers is used. The electro-
optic material could be either a crystal or a polymeric material and
acts like a transducer, converting the electric signal changes and
modifying the light characteristics when passes through the material.
An ideal linear electro-optic modulator requires a material that, be-
sides having a defined optical axis (anisotropic), also has a high
electro-optic coefficient (relationship between the induced anisotropy
or induced delay in one of the components of the light and the electric
field applied), does not possess optical activity and has a high dielec-
tric rigidity.

The basic schematic diagram of an electro-optic traverse modulator,
and its components is shown in the Figure 1. Initially, the light goes
through a linear polarizer where it acquires a lineal polarization state
with an angle of 45° relative to the optical axis of the material. Then,
the light passes through a 1/4 4 retardation plate, where the polariz-
ation state changes to circular polarization. This allows a linear
operation point in the modulator to be obtained. Later on, the light
penetrates the material with electro-optic properties, where a phasé
delay of its components, generated by the applied electric field, takes
place. This delay is proportional to the electric field applied between
the electrodes, producing an elliptic polarization state. This modula-
tion of the polarization state becomes amplitude modulation when the

Modulated
light

Electrooptic
modulator

waveplate

Incident Pol;irizer
light

FIGURE 1 Schematic diagram of an electro-optic transverse modulator.
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light goes through a second lineal polarizer (analyzer) in the optical
modulator setup. In order to evaluate the modulated light characteris-
tics, the optical power that emerges from the modulator is detected by
an electronic circuit, which provides an electric signal proportional to
amplitude variations of the optical signal.

The transfer function of an electro-optic modulator with polarizers
perpendicular to each other is considered [2]: where P, is the input
optical power and I'(¢) is the delay between

rw_P,

P = PySin*—===2(1 — Cos I'(t) (3)

parallel and orthogonal to the optical axis components of the light in
the electro-optic modulator. When a 1/4 4 retardation plate is added,
then I'(f) =T'(¢) + /2 and

P= %(1 + Sin T'(¢)) @)

The previous equation is formed by a component that is a function of
the input optical power (P, ) and another that is affected by modula-
tion signal (P,.).

Po="0 P =Tosin ) )
This can be seen graphically in Figure 2.

The relation between the P, and P, components is a measure of
the applied electric field and it is independent of the input optical
power P,. This relation is known as the modulation index m(t) and it
is represented by

m(i)= 5 =Sin () ©)

dc

When the induced delay in the light components is very small, it can
be considered that Sin(T') ~ I" and thus

m(t) = T'(t) Q)]
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FIGURE 2 Optical array of light electro-optic modulation with an operation point of
'=n/2

For the case of a polymeric modulator with a traverse configuration [3]

nng(rys —r3) Val) L
A d

I'() = ®)

where

n, is the ordinary refractive index of the transducer,
¥, is the applied voltage to electro-optic modulator (Vrms),
4 1s the light wavelength,
L is the distance that the light travels inside the modulator,
d is the distance between the electrodes.
Considering r,, = 3r,y [3]1[4], and I'(r) = m(t) on the equation (8), we
finally obtain

3mi d
Fay=m3-—
3 2mndV, L
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_ omi d
M3 = 2mn3V, L

(10)

4. FABRICATION TECHNIQUE

4.1. Construction of the Modulator

The type of mold used to deposit the doped polymer consists of a glass
cell with metallic electrodes parallel to each other. The cell construction
characteristics are shown in the Figure 3.

4.2. Chemical Composition and Polymer Preparation

Polymeric material acts basically as the host. First, polyester resin,
methylmethacrylate and polystyrene were used, but epoxy resin
showed the most appropriate properties for the desired function. The
resin used in the process is the DER 331 Bisfenol-A type (DOW) and
a cicloalifatic amine, AMICURE-PACM (AIR PRODUCTS), was
used as a catalyst.

These polymers (DER series 300) are epoxy resins of low viscosity
with a high content of epoxy groups. Their curing could be carried out
through several types of groups of epoxy hardeners, forming thermo-
fixed polymers with high net density and with a T, of the order of the

— 22 mm N
e Wire
1 1
ANNWNVAMNNN 3 | mm
15 mm ] 15 mm 4 mm
AN [T
| h, | e
1 mm \ / 1 mm I mm
Supports
(® (b)

FIGURE 3 Cell characteristics used as a mold in the electro-optic modulator fabrica-
tion, top (a) and frontal (b) view.
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140°C. Once cured, these resins have high thermal stability, good
resistance to aging by heating and good chemical resistance to sol-
vents.

The 2-Methyl-4-Nitroaniline (MNA) was selected as a guest. [t is a
highly polarizable yellow pigment, which makes it ideal for obtaining
electro-optic materials. In its crystalline state, an electro-optic coeffi-
cient up to 500 pm/V has been obtained [6], but unfortunately, the
growth process for obtaining bulk crystals is very difficult and expen-
sive [7,8].

The first step of the production process consists of the incorpo-
ration of the organic pigment (MNA) in the epoxy resin. We tested
several dopant concentrations. At concentrations higher than the 5%,
the dopant modifies the structure of the resulting polymer, thus alter-
ing the curing time and the rigidity of the material. The concentration
that was appropriate for the process and for the results described
below, was from 3% in weight upwards.

The amounts of resin and catalyst used were 75% by volume of
resin and 25% by volume of catalyst. In order to dope the epoxy, the
MNA is added to the epoxy resin at 60°C to reduce the viscosity.
Then, it is agitated until the pigment incorporates totally, and a uni-
form mixture is observed. Thus, the corresponding part of catalyst is
added and mixed again until a homogeneous mixture is obtained.
Later, this is deposited in the test cell and subjected to vacuum for 60
minutes to extract the air bubbles. Once the air has been extracted,
the sample remains for the following 24 hours at room temperature to
reach a partial curing where it acquires a certain mechanical hardness
that allows the electrodes to remain soaked and fixed inside.

4.3. Poling and Curing Process

The following step in the production process is the poling of the
molecules of MNA incorporated in the epoxy resin. This process con-
sists in the arrangement of the molecules of MNA present in the
epoxy resin by means of a strong electric field applied during the
polymerization of the material. To control the electric field applied, a
special device was designed. It allows the electric current that goes
through the processed sample to be monitored. A schematic diagram
of this device is depicted in Figure 4.
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R;=1MQ
R,= 100 kQ
p—— 0 D,, D, = IN4001

0-10 kV ER.

Oscilloscope

FIGURE4 Monitoring device used for the applied voltage control for the cell poling.

The material sample is placed in an oven whose frame should be
properly grounded, so the above described monitoring device can be
connected. Then, the cell is subjected to the thermal cycling that is
shown in Figure 5. The oven is programmed with this cycle in which
the epoxy will be completely polymerized.

The poling of the doped molecules of MNA will be made by means
of the application of an intense electric field between the electrodes

140 1
120
100 +
80 1
60 1
40
20

Temperature (°C)

0 30 60 90 120 150 180 210
Poling Time (minutes)

FIGURE 5 Thermal cycle for the cured and the poling of the doped epoxy resin in the
modulator fabrication process.
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installed in the cell. When the resin begins curing, the cell possesses a
very low resistance and it could be damaged if we apply a strong
electric field.

The poling of the dopéed polymer begins when, in the thermal cycle,
the temperature reaches 130°C. A high voltage source was connected
to the cell to control the voltage applied during the poling process.
This voltage is continuously adjusted during the whole process in
order to maintain a maximum current flow of 0.8 tAm throughout the
sample; by applying to the cell, the biggest potential that is required
without exceeding the current limit. This adjustment 1s repeated dur-
ing the temperature drop until the applied voltage reaches 10 kV. The
electric resistivity behavior 1s shown in the Figure 6. As the tempera-
ture falls, a gradual reduction of the current in the cell is observed,
and this remains until the current reaches a value of the order of nAm.
When the oven reaches room temperature (24°C), the poling voltage is
diminished to zero and the cell is withdrawn for evaluation of its
optical properties.

To obtain an appropriate cell production, it is necessary to take
care of the following aspects.

— Purity of the resin and catalyst.
— The dimensions and separation between the electrodes.
— Air extraction of the resin before curing.

1000

900

4 800 { —-1 I
£ /
o 700
2 /
S 600
¥ /
w
w500 I
> 400
2 300
=
2
§ 200
S T . e
0 - ? 7 k__j-—‘
8 5] _9_ § 8 8 R 3 3 g

Temperature {°C)

FIGURE 6 Electric resistivity behavior of the cell in the poling process.
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— The finishing of the surfaces where light enters and leaves.
— Control of the humidity in the manufacturing.

5. CHARACTERIZATION

5.1. Polymeric Material

Once the doped polymer is processed, the following step is to evaluate
some of its characteristics and optical properties.

5.1.1. Optical Absorption

This analysis allows the absorption that the electro-optic polymer
presents when specific light wavelength is used to be measured. For
this test, a Bentham M300 monochromator was used. The test was
carried out sweeping in wavelength from 300 up to 1000 nm (2 nm
steps). The analysis of a sample was carried out in the polymer with
and without dopant. The absorption graphs of both samples are
shown in the Figure 7.

It can be observed that, when the organic pigment (MNA) is incor-
porated in the epoxy resin, an absorption peak appears with a maxi-
mum at 470 nm. This doesn’t produce sensitivity problems on the

EPOXI + MNA

= = = EPOXiI

Absorption (dB)

Wavelength (nm)

FIGURE 7 Absorption spectrum of the epoxy resin with and without MNA.
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electro-optic effect of a doped polymer. The optical attenuation of the
light source used (633 nm wavelength) is not significant. If a light
source with a greater wavelength is used, according to the Figure 7, it
will not represent a problem to observe the electro-optic phenomenon
because the absorption is very small at wavelengths of up to 1000 nm.

5.1.2. Optical Activity

The optical activity was determined by measuring the change of the
angle of the polarization plane that takes place in doped polymer
samples with several materials or cell lengths. The optical activity of
the doped polymer was measured with a polarimetric array. A shift in
the polarization plane of 3 degrees per millimeter approximately was
found, for the 633 nm wavelength used. For the length of the cell of
two centimeters, the whole rotation of the polarization plane is of the
order of 60 degrees. The optical activity sensitivity which the cell
produces does not increase proportionally to the cell length, because
the ideal conditions of Figure 1 are altered and the polarization plane
changes along the cell.

5.2. Electro-Optic Modulator

In this evaluation, the processed material is placed in a polarimetric
modulator to determine its electro-optic properties. The elements that
form this device are illustrated in Figure 8. The light source used is a
He-Ne laser with a 633 nm wavelength and a 15 mW emission power.

FIGURE8 Optical arrangement for evaluating the properties of the electro-optic
modulator made with the doped polymer prepared. The blocks are: 1 He-Ne Laser,
2 Polarizer, 3 Quarter wave retarder, 4 Electro-optic cell, 5 Modulation voltage source,
6 Analyzer, 7 Receiver and 8 oscilloscope.
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The polarizer and analyzer are 3 FPG 003 Melles Griot lineal dichroic
polarizers. The 2 WRM 003 1/4 of wavelength Melles Griot retardation
plate is used. The optical detector is a low noise and high gain (10,000)
amplifier, with 1 KHz band width, designed especially for electro-optic
effect measurement. Figure 9 shows a typical cell manufactured as de-
scribed above. A 60 Hz high voltage signal test (0—2kV) is applied to
the cell electrodes. At the same time, a high voltage measurement tip is
useu, ... -.Jonitoring simultaneously the test signal and the signal
coming from the electro-optic modulator behavior. Once the optical
array is adjusted to obtain maximum sensitivity, two sinusoidal signals
are observed in the oscilloscope showing great similarity.

5.2.1. Cell Poling and Mathematic Model

The MNA molecules’ alignment in the epoxy resin matrix is the main
factor in the linear electro-optic response of the material. When the
cell has not been poled, a non-linear response is observed as in
Figure 10(a). In other words, if for example a 60 Hz signal is applied
to the cell, the light amplitude that leaves the cell has a small modula-
tion precisely of double the frequency. However, when the cell has

FIGURE 9 Photograph' of the electro-optic modulator cél] manufactured.
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been previous poled or the input signal has an added dc voltage (they
behave like equivalent inputs), the output signal from the cell has the
waveform showed in Figure 10(c). Partially poled cell behavior is
shown in Figure 10(b) and its respective measured experimental
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FIGURE 10 Schematic cell behavior without poling (a) partially poled (b) and strong-
ly poled (c) polymer.

curves are shown in Figure 11. The observed waveform is the result of
the adding of two components, the first is proportional to the input
signal and the second, is nearly proportional to the quadratic function
of the input signal. Therefore

Y, =k1(Viik2)2 (20
where V is the input voltage applied to cell, V, is the optical signal
modulated in magnitude, k, is a factor associated with the sensitivity
of the cell and it is function of the physical parameters of the material
and the cell dimensions. The k, factor is associated with the dc voltage
applied to the cell, which produces the MNA molecular alignment.
This behavior was experimentally confirmed, measuring the relation-

ship between the input and output signals. The function that
represents the measured behavior is

V, =9.645% 10 >#(V, + 81.938)? (21)
from the equation (21) we have simply

V,=0.647 4+ 0.0158 V,+9.645+10 >x V2 (22)



11: 38 19 January 2011

Downl oaded At:

232 J. RAMIREZ-NINO et al.

FIGURE 11 Photograph of the waves forms when the cell is partially poled, output
(upper) and input (below) signals.

Analyzing each term of this function, we have that the first term
doesn’t have the input signal and it produces only an offset in the
output signal. The second term is proportional to the input signal and
the coefficient represents the molecular alignment in the cell. The last
term is a quadratic term and its coefficient depends only on the cell
physical characteristics. This simplified mathematical model was tes-
ted and its error was less than 2%. The measured curves are presented
in Figure 12 and it shows the amplitude of the sinusoidal peaks
behavior of Figure 11.

5.2.2. Sensitivity, Linearity and Dynamic Range

Once the cell was correctly poled and the electro-optic modulator was
working properly, the modulator behavior was characterized. The sig-
nal that leaves the cell was correlated with the input test signal. The.
result obtained from this measurement is shown in the Figure 13. The
best sensitivity obtained was approximately 1 Vpp in the output when
in the input is 1400 Vpp.



11: 38 19 January 2011

Downl oaded At:

ELECTRO-OPTIC MODULATOR 233

Max

- == Min

Output Voltage (mV)

0 + + + t +— 1
0 500 1000 1500 2000 2500

Input voltage (V)

FIGURE 12 Transfer function curves measured from partially-poled cells.

0.5 1
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Applied Voltage (Vrms)

FIGURE 13 Polymeric electro-optic modulator response when it is used as a high
voltage sensor.

We observe that the evaluated cell shows good high voltage signal
shape reproduction, because it has good linear behavior with respect
to the input test signal in the range of 0 to 1500 V (dynamic range).

5.2.3. Electro-optic Coefficients

If we use the equations (9) and (10) obtained previously, with the
experimental data it is possible to obtain an approximation of the
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coefficients ry; and r,; of the polymer manufactured. In order to
obtain the value of the modulation index, we applied a 560 V,__ test
signal to the cell and the values of the components P, and P,_in the
receiver from the coming signal of the electro-optic modulator were
measured. The data obtained were 1.414 x 107 V__for the P, signal,
and 0.55 Volts for the P, signal. The modulation index calculated is
2.571 x 107 . The measured refractive index is 1.58, with which the

electro-optic coeflicients result in

P =1759 x 10 'S and r 4 =1/3 r,,.

5.2.4. Modulator Capacitance

The modulator capacitance is one of the decisive factors in the fre-
quency response of the modulator. For its measurement, a HP impe-
dance bridge was used and the value of C = 4pF was obtained for the
cell configuration used.

6. CONCLUSIONS

From the results obtained it could be concluded that the employment
of polymeric doped materials with optically active substances, such as
MNA, is a good alternative for electro-optic modulator production.
The polymeric doped materials have, as main their advantages, low cost
of production and a large dynamic operation range. As disadvantages,
they have a small electro-optic coefficient and poor thermal stability,
when we compared with inorganic crystals like KDP and Bi,,SiO,,,.

The optical modulators developed will be used as optical sensors
for electric field measurement in high voltage laboratories where a
band width of at least 20 MHz and high electric isolation from the
measurement point are required.

At this point, we are working on the optimization of the production
process and on the integration of a complete measurement system,
using optical fibre to carry the optical information. On the other
hand, other materials such as an inorganic doped matrix are being
tested, with the purpose of developing new materials with better
electro-optic properties.
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