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Measurement of the electro-optic coefficient during the photoelectric-field
assisted poling using a Mach-Zehnder interferometer
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This work describes the experimental apparatus based on the Mach-Zehnder interferometer for
measuring the electro-optic coefficient during and after the photo-assisted poling process using a
continuous light excitation. We also show that the poling can be performed at cryogenic temperatures.
The setup is based on the superposition of a Mach-Zehnder AC modulation voltage on the DC bias
voltage required to promote the chromophore orientation during light excitation. The effect of the
reversible polarization due to the DC bias voltage applied to the polymer film is considered to
calculate the electro-optic coefficient during the photo-assisted poling process. The usefulness of
our setup is demonstrated with three polymer films, with different electro-optic activities: guest-host,
copolymer, and homopolymer, all based on methyl methacrylate monomers and containing disperse
red-1 chromophores. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4969057]

. INTRODUCTION

Azopolymers are attractive for application in diffraction
gratings, data storage, and electro-optical modulators, mainly
because of their versatility and low-cost fabrication.'® For
some of these applications, a non-centrosymmetric structure
is required to yield the second-order non-linear optical (NLO)
activity to the polymer, i.e., chromophore dipoles must have
a preferred orientation. Three basic procedures are used
to orient the chromophore molecules, viz., thermal assisted
poling (TAP),” photo-assisted poling (PAP),® and all optical
poling(AOP).>!* In TAP the azo molecules are oriented in a
static electric field at temperatures near the glass transition
temperature (7,), and the orientation is frozen by cooling the
film down to room temperature with the electric field applied.
Heating azopolymer films causes the electrical conductivity
to increase near T,, which weakens the poling field and
an electric film breakdown frequently occurs. To obviate
such difficulties, one can employ PAP® or AOP? techniques
that can be performed at room temperature.'"'> AOP is
the costliest requiring a pulsed laser with a phase-matched
crystal for frequency doubling. PAP is a low-cost alternative
requiring a standard CW laser suitable for the continuous light
excitation chromophores to promote reversible trans-cis-trans
photoisomerization, thus enhancing the mobility of azo groups
to allow the poling to occur under a moderate DC electric field
even at low temperatures.

Second order NLO properties can be evaluated by means
of the electro-optical (EO) activity, usually measured with
Mach-Zehnder interferometer (MZI)'*!'# or Fabry-Pérot'
interferometer, second harmonic generation (SHG),'¢ and
reflection techniques.'”'® Among these techniques, the most
attractive is the Mach-Zehnder interferometer (MZI) as it does
not need a pulsed laser required for SHG measurements. So
far the MZI has been used to measure the EO coefficient only
after the poling process, and therefore the poling information
is lost during chromophores orientation.
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In this paper, we describe the experimental apparatus
in which the PAP technique is coupled with a Mach-
Zehnder interferometer for measuring the electro-optic 73
coefficient during and after the poling process. Our PAP
setup uses the MZI AC modulation superposed on the DC
voltage to orient the chromophores. The contribution from
the MZI AC modulation voltage and the reversible effect
of the DC bias voltage are discussed based on data for
poly(methyl methacrylate) containing disperse RED1 dye
films, in which we show that poling can be performed at
cryogenic temperatures. The adequacy of the setup is further
illustrated with determination of r|3 coefficient during the PAP
poling as well as after the poling for two other azobenzene-
containing polymers.

Il. EXPERIMENTAL

The experimental setup comprises three parts: (i) the
Mach-Zehnder interferometer, (ii) the Ar* argon laser to
induce continuous reversible trans—cis-trans photoisomeriza-
tion of dyes, and (iii) the circuitry to apply the DC and AC
superposed voltages to the polymer film. The measurement
of EO coefficient rj3 in films is based on the traditional
MZI setup described elsewhere,'*!° whose schematic diagram
is shown in Fig. 1. It uses a low power 1 mW He-Ne as
a light source (Coherent—632.8 nm), non-polarizing beam-
splitters cubes, and mirrors with high optical quality (Edmund
Optics). In one arm of MZI, a mirror with a piezoelectric
actuator is used to change the light optical phase with a
sawtooth voltage (Stanford DS340) at a frequency of 10
mHz. The film is placed in the other MZI arm for its EO
coefficient r3 to be measured under an AC modulation voltage
at 2 kHz (Agilent 33210A). Neutral variable absorbers are
used to control the laser light beam intensities to have the
maximum fringe contrast. The polarized light beam at 488 nm
from the Ar* laser (INOVA 70C, Coherent, 488 nm) induces

Published by AIP Publishing.
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FIG. 1. Photo-assisted poling setup with the schematic drawing of the Mach-
Zehnder interferometer. The light from the Ar* laser produces a continuous
trans-cis-trans photoisomerization of chromophores. BS are the cube beam
splitters and A are neutral absorbers.

the trans-cis-trans photoisomerization of chromophores in
the film. The beam expander gives a laser light spot with
1 cm diameter, and a shutter controls whether the Ar* light
reaches the film. The light intensity from the Ar* laser
can be varied from 25 to 150 mW/cm?. The sample with
semitransparent electrodes was mounted in the sample holder
inside a sealed cryostat (Advanced Research Systems), in
order to perform measurements from cryogenic temperature
up to 70°C under 1 x 107 hPa vacuum. Using the same
optical parts, a Michelson interferometer was also mounted to
evaluate sample deformation under the AC and DC voltages.

To measure the 713 coefficient during the PAP process,
the DC bias voltage is superposed on the MZI AC modulation
voltage by means of the circuitry in Fig. 2. The superposed
voltage is produced using a conventional clamper circuit and
a high-voltage amplifier (TREK-610C-100x) allowing DC
voltages up to =1 kV. This clamping circuit is used to produce
the DC electric field required to orient the azo molecules along
the film thickness during the continuous reversible trans-cis-
trans photoisomerization of chromophores.

oot Signal from
Lock-in photodetector
§ | OSCilloscope dc +ac voltage
= Computer | S| time
||
| M-
AC Modulation
DC suppl
Voltage PPty
l [

FIG. 2. Electric circuit to obtain the DC and AC superposed voltage. C is
a 1.85 uF capacitor, D is the diode 1N400, A is the high-voltage amplifier
(1 kV).
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The MZI output modulated light is detected by a photo-
detector and measured using the standard lock-in technique
so that the r13 EO coefficient can be determined. The light
intensity output of the MZI reaching the photodetector due to
the EO activity in the film is'?

T3 Vo
ri3 1

[([) — [mwc - Imin

5 cos (wt) sin(Ady), 1)

where 4 = 632.8 nm is the wavelength of the He-Ne laser, ng
is the film refractive index, V,,, is the rms value of the MZI
modulation voltage, and w = 2 kHz is its angular frequency.
L0 and I,,,;, are the maximum and minimum intensities of the
interference fringes giving the fringe contrast. Details on the
procedure to determine ;3 from Eq. (1) are described else-
where.!>!* The phase difference A¢ is made to vary slowly
at 20 mHz using the piezoelectric actuator and the sawtooth
voltage supply so that the fringes are moved in front of the
photodetector, for I,,,, and I,,,; to be determined. The electric
signal generated by the photodetector was measured with a
lock-in amplifier (Stanford 510) tuned at the frequency w, and
the data are transferred to a microcomputer using a 12 bit data
acquisition board. Values of 1,,,, and I,,;, are obtained directly
from the oscilloscope screen (Minipa 2530B).

Three polymer films cast from chloroform solutions
were used. One guest-host film of poly(methyl methacrylate)
(PMMA), containing 5 wt. % of DR1 dye (PMMA/DRI1).
The second was the homopolymer of methyl methacrylate
with the DR1 group laterally attached to the monomer
(PMDR1). The third one is the copolymer containing mono-
mers of methyl methacrylate (85%) and methyl methacry-
late with DR1 (15%) laterally attached to the monomer
(PMMAcoMDR1). All the polymers were purchased from
Aldrich. Drop-cast films were fabricated onto transparent
conductive ITO substrates (50 ) and dried in a vacuum oven
at40 °C. Semitransparent aluminum electrodes, ~12 nm thick,
were deposited onto the drop-cast films under high vacuum
(~107® Torr) by thermal evaporation (Auto 306 from Boc
Edwads).

lll. THE PAP METHOD

The EO coefficient measured with the MZI technique
includes the contribution from the AC modulation voltage,’
i.e., values of EO are overestimated, which is particularly
important when the film has a low EO activity. Usually
this effect is circumvented using independent experimental
techniques®! or special analysis of the measured results.?>?3
Here the contribution of MZI AC modulation voltage is
considered and the effect of DC bias voltage in the measured
EO signal is also taken into account to estimate the true values
of EO coefficients during PAP.

As a proof of concept of the MZI/PAP technique,
experiments were performed using a guest-host 12 ym thick
PMMA/DRI1 film. Before each measurement, the neutral
absorber in the MZI arm was adjusted to get the maximum
fringe contrast, which is around 92% in most measurements.
For PMMA/DRI1 the refractive index used in calculations is
ny = 1.50.%
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FIG. 3. (a) Dependence of r13 on the MZI AC modulation voltage (rms) without applying the DC bias voltage. (b) Dependence of r13 on the DC bias voltage
for the AC modulation voltage of 50 V. The films used were 12 ym thick PMMA/DRI1 at room temperature.

A. Effect of AC modulation voltage and DC
bias voltage

The first experiments were carried out on a non-poled
PMMA/DRI1 film to measure the effect from the AC modu-
lation voltage, V,,,, on the MZ interferometer. Fig. 3(a) shows
r13 calculated from Eq. (1) versus the AC voltage without
applying the DC bias. Therefore, the modulation voltage will
induce overestimated values of ry3. Its contribution to r3
is proportional to the squared AC voltage as inferred from
Fig. 3(a). We also found that the DC bias voltage contributes
to ry3 as shown in Fig. 3(b), for the AC modulation voltage
of V,, = 50 V. In this case, the signal increased linearly with
the DC bias voltage. As will be shown, upon removing the
DC bias voltage the measured ry3 practically vanishes, and
therefore the effect of the DC voltage is reversible.

The quadratic dependence of ry3 versus AC voltage in
Fig. 3(a) can be explained by the mechanical film deformation
due to free charges on the electrodes,” rather than being
attributed to the piezoelectric effect (small contribution, d3;3
= 0.2 pm/V?%). This proves that polarization of PMMA/DR1
film is too slow to follow the electric field at the frequency
of 2 kHz of the AC voltage. On the other hand, the linear
dependence of r;3 versus DC bias is compatible with changes
in the refraction index due to the buildup of a reversible
polarization of the PMMA/DRI film,?? as reported in the
similar results by Zekkat?” and Osman.®!7

Assuming a constant contribution during and after the
PAP process, the effect of the AC modulation voltage can be
subtracted from r3 values, which corresponds to establishing
a baseline to avoid the influence of the AC voltage. It is
worth mentioning that in our experiments if the AC/DC
amplitude ratio is higher than 0.3, the efficiency of PAP
process decreases, that is, 73 becomes dependent on the MZI
AC modulation voltage. Thus, photo-assisted poling (PAP)
requires a MZI AC modulation voltage as small as possible
compared to the bias DC voltage. The reversible effect of
applying the DC bias voltage will be discussed in Sec. III B.

B. Measurements during the poling process

The photo-assisted poling process was performed by
applying 100 V DC bias voltage, corresponding to a moderate

electric field of 80 kV/cm. The contribution of the DC bias
voltage values of the EO coefficient, hereafter called nominal
values, ri;, was calculated with Eq. (1) and subtracting the base
line due to the MZI AC modulation voltage for 30 V (rms).
Note that the curves in Fig. 4 are the superposition of distinct
measurements using only one sample. Reproducible data with
a sample are possible since the EO activity in PMMA/DR1
disappears after several hours at room temperature.

Curve I shows the effect of the DC voltage on r; between
3 and 18 min, without light excitation. The EO coefficient
increased before stabilizing at about 5 min at r{; = 0.22 pm/V.
For Curve II, at 18 min, the DC bias voltage was removed
and the EO activity decayed nearly to zero within a short
period. The fast response is due to mechanical deformation
and variation of the refractive index in the polymer film,
rather than due to light excitation. The small residual signal
indicates that a small quasi-permanent polarization remains
in the PMMA/DRI1 film and is not due to piezoelectric
activity. In Curve III, with light excitation on from 18 to
35 min, r{; increased up to 0.42 pm/V. During this period,
the Ar* light produces the trans-cis-trans photoisomerization
of chromophores leading to an increase in their mobility,
thus allowing them to orient under the bias voltage at room
temperature. In Curve IV, a further increase in r{’3 up to
0.5 pm/V occurred when the excitation light was turned off at
35 min under an applied DC bias voltage. A similar increase
was observed by Zekkat and Knoll?’ and Rodriguez et al.,”

C IV - bias on, light off
05F et
- - »
L 1ll - bias and light on / T
L e000000
04 - ‘o‘ 5 °
C g s l
S . l
C e H
Eo03F \ , _
K C /- bias on,light off | b VI - bias and light off
r Jeees | “eeceocsensce,
s QR 0_2 . ’/0" s T ‘00000000,
~ C |
C 7 ] % V- bias off and light on
S ]
01| ! \me
r ® /I - bias and light off
00 Gaa o o, (Tr——— Ve
0 20 40 60 80 100
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FIG. 4. Curves of the EO activity during PAP for the PMMA/DRI film. The
optical signal from the AC modulation voltage was subtracted.
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which was explained by considering that the dye molecules
relax to another equilibrium state depending on the mobility
of chromophores.?’

C. Decay measurements after the poling

The decay of rj3 can be measured under two conditions,
as follows. In Curve V in Fig. 4, the DC bias voltage was
turned off at 38 min while the light excitation was on, and
a fast decay to rj3=0.12 pm/V was observed since the
reversible polarization vanished. As for Curve VI, when the
DC bias was turned off at 54 min without light excitation,
the EO activity decayed within ~20 min to r;3 = 0.22 pm/V.
Values of ry3 in the decay curves V and VI in Fig. 4 are
“true values” (the superscript n is omitted) for EO since the
DC bias was off and the effect of the AC modulation was
already subtracted. Both curves decayed fast when the DC
bias was turned off because the reversible effects disappeared.
For a long time there is a very slow decay in our films
corresponding to the chromophores reorientation. In summary,
the maximum residual EO activity can be obtained from curves
Il and VI in Fig. 4, i.e., first the light excitation is turned off
under the electric field and then the DC bias is turned off.
Furthermore, although a comparison of EO coefficient values
is not straightforward because experimental conditions are not
the same, values for PMMA/DRI1 found in this work are of
the same order of those published.?>>’

D. Poling dependence on temperature

Photo-assisted poling can be performed even at cryogenic
temperatures, which is advantageous compared to other
methods since it does not require elevated temperatures,
compatible with the fabrication procedures of photonic
devices. Here we successfully achieved the poling of azopoly-
mers films at low temperatures; Fig. 5 shows the maximum
nominal values of r3 attained at the end of the poling process
for the 12 pum thick PMMA/DRI1 film. The data correspond
to the nominal r{; from Curve IV at different temperatures.
Similar results were obtained with PMMA/DR1 films,>° where
photoinduced birefringence could be achieved at temperatures
down to 20 K.

20 (a)
B E - HEMADR13
Sk
g 3
8 14 E_
x = =
©
g€ 2 MMAcoDR13
ce [
~ =
s PMMA/DR13
O-I-.f...l....l....l....l.
20 40 60 80 100

Light intensity (mW/cmz)
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FIG. 5. Maximum nominal values of r; during PAP for the 12 um thick
PMMA/DRI1 film at different temperatures.

IV. RESULTS FOR PMDR1 AND PMMACOMDR1

A guest-host polymer system has a low electro-optic
activity. In order to analyze materials with high rj3;, we
used azopolymer PMMAcoMDRI1 and PMDRI films, 8 and
4 pm thick, respectively. The measurements were taken with
different samples since the EO activity lasts for long times
(up to 3 weeks); therefore, special care was taken during film
fabrication to get the same thickness for all samples. The
time dependence of EO activity for the PMMAcoMDR1 and
PMDRU1 films has the same trend shown in Fig. 4 for the guest-
host PMMA/DRI1 film. It was then omitted. We shall refer to
the maximum nominal values r{;-max at the end of poling
under the same conditions given by Curve IV in Fig. 4. The
residual values will be named r;3-res (true values), taken after
10 min of decay under the same condition of Curve VI in Fig. 4.
For the sake of comparison, results for guest-host PMMA/DR1
films are also included in Figs. 6 and 7, where both ri,-max and
ri3-res increase linearly with the Ar* light intensity and with
the DC bias voltage. As expected, r{; is largest for PMDR1
and smallest for PMMA/DR1 because each monomer of the
homopolymer contains one chromophore, while the guest-host
PMMA/DRI1 contains only 5 wt. % of DR1. For the copolymer
with 15% of monomers with DR1 laterally attached, rt is
intermediate. Furthermore, the results for »”, versus DC bias

13
voltage in Fig. 6 were obtained with a 4 ym HEMADRI1 film;

10

(b) .
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o
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FIG. 6. Dependence of the (a) maximum nominal values (r],-max) and (b) residual values (rj3-res) on the Ar + light intensity for PMMA/DR1, PMMA-

coMDRI1, and PMDRI films. The lines are for guiding the eyes only.
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FIG. 7. Dependence of the (a) maximum nominal values (r}; -max) and (b) residual values (r13 -res) on the DC bias voltage for PMMA/DR1, PMMAcoMDRI,

and PMDRI1 films. The lines are for guiding the eyes only.
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FIG. 8. Dependences of the true maximum values for rj3 during the PAP (a) on the light intensity and (b) on the DC bias voltage for PMMA/DRI,

PMMcoMDRI1, and PMDRI1 films. The lines are for guiding the eyes only.

therefore, it was submitted to higher electric fields than the
PMMA/DRI1 (12 pym) and PMMAcoDR1 (8 um) films.

In order to obtain the true values of ry3 attained during
poling, one has to remove the effect from the DC bias voltage.
For example, for the PMMA/DRI1 film in Fig. 4, the initial
jump gives ri;=0.22 pm/V while at the end of poling
ri; = 0.5 pm/V; therefore, the true value of ry3 is 0.28 pm/V.
The initial jump also occurs for PMMAcoMDR1 and PMDR1
films, and r;3 decays to zero after removing the DC bias
voltage. Figure 8 shows the true maximum values of r;3 for
the films studied here, and the extrapolated values to zero bias
and light intensity cross the graphs origin.

The true maximum values of r;3 for PMMAcoMDRI1
and PMDRI films are larger than the residual values of r3
after PAP, which is consistent with the reversible polarization
during PAP. In the case of PMMA/DRI1 films, the real
maximum values of rj3 are equal or slightly smaller than
the residual values. We also recall that after the poling the
DC bias is off and does not contribute. The values of r3
cannot be compared with the data in the literature in a
straightforward manner, since rj3 depends on experimental
conditions, such as excitation light intensity, film thickness,
DC bias voltage, and dye content. To our knowledge, for PM-
MAcoMDRI1 and PMDRI films, there are no published data
available.

V. CONCLUSIONS

The experimental setup presented here is for measuring
the electro-optic activity during and after the photo-induced-
poling process applied to the polymer films containing DR1
azobenzene chromophores. The determination of the electro-
optic activity during PAP was possible by superimposing
the DC voltage to the AC modulation voltage used to run
the Mach-Zehnder interferometer. It is concluded that the
contribution of the AC modulation voltage can be easily
subtracted, and the refractive index changes due to reversible
polarization plays an important role to the measured value
of the electro-optic coefficient during the PAP for thin films
of polymeric materials. The EO activity in three acrylic
polymers containing DR1 chromophores were used to show
the capabilities of the technique. We showed in Section III D
that the PAP poling can be performed even below the room
temperature. The PAP technique can be accomplished with
a low cost standard lasers and it can be used for producing
micropatterns and therefore electro-optic integrated devices.
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