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New nonlinear optical (NLO) active organic materials are appealing candidates for optoelectronic and
photonic technologies. For the evaluation of new NLO polymer materials for applicability in the mentioned
technologies, the most important criteria are their electro-optic (EO) coefficients. We have implemented the
Mach-Zehnder interferometric (MZI) method for the determination of EO coefficients of thin organic films.
Despite the fact that other multiple optical methods for the determination of thin film EO coefficients are
known, the MZI method has been chosen because this particular technique has high sensitivity to phase and
intensity modulations in the sample arm of an interferometer and allows one to determine independently both
thin film EO coefficients, 7 , and r.,. In addition to the drawbacks described earlier we demonstrate that some
other effects like electrostriction and multiple internal reflections in the sample have a considerable influence
on light intensity at the MZI output. Taking into account these effects we have performed numerical simula-
tions of the EO effect caused MZI output changes or modulation depth at different incidence angles using the
Abeles matrix formalism. We can show that the modulated signal at the MZI output is highly dependent on
the sample structure and is mainly governed by the effects mentioned above. For analysis of modulated signal
components and determination of EO coefficients of a thin polymer film, a series of experiments was carried

out on PMMA + DMABI 10 wt% samples.
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1. Introduction

Increasing interest has been devoted to new non-
linear optical (NLO) active organic materials due
to their low cost, easy processability and potential
applications as organic optical components in elec-
tro-optic (EO) devices.

Such organic EO materials are possible substi-
tutes for traditional inorganic materials [1]. A high
NLO activity is the most important material pre-
requisite for further successful application in EO
devices making the evaluation of this property an
important task for new material development.

Typically an organic EO material sample under
investigation is a spin-coated thin film on an in-
dium tin oxide (ITO) glass substrate and poled by
an external electrical field. The EO performance
of oriented film can be described by only two EO
coefficients, r , and r,, [2]. Several optical methods
have been applied to characterise the EO perfor-
mance of such organic materials [3-5]; however,
some of the techniques are limited when it comes
to determining r,, and r,, independently. In such
cases, as . is a function of r, and r,,, the 7.,/ 7,
ratio also needs to be known. Usually, if the film
is poled at low poling fields (4E < kT), this ratio
is assumed to be constant and equal to 3 [6]. In
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spite of high sensitivity to acoustic and mechani-
cal vibrations, the Mach-Zehnder interferometric
(MZI) techniques in the transmission or in the re-
flection mode are being applied more and more
often [7, 8]. Researchers using the MZI technique
in the transmission mode have mostly excluded
multiple internal reflections and thickness change
of the sample by electrostriction and piezoelectric
effects from their considerations. To our knowl-
edge, a limited number of investigators pay atten-
tion to these effects [9-11]; however, according
to our observations, the effects can contribute
greatly to the measured modulated signal ampli-
tude and phase and therefore must be taken into
account. For correct determination of both EO
coeflicients the light intensity and phase transmit-
ted by the multilayer EO sample must be known.
It can be described by the Abeles matrix formal-
ism [12, 13]. In this contribution we would like
to present the influence of the multiple internal
reflection and sample thickness change effects on
the determination of polymer film EO coefficients
using the MZI technique.

2. Experimental set-up

The MZI set-up for EO measurements can be seen
in Fig. 1. The sample was usually examined in the
transmission configuration. In contrast to the re-
flection configuration, where the sample is used
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Fig.1. Experimental set-up of MZI for determination
of EO coeflicients of a thin organic film: helium-neon
laser 632.8 nm He-Ne, half wave plate A/2, beam split-
ter BS, mirrors M, M, and M,, phase shifter PS, sam-
ple, photodiode PD, lock-in amplifier Lock-in, ampli-
fier Amp, computer PC.

as a mirror in the sample arm, here we can obtain
modulation amplitude values as a function of the
light incidence angle.

In our optical scheme we used a Helium-Neon
laser (632.8 nm) as a light source. Polarisation of
incident light can be controlled by a half wave plate
A12. Afterwards, light is split into sample I and ref-
erence I arms of a MZI by a 50/50 beam splitter.
By means of a small angle glass wedge and a com-
puter controllable translation stage in the reference
arm the interference phase of I and I and thus the
AC signal measurement point can be shifted. To
obtain an interference pattern the light of the ref-
erence and sample arms is combined by a second
50/50 beam splitter. The acquired interference pat-
tern is detected by a large area Si photodiode. It is
important to note that full overlapping of both light
beams is necessary to achieve the maximum modu-
lated signal. As the MZI is highly sensitive to any
vibrations the elements of the optical set-up must
be fixed firmly. An ultra stable beam splitter and
mirror holders are suggested. A modulation volt-
age at 4 kHz was provided by a computer controlled
lock-in detector (Stanford Research Systems SR830)
and an amplifier (Trek PZD350). The light inten-
sity modulation (AC signal) as well as the average
MZI output light intensity (DC signal) was meas-
ured with the SR830 and recorded by the PC. It is
important to note that the AC signal recovered by
the Lock-in amplifier contains a notable fraction of
crosstalk. This effect is caused by electromagnetic
induction and can be recognised by its presence in
the detection system with the laser light turned off.
The crosstalk signal has the same frequency as the
modulation caused by EO effect and creates an ad-
ditional offset value in the signal detected by lock-
in which is not dependent on MZI phase.

Typically, the polymer sample PMMA + DMA-
BI 10 wt% (for a detailed molecular structure see
Ref. [14]) used in this investigation was made by
spin-coating (900 rpm speed, 300 rpm/s accelera-
tion) it onto an ITO covered glass slide (SPI Supplies
ITO 70-100 Q) from a chloroform solution (con-
centration of 100 mg/ml) of appropriate amounts
of components. The glass transition temperature of
the polymer is approximately 110 °C.

There are two main possibilities how to obtain
the sandwich sample structure. For sample 1, an
ITO glass slide carrying the polymer is covered
with another bare ITO glass slide as shown in Fig. 2,
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Fig. 2. Sample 1 geometry: I, 4 ITO coated glass, 2 air gap, 3 PMMA + DMABI 10 wt%, 0 light incidence angle.
Sample 2 geometry: I sputtered Allayer, 2 polymer (PMMA + DMABI 10 wt%), 3 ITO coated glass, 0light incidence

angle.

after which both slides are squeezed together in the
sample holder. On a micron scale the surface of the
sample, especially at slide edges, is rather rough. Due
to this an air gap forms between the surface of pol-
ymer and second ITO electrode. Alternatively, for
sample 2 an Al layer with the thickness of ~25 nm
can be sputtered directly onto the polymer as shown
in Fig. 2. In this case the overall optical transmission
coefficient of the sample is reduced; however, lower
voltages on electrodes are necessary for material
poling and observation of EO modulations.

The electrical connections to ITO electrodes
were made using a silver paste. The in situ poling
was performed at 100 °C and 80 V on the electrodes

for 30 minutes for sample 1 and at 100 °C and 40 V
on the electrodes for 30 minutes for sample 2. The
EO measurements were performed after at least
24 hours during which the charge relaxation had
taken place. The parameters of the sandwich type
samples are as shown in Table 1.

The thickness and refractive index of the poly-
mer thin film was determined by a prism cou-
pler (Metricon 2010), the extinction coefficient by
measuring the absorption coefficient (Ocean Optics
HR4000CG-UV-NIR). The air gap thickness was
evaluated by interference fringe separation in the
low absorbance part of the sample transmittance
spectrum.

Table 1. Parameters of sandwich type samples.

Sample 1

Layer Thickness

Refractive index n (at

Extinction coefficient k (at 632.8 nm)

632.8 nm)
Glass 1+0.02mm 1.50 0
ITO 15-30 nm 1.76 0
Air Gap 5.95 + 2.38 um 1.00 0
Polymer 0.90 + 0.09 um 1.54 (10.4 + 0.01)x10°3
ITO 15-30 nm 1.76 0
Glass 1£0.02 mm 1.50 0
Sample 2
Layer Thickness Reifcifioe il Extinction coefficient k (at 632.8 nm)
632.8 nm)
Al layer 25+ 1nm 1.45 7.54
Polymer 1.21 +0.09 um 1.54 (10.4 + 0.01)x10°3
ITO 15-30 nm 1.76 0
Glass 1+0.02mm 1.50 0
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The EO experiment was performed as follows.
Modulation voltage (typically 50 V rms for sam-
ple 1 and 15 V rms for sample 2) was applied to the
electrodes, the output light intensity of MZI (DC
signal) and the light modulation amplitude (AC
signal) was detected with the Si photodiode and
measured by the lock-in detector. Data was collect-
ed for 20 s at several MZI interference phase points
and then averaged. The measurement series was
done with s and p polarised light at several incident
angles. Figure 3 shows typical measurement results
where the interference phase is scanned with the
motor-controlled glass wedge.

From Fig. 3 the maximal modulation depthm_
is calculated by

1 -1

m = —emax _acmin (1)

- (Imax - Imin ) ,

where I and I . are the AC maximal and
minimal modulated signal amplitudes, I and
I are the maximal and minimal values of DC
signal obtained from the MZI phase scan. The
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maximal modulation depth is a dimensionless
number used to describe the relative AC modula-
tion intensity.

2.1. Description of the MZI output

The EO coefficient tensor r,, characterises the
ability of a material to change its refractive index n
when low frequency electric field E is applied:

Due to Kleinman symmetry, ,, can be rewritten as
r, which is a 6 x 3 tensor. In a poled polymer with
point group symmetry of C__ the effective EO coef-
ficient can be rewritten for s polarised light as [15]

r.=r (3a)

ef 13

and for p polarised light as

— 2 in2
r,=r,cos’a+r, sin’a, (3b)
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Fig. 3. Typical EO measurement performed at 8° incidence angle and s polarised light: 1 I _signal experimental data,
21, . signal experimental data, 3 I . signal sin approximation, 4 I, . signal sin approximation; ¥ is AC and DC signal

maxima phase difference.



34 E. Nitiss et al. / Lith. J. Phys. 52, 30-38 (2012)

where r , and r,, are the EO coefficients, and « is the
angle between the sample normal and light propa-
gation direction.

The light intensity at the MZI output can be de-
scribed by the two beam interference equation:

I :; 2, +71, + 21,71, cosp, +0)]. @

where I is light intensity in the reference arm, I is
light intensity in the sample arm without the sam-
ple, ¢, is interference phase difference (adjustable
by phase shifter), T is transmission coefficient of
the sample, ¢ is additional phase difference caused
by the sample.

If an AC electrical field is applied to the sample
the transmission T and phase ¢ are also modu-
lated as affected by several parameters, e. g. the re-
fractive index, light polarisation, sample thickness
etc., with corresponding changes in the detected
output light intensity and therefore the AC signal
amplitude. Some parameters, e. g. thicknesses and
complex refraction indices for each layer could be
obtained from independent experiments. The un-
known is the effective coefficient r . of EO active
layer that we would like to determine from our
MZI experiment. To describe the intensity and
phase of light transmitted through the sample at
a certain applied voltage one can use the Abelés
matrix formalism [16].

3. Results and discussion

According to our observations, for sample 1 the
maximal modulation depth m__ decreases as the
incidence angle is increased. This dependence could
not be explained just by multiple internal reflection
effects. To describe experimental data adequately,
sample thickness modulations needed to be includ-
ed in our model. Thickness change can be caused
by electrostriction or piezoelectric effects. To prove
the existence of these effects and evaluate the mag-
nitude of sample thickness modulation we used the
MZI method in the reflection configuration [10]. In
this case the ITO glass slide covered by a spin coat-
ed polymer thin film (~1 pm) was not enclosed by
another slide, but a reflective 100 nm thick Al layer
was deposited on the polymer. Then one of the mir-
rors (M., see Fig. 1) in our MZI set-up was replaced
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Fig. 4. Experimental set-up of MZI in reflection config-
uration for determination of a thin organic film thick-
ness changes: helium-neon laser 632.8 nm He-Ne, half
wave plate A/2, beam splitter BS, minors M, and M,
phase shifter PS, sample, photodiode PD, lock-in ampli-
fier Lock-in, amplifier Amp, computer PC.

by the sample with the Al layer facing the incident
beam (see Fig. 4). The Al layer was thicker than for
sample 2 so that light would not penetrate into the
sample. In this configuration, when voltage is ap-
plied to electrodes, electric field can cause sample
thickness changes, thereby changing the position of
Al mirror surface and thus mechanically altering the
optical path length in the sample arm of the MZIL.
To evaluate the actual thickness change of the sam-
ple the modulation depth equation is modelled for
phase modulation only due to changes in the sample
arm path length. In this case the average light inten-
sity at the MZI output, or DC signal, has a phase dif-
ference of n/2 with respect to the 4 kHz AC modu-
lated signal amplitude since the beam intensities in
both arms, I and I, remain constant.

For a modulation depth (Eq. (1)) of 7 x107,
which is the maximal measured modulation
depth of an unpoled sample, the sample thick-
ness alteration of approximately 14 pm was es-
timated. In Fig. 5 we present the modulation
depth determined according to Eq. (1) as a func-
tion of applied modulation voltage. The maximal
modulation depth dependence on modulation
voltage exhibits a quadratic and a linear compo-
nent caused by electrostriction and piezoelectric
effects, respectively. Moreover, both of these ef-
fects are more pronounced for the poled polymer
films.

In Fig. 6 the maximal modulation depth of
sample 1 (see Table 1) at different light incidence
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Fig. 5. Modulation depth m,,, as a function of modula-
tion voltage U for a MZI in the reflection configuration.
Quadratic function regression is applied: 1 modulation
depth m,,,, of poled film, 2 modulation depth m,,,, of
unpoled film, 3 quadratic approximation of modulation
depth m,,,, of poled film, 4 quadratic approximation of
modulation depth mmax of unpoled film.
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Fig. 6. Modulation depth dependence on the incidence
angle in MZI in the transmission configuration for sam-
ple 1: 1, 2 experimental data for s and p polarised light,
respectively; 3, 4 numerical approximation with MatLab
performed using functions based on Abeles matrix for-
malism.

angles is shown. The measurement is performed by
MZI in the transmission configuration by applying
50 V rms on the sample. The most important thing
to notice in Fig. 6 is that the maximal modulation
depth of s polarised light is higher than of p polar-
ised light. From Egs. (3a) and (3b) we would ex-
pect the refractive index change and therefore the
maximal modulation depth for p polarised light to
be higher as the effective EO coefficient is a combi-

nation of both 7, and r,,. In case of s polarised light
the modulation depth should be dependent only on
r,,- However, due to electrostriction and piezoelec-
tric effect the sample thickness changes take place
in addition to refractive index changes so that both
the light phase and the amplitude are modulated
causing the modulation depth decrease for greater
incidence angles. The modelling is performed by re-
fining the preliminary experimental results of a thin
film and air gap thicknesses and varying the EO co-
efficients r , and r,, and sample thickness alteration
Al due to electrostriction and piezoelectric effects.
For approximation of sample 1 experimental
data we used a simple ITO-polymer-air gap-ITO
layer system (Fig. 2 and Table 1) and glass as input
and output media. This approach neglects inter-
ference effects caused by multiple light reflections
within the glass slides and therefore theoretical
lines are much smoother than experimental. Of
course we could take into account glass slides as
additional layers in our approximation. In that case
noise-like interference fringes are superposed on
the curves. The angular spacing of these fringes is
well below the experimental incidence angle resolu-
tion. After performing the first numerical approxi-
mations for sample 1 we found that the modulation
depth is a linear combination of NLO active layer
thickness and EO modulations. When the EO coet-
ficients were calculated taking into account a thick-
ness modulation amplitude in the range of several
tens of pm, the obtained r, to r,, ratio ~10 and r,,
value close to 100 pm/V were obviously too high.
The ratio of r,; to r,, can be estimated by measur-
ing the ratio of NLO coefficients d,, and d,,. Both
EO and NLO coeflicients characterise the material
nonlinearity and are proportional to the second or-
der polarisability x@, but are used to describe the
nonlinearity at different interactions and condi-
tions. The NLO coefficient ratio d,,/d , (nominally
the same as r,,/r , [17]) measurements performed
by the second harmonic generation Maker fringe
technique on the same sample yielded a value of
1.86. This suggests that the modulation is mainly
caused by some effect other than EO variations. As
described above the modulations could be caused
by thickness changes in the polymer layer. The air
gap (Fig. 2) thickness modulations can also take
place as shown previously [18]. Therefore, the final
modelling was performed allowing only air gap and
NLO active layer thickness modulations Al and
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Al, respectively. As it turned out in such case the
calculated modulation depth was in good agree-
ment with experimental data. The experimental
data and best fit are shown in Fig. 6. The approxi-
mation values are shown in Table 2.

Table 2. Sample 1 parameters calculated from numeri-
cal approximation results.

Parameter | Value
Thickness ! 0.85 + 0.05 um
Air gap 5.85+0.10 pm
Al 170 + 5 pm
Al 76.5 + 1.0 pm

From comparison of data in Tables 1 and 2 one
can see that the sample (polymer film) and air gap
thicknesses are in good agreement with the pre-
liminary experimental results. As expected, with
thickness changes of air gap and NLO active layer,
one can have a good approximation of modulation
depth values.

The dependence of modulation depth on the in-
cidence angle for sample 2 can be seen in Fig. 7. Af-
ter measuring the dependence of modulation depth
on the applied voltage we found that the depend-
ence was linear. As thickness changes in the sample
were expected to be quadratic, we consider that the
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Fig. 7. Modulation depth dependence on the incidence
angle in MZI in the transmission configuration for sam-
ple 2: 1, 2 experimental data for s and p polarised light,
respectively; 3, 4 numerical approximation with MatLab
performed using functions based on the Abeles matrix
formalism.

effect of thickness change in this case has a small
influence on the total modulation depth. Therefore,
we excluded the sample thickness change effect in
approximation by leaving only EO modulations.
The approximation can be seen in Fig. 7. The nu-
merical fit values can be seen in Table 3.

Table 3. Sample 2 parameters calculated from numeri-
cal approximation results.

Parameter | Value

Thickness ! 1.34 £ 0.05 um
13 0.19 £ 0.02 pm/V
733 0.55 + 0.06 pm/V

4. Conclusions

Both EO coefficients (r , and r,,) of poled polymer
films can be determined by applying the Abeles ma-
trix formalism for numerical approximation of ex-
perimental MZI data at different incidence angles.
However, one has to consider the sample structure.
If an air gap is formed in the sample, the modulated
signal in the MZI is usually generated by the air gap
thickness modulations. The thickness modulations
in the NLO active layer are also to be taken into ac-
count. An experimental procedure and data mod-
elling are demonstrated for determining the EO co-
efficients of a poled PMMA + DMABI 10 wt% thin
film. The obtained values are r .= 0.19 £ 0.02 pm/V
and r,,= 0.55 + 0.06 pm/V.
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DAUGKARTINIO VIDINIO ATSPINDZIO IR BANDINIO STORIO KITIMO
JTAKA POLIMERINIO SLUOKSNIO ELEKTROOPTINIU KOEFICIENTU VERCIU
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Santrauka

Naujos organinés netiesiskai optiskai aktyvios me-
dziagos yra naudojamos optoelektroniniuose ir foto-
ninjuose taikymuose. Tokiy medziagy tinkamumas
minétiems taikymams gali buti vertinamas pagal jy
elektrooptinius (EO) koeficientus. Mes pritaikéme
Macho ir Cénderio (Mach-Zehnder, MZ) interferome-
trijos metoda plony organiniy sluoksniy EO koeficien-
tams nustatyti. Nepaisant daugybés kity EO koeficien-
ty nustatymo ploniems sluoksniams optiniy metody,
§i metoda pasirinkome todél, kad jis pasizymi dideliu
jautrumu fazés ir intensyvumo moduliacijoms interfe-
rometro bandinio petyje ir leidZia nepriklausomai ma-
tuoti abu plonojo sluoksnio EO koeficientus - r, ir r...

Parodéme, kad elektrostrikcija ir daugkartiniai vidiniai
atspindziai bandinyje stipriai veikia $§viesos intensyvu-
ma MZ interferometro i$éjime. Atsizvelgdami j $iuos
reiskinius, skaitmenis$kai naudodami Abelés matricy
formalizmg, sumodeliavome EO koeficienty poveikj
MZ interferometro signalo kaitai arba moduliacijos
gylj esant skirtingiems kritimo kampams. Pavyko pa-
rodyti, kad moduliuotas signalas MZ interferometro
i$éjime labai priklauso nuo bandinio sandaros ir yra
stipriai lemiamas EO koeficienty. Moduliuoto signalo
sandy analizei ir plony polimeriniy sluoksniy EO ko-
eficienty nustatymui atlikome keliolika eksperimenty
su PMMA ir 10 svorio % DMABI bandiniais.



