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Abstract: In this contribution we demonstrate an all-organic Mach-Zehnder interferometric electro-optic
waveguide modulator capable of operating in the visible and infrared spectral range. We demonstrate
experimentally an operation of modulator design that comprises SU-8 as waveguide core and an electro-optic
host-guest glass forming polymer as a cladding. The modulator is tested in the visible part of the spectral range
and the results indicated comparatively high efficiency in-device in-plane poling (up to 30 %) of the value reached

in thin films.
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1. Introduction

One of the central problems in the field of
photonics research and industry has been the
realization of high-bandwidth and small footprint
electro-optic (EO) devices for applications in high-
speed communication and computing. Organic
materials have shown to be potential candidates to be
used in these devices as the nonlinear optical (NLO)
medium due to multiple of their advantageous
properties such as low cost, low dielectric constants
and high EO coefficients (>300 pm/V) [1]. Very
recently a significant breakthrough has been achieved
in the field through improvement of EO materials and
demonstration of novel hybrid silicon-organic and
plasmonic-organic device architectures [2—5]. Despite
these achievements there still is an ongoing pursue of
organic EO materials and modulator designs that could
meet the requirements for their widespread
commercial utilization. Here we present our efforts
and results in preparation of an all-organic Mach-
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Zehnder interferometric (MZI) EO waveguide
modulator capable of operating in the visible and
infrared spectral range.

2. Design and Fabrication

The MZI waveguide device was fabricated on a
glass substrate. Two optical lithography steps were
performed using a 365 nm laser writer uPG 101. In the
first step electrode mask was made in a positive tone
resist MEGAPOSIT SPR 700 and 100 nm thick
Chromium electrodes were sputtered using thermal
evaporator (Edwards). In the second step direct
writing of MZI waveguide structure was carried out in
SU-8 negative resist. The SU-8 is an epoxy-based
negative photoresist with low absorption coefficients
in the visible and infrared spectra, a high glass-
transition temperature and good chemical durability.
The SU-8 resist was prepared by spin-coating
technique. The required thickness was achieved by
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diluting GM-1075 SU-8 negative-tone photo-epoxy
from Gerseltec in gamma-Butyrolactone (GBL) as
well as by varying the spin-coating speed. Below in
Fig. 1 the thickness dependence on both mentioned
parameters is shown.
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Fig. 1. Thickness of SU-8 resist coated at two spin-coating
speeds — 2000 and 3000 rpm — as a function of mass
ratio of diluent GBL and GM-1075 SU-8 negative tone
photo-epoxy.

The top and side views of modulator design are as
depicted in Fig. 2. It comprises an SU-8 waveguide
core, electrodes in the plane with the waveguide core
and an EO polymer coating and its operation and
optimization principles have been profoundly
described elsewhere [6-7].
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Fig. 2. The top-view and cross-section of the waveguide
MZI. Here R is the waveguide bend radius, L is the central
electrode and interaction length, w is the electrode
separation length, W and H are the SU-8 waveguide core
width and height respectively. Voltages Vi and V2 can be
applied during poling and modulation.

The waveguide MZI was purposely made
asymmetric such that the light interference had a phase
bias of n/2. The structure was then spin-coated with a
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host-guest polymer comprising 2-(4-(bis(5,5,5-
triphenylpentyl)amino) benzylidene)-1H-indene-
1,3(2H)-dione (DMABI-Ph6) as NLO chromophore
and PMMA as matrix. The second and third order
NLO properties of DMABI-Ph6 have been described
elsewhere [8-9].

DMABI-Ph6 was selected mainly due to three
reasons. Firstly, DMABI-Ph6 is an organic glass and
therefore is amorphous and would not crystallize
during poling. Secondly, DMABI-Ph6 possesses high
NLO efficiency as measured by Maker fringe
technique at 1064 nm using setup described elsewhere
[10]. Corona poled DMABI-Ph6 thin films had an
NLO coefficient of d33(532)=69.2 pm/V. Yet it is
important to note that the NLO coefficient values are
resonantly enhanced due to the fact that the second
harmonic of 1064 nm is in the absorption band of the
material. Using relations described by Oudar and
Chemla [11] as well as by Singer [12], we estimated
that the EO coefficient r3; of pure DMABI-Ph6 at
633 nm should maximally be around 3 pm/V.

Thirdly, the refractive index of thin films made of
DMABI-Ph6 can be varied by changing the NLO
chromophore concentration in a PMMA matrix.
Below in Fig. 3 we show the refractive index of guest-
host films made of DMABI-Ph6 in PMMA as well as
the measured refractive index of SU-8. The
concentration C of DMABI-Ph6 in the PMMA matrix
expressed as

C= M pragi-phe , (1)

M pvai-phe T Mpamia

where mpmagi-phe 1S the mass of the chromophore and
mppmma 1S the mass of PMMA.

Since the SU-8 will is used as a waveguide core,
the employed cladding should have a refractive index
that is lower than that of cladding. As evident from
Fig. 3 the DMABI-Ph6 concentration in PMMA
should not exceed the concentration value of 40 % wt.
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Fig.3. The  refractive index of  guest-host

DMABI-Ph6 + PMMA films measured at 633 nm by prism-
coupling technique as a function of NLO chromophore
concentration is indicated by red circles. The red dotted line
indicates the refractive index of SU-8 at 633 nm.
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We calculated the operation conditions of the
waveguide MZI at different NLO polymer cladding
refractive indexes. We used finite element mode
solver in Comsol Multiphysics 5.2a Wave Optics
module to calculate the effective refractive indexes ney
of the first two modes as well as the overlap integral I"
of the first mode at 633 nm in the waveguide at
different DMABI-Ph6 chromophore concentrations.
The overlap integral I" describes the interaction
efficiency between the applied electric field and the
optical mode [13]. The calculated n.yand I values are
depicted Fig. 4. The desired single mode regime is
restricted by the black dotted lines, which are located
at 27 % wt and 38 % wt, respectively.

100%
- 80%

1.56 | 1stmode H : - 60%

- 40%
2nd mode single
mode ¢
¢ operation 3 L 20%

Effective refractive index n,
=
[62]
B
Overlap integral T’

R 0%
0 5 10 15 20 25 30 35 40 45
DMABI-Ph6 concentrantion C, % wt

Fig. 4. The effective refractive index ney of first and second
TE modes as a function of DMABI-Ph6 concentration
in PMMA matrix are plotted with blue lines on primary y
axis. The overlap integral T' of the Ist mode is plotted
with the red line on secondary y axis. The dotted vertical line

indicates concentration at which the waveguide operates
in single mode regime.

It is important to understand other properties of the
material when chromophore concentration is varied.
Parameters such as glass transition temperature and
NLO coefficients are important in the device
preparation process as well as testing. We used second
harmonic generation intensity decay measurements to
estimate the glass transition temperature as well as
NLO coefficients of films prepared at different
chromophore concentration C. Firstly we found that
by adding chromophores to PMMA significantly
reduces the glass transition temperature of the
material. The glass transition temperature drops and
saturates at around 77°C at by adding as little as
10 % wt of DMABI-Ph6 in PMMA matrix. As
expected the observable macroscopic nonlinearity of
the film reduced by decreasing the chromophore
concentration in the material. The measured NLO
coefficient ds; at zero frequency of pure DMABI-Ph6
poled by Corona poling method was 6.29 pm/V, while
at 30 % wt dropped to around 1 pm/V. From this value
the estimated EO coefficient was around 0.65 pm/V. It
is important to note that we did not observe a drop in
the optical nonlinearity at higher chromophore
concentrations. This suggests that there is weak

dipole-dipole interaction between chromophores in
the film.

The concentration of chromophore in the matrix
was chosen to be 30 % wt. At this concentration the
refractive index of EO polymer is such that a single
mode condition is met if other parameters of the device
are as shown in Table 1.

Table 1. The created EO device and employed
material parameters.

Parameter Value
Substrate refractive index at 633 nm 1.45
SU-8 refractive index at 633 nm 1.589
EO polymer refractive index 15684
at 633 nm
SU-8 core width 1.5 pm
SU-8 core height 0.7 um
Waveguide bend radius 0.5 mm
EO cladding thickness 1 um
Interaction length 5 mm
Electrode height 100 nm
Electrode separation distance 20 um
Estimated overlap integral T’ 50 %
NLO coefficient at 532 nm 69.2 pm/V
NLO coefficient at zero frequency 6.29 pm/V
Estimated EO coefficient at 633 nm 0.65 pm/V

An important part in the device preparation is the
polymer poling. Poling is a process in which the NLO
chromophores are aligned non-centrosymetrically. For
maximal possible NLO efficiency one must achieve
the highest polar order of chromophore molecules in
the matric while maintaining the chromophore
structure, concentration and good optical properties of
the cladding. Typically thin films are poled by Corona
poling method which has shown to be one of the most
efficient polymer poling methods due to many of its
advantages [14]. Unfortunately, Corona poling cannot
be applied for poling the NLO polymer employed in
the device described here and in-device poling method
will have to be applied.

For poling and EO modulation purposes the
electrical wires were connected to Chromium
electrodes by Silver paste. The poling was done at
temperature that was 20°C above the glass transition
temperature of EO polymer with poling field of
40 V/um. This procedure was done on a temperature
stabilized hot-plate by setting the poling voltage and
capturing poling currents with a 6517B electrometer
(Keithley). To our observation, increase of either the
poling temperature or field above the mentioned above
would result dielectric breakdown which makes the
device unusable.

We initially prepared the device on a regular soda
lime glass. During the poling procedure we noticed
morphology changes in the electrodes. Moreover, the
electrode that was connected to the ground during
poling became non-conducting. Below in Fig. 5 the
optical images of Chromium electrodes after applying
190 V and heating the substrate to 105°C are shown.
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Fig. 5. Optical image of electrodes on soda lime glass after
applying 190 V and heating the substrate to 105°C. The
electrodes are separated by 30 um. The left electrode was
connected to ground during poling.

The X-ray photoelectron spectroscopy (XPS)
depth profiling measurements on the electrodes were
performed after poling showing that the temperature
and electric field induced ion diffusion is the cause of
electrode morphology change. Below in Fig. 6 the
atomic percentage of Chromium and Sodium as a
function of surface etch time is shown. The etch time
correlates linearly with the etched depth. As evident
from Fig. 6, during poling the Chromium has
diffused inward the substrate while Sodium ions have
diffused outward.
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Fig.6. XPS measurements — atomic percentage

of Chromium and Sodium as a function of surface etch time
which is proportional to depth.

In order to avoid morphology changes in the
electrodes the device was prepared on a quartz glass
substrate which has lower conductivity than soda lime
glass by around three orders of magnitude. Below in
Fig. 7 Optical image of electrodes on quartz glass after
applying 190 V and heating the substrate to 105°C is
shown. As evident, the electrodes have not changed
during poling.

After NLO polymer poling within devices, the
lower side of the substrate was slightly cut using a
diamond saw thus allowing fine breaking of the
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substrate and the waveguides. The light could be
coupled into the waveguide through the facet
(see Fig.2) without any additional polishing or
preparation steps.

Fig. 7. Optical image of electrodes on quartz glass after
applying 190 V and heating the substrate to 105°C. The
electrodes are separated by 30 pm.

3. Characterization

The setup used for testing the EO modulator is
shown in Fig. 5. Here we used a 2 mW He-Ne laser
operating at 633 nm as light source for exciting the TE
mode in the waveguide. The laser beam was coupled
to the MZI and collected via 20x microscope
objectives. Below in Fig. 8 an optical image from the
top of waveguide MZI with excited guiding mode is
displayed. In the same figure the electrical wires
connected to Chromium electrodes by Silver paste are
evident. Due to partly destructive interference at the
second waveguide splitter part of the energy is being
scattered in form of radiation modes. Unfortunately,
due to poor dynamic range of the camera this
scattering is not pronounced however is visible by eye
in the microscope.

Fig. 8. An optical image from the top of waveguide MZI
with excited guiding mode.

We used a function generator, phase inverter and a
dual-channel amplifier for applying the modulating
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voltage in a push-pull regime. The light intensity
modulations were recorded using a high speed silicon
photodetector connected to an oscilloscope.
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Fig. 9. The setup for electro-optic characterization of the
device: He-Ne 633 — laser, M — mirrors, D — detector
DET36A (Thorlabs), OSC — oscilloscope, FG — function
generator, PI — phase inverter, and AMP — amplifier.

In Fig. 10 the applied modulation field and
captured modulated signal are shown. As evident from
Fig. 10 the modulation bandwidth is low. By fitting the
decay of intensity we estimate the bandwidth to be at
around 4 kHz. The main cause of such low bandwidth
is the contact resistance of the Silver paste (~1 kOhm)
as well the high wire capacitance (~0.2 nF). The RC
time constant estimated from these values
agrees well with the experimentally observed
modulation bandwidth.
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Fig. 10. The applied modulating field intensity and the
output light intensity as a function of time.

For estimation of effective EO coefficient
r from the modulation data we used the
following approximation:

I A

}":—m3—7
I 7 E-LT

2

where /,, is the light intensity modulation amplitude,
I, is the average light output intensity, 4 is the
wavelength, n is the EO polymer refractive index,
E — the applied modulating field, L — interaction
length, I — the overlap integral. From eq. (2) we get
that EO coefficient 7=0.20 pm/V which is
approximately 30% of the value estimated from the
NLO measurement in thin film poled by Corona
poling method.

4. Conclusions

We have successfully demonstrated engineering,
development and the operation of an all-organic EO
modulator. The efficiency of the device is very poor
which is due to low EO coefficients of employed
polymer. It is recognized that the drive voltage
at TTL level of 5 V could be reached if the current
state-of-the-art organic EO materials with EO
coefficient >100 pm/V would be used in the device.
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