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This work presents the design, development and characterization of an integrated optical modulator based on a
Mach Zehnder Interferometer (MZI) recorded inside x-cut Lithium Niobate (LNB) wafers. These optical circuits
were fabricated by means of femtosecond laser writing on LNB samples under planar configuration. Electro-optics
modulation was achieved by adding metal electrodes on the LNB sample surface, configured as a coplanar strip
layout. The latter fabrication procedure was conducted by using standard lithography and sputtering techniques
from silicon platform. The MZI prototypes developed support single mode propagation at communication wave-
lengths (1.55 um) and present a half wave modulation voltage, Vr, close to 45V measured with a bias unbalance

between arms of 15V.

The MZI prototype has unique constructive features because it takes the advantages of the femtosecond laser
writing. Additionally, it can be a key element of an opto-electronic device to be implemented in many systems,
with high impact among others technological areas such as optical communication, sensing and control.

1. Introduction

The significant growth of fiber optic networks has strongly increased
the manufacture and innovation of technological products in the com-
munication area. In addition, this generates a constant increase of the
requirements demanded by signal modulation systems to supply a dense
flow of information. Nowadays the fiber optic networks exceed the
100 GHz of transmission rate. This technological advance constitutes a
key element for the growth of optical communications [1-3].

The conventional signal modulators implemented in commercial
fiber optics systems for transmitting internet signals, normally consist
of an integrated Mach Zehnder interferometer. This commercial pho-
tonic device is manufactured based on optical waveguides, obtained by
the well-known Titanium diffusion method on Lithium Niobate (LNB)
wafers [4-7]. It is worth to mention that, because its electro-optical,
acousto-optical and piezo-optical characteristic properties [8] LNB is a
widely known material suitable for photonic devices.

In recent years a non-traditional technique to build optical circuits
in optical materials has been developed. This technique has a great
potential but not yet exploited as a standard manufacturing technology.
This method is based on the interaction of ultra-short pulses of laser
light with optical materials. One of the advantages of this technique
is that it can be applied to a wide range of passive and active optical
materials [9-17]. Additionally, it can be implemented in a single step

allowing the construction of three-dimensional waveguides structures
[9]. This favors better light guidance structures integration than the
conventional methods which use flat structures, known as PLC (Planar
Light wave Circuits) [2].

In this work we present an alternative development of an optical
modulator based in a Mach Zehnder interferometer (MZI) integrated
in Lithium Niobate (LNB) X cut wafers. The optical circuits were fab-
ricated by means of femtosecond laser writing on LNB samples under
planar configuration. The optical circuit was designed by considering
the bend radius and the total length device in order to minimize the
losses and reduce the Vr value. To validate the hypothesis, computa-
tional simulations were performed by using the RSOFT™ commercial
suite software. The electro-optics modulation was achieved by adding
metal electrodes on the surface placed in the sample, through a techno-
logical platform commonly used for Silicon, based on lithography and
sputtering techniques. Coupling of input and output of the MZ modu-
lators into fiber optics were accomplished by performing an alternative
integration procedure implemented with photo-cured adhesive and a
homemade fiber hold system. Finally, the electro-optics modulator pro-
totype was assembled in an own design holder that include a single mode
fiber connectors type FC-APC at the input/output and four pins to volt-
age connection. The developed prototype supports single mode propa-
gation at communications wavelengths (1.55 um). The main operation
characteristics (Vz, modulation bandwidth, extinction ratio, insertion
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Fig. 1. Front view of the Type II waveguide end face. Black spots results from
the laser focus along the writing process. Between them, enclosed by an oval
shape, it is detailed the region where the refractive index is higher.

losses, etc.) will be reported in this paper.

2. Material and methods
2.1. Writing procedure

When a femtosecond laser pulse is focused in a transparent medium,
structural and refractive index changes may be induced. These facts are
caused by a non-linear absorption mechanism and affect only a narrow
focal volume and its surroundings. This effect allows the direct writing
structures in the material and constitutes the basic waveguide for the
optical circuit studied. In particular, we have fabricated optical circuits
using type Il waveguides structures [10-12]. This process was done by a
Chirp Pulsed Amplification (CPA) Titanium-Sapphire laser which emits
100 fs pulses at 800 nm wavelength and can deliver pulses up to 1 mJ
of energy with 1 KHz of repetition rate. The laser beam parameters are
configured according to the conditions of each experiment described
below. The alignment is obtained by redirection and normal incidence
on the sample. Finally, the incident laser beam is focused into the X cut
LiNbO5 sample by a 20X microscope objective (NA=0.4) [13].

The structures made were recorded using a transverse writing ge-
ometry. This means that the laser pulses have a perpendicular incidence
to the waveguide recorded direction (Y-axis). Knowing the optimal laser
energy to obtain high performance waveguide structures in LiNbOj5 crys-
tals [9], the laser energy is adjusted to a value of 0.7 wJ. The writing
speed used was 30 um/s. This value is set in order to obtain an optimal
pulses superposition to make well defined waveguides and relatively
homogeneous walls. A front view of the fabricated structures written
with these parameters is shown in Fig. 1. This X cut Lithium Niobate
waveguides support TM polarization modes.
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2.2. Mach—Zehnder interferometer (MZI)

The MZI design consists of two branches with a balanced geome-
try. The laser writing strategy to draw our optical circuit was based
on Type II structures. The waveguide was written in such a way that
the propagation direction resulted parallel to the Y axis of the LiNbO4
crystal. Double track separation gap of 23 um ensured a single mode
optical transmission at communication wavelengths. The total length of
the optical circuit was 40 mm in a straight line. Fig. 2 shows in detail
the dimensions of the optical circuit designed.

It is important to note that the design of a MZI should take into ac-
count losses caused by different origins, amongst we can mention: op-
tical circuit bending, material losses (absorption), coupling factor, fluc-
tuations of waveguide refraction index, waveguides roughness of each
branch (scattering), etc.

In particular, the bend on each arm of the Mach Zehnder were de-
signed using a sigmoidal shape and setting an aperture angle in agree-
ment with the criteria established in reference [18]. Consequently, it
can guarantee the least losses originated in bending.

2.3. Electrodes

The required electrodes for electro-optical modulation are deposited
on the crystal surface by sputtering and by lithography techniques. In
this process, first of all it was deposited a thin layer of titanium (50 nm)
to hold it in the crystal and then a thicker layer of copper (350 nm).
Geometry choice in the LINbO5; sample is essential to define the applied
electric field direction, of course determined by the electrodes orienta-
tion.

It could be observed that the magnetic field belongs to a plane per-
pendicular to the crystal axis and the wave-vector k is almost grazing
to the walls of waveguides (see Fig. 3a). When using this fabrication
technique (laser direct writing) propagation takes place preferably for
TM polarization modes [19]. In this case, the extraordinary refractive
index (n.) changes but not as much as the ordinary index (n,). More-
over, these changes occur in different directions: n, following the z axis,
and n, between the x and y axes [19,20].

Electrodes are necessary to apply an electric field on the horizontal
axis (Z axis) to modify the refractive index according to the Pockels
effect (Ec. 1) [18].
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If we consider optical modulation in the MZI up to 500 MHz, it is
valid to use standard electrodes configuration instead of traveling wave
electrodes commonly implemented for high speed rate [22]. The dimen-
sions depicted in Fig. 3 shows the electrodes configuration in order to

10 mm

20 mm 10 mm

Fig. 2. Schematic geometry and dimensions of the whole MZI design. The length between arms bifurcations was of 20 mm. The represented angle was not made on

a scale.
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Fig. 3. Electrodes disposition: a) Schematic configuration, it can be appreciated
the electrodes configuration and between them, the electric field in Z direction
across the waveguides b) Top view of the mask for sputtering. We have imple-
mented a set of four MZI only for test purposes. It can be noticed a slightly
degree of curvature at the beginning and at the end of the electrodes in order
to minimize the distance between them and the laser tracks.

produce symmetrical electric fields in both MZI arms. The central elec-
trode width is bounded by the separation between MZI arms in turn re-
lated with the bending angle. For this type of structure we use an elec-
trode configuration known as a coplanar strip and the voltage applied
to this system corresponds to a dual drive electrode configuration type
[23]. Each pair of electrodes has a separation of 90 um and an active
length of 20 mm on the waveguide surface. The electrodes separation
was chosen taking into account electric field simulations considering
the compromise between a reasonable low voltage and enough change
in the refractive index. The active length of the electrodes is limited by
the length of MZI arms. In the Fig. 3a) we can see a schematic front view
of the system and in b) a top view of the electrodes configuration in the
whole crystal. The design criterion was based on a redundancy strategy,
so, several twin circuits were made in the same crystal.

2.4. Housing

Before making the experimental measurements, a robust holder was
designed to have a final device for testing. This process includes the
fiber optic and electrodes connection of input and output device and
its housing. Only one MZI amongst the four implemented was optically
connected. Alignment is critical for optical fiber connection to reduce
losses. To build the device it is necessary an alignment process followed
by fixing by means of photo curable optical adhesive. The electrical con-
nection between electrodes and the output pins are made by using the
wire bonding technique. Once the connections were made, the whole
system was assembled in a holding case.

Fig. 4 shows a schematic of this final device. It shows the input /out-
put optical fibers, the LiNbO; crystal, the electrodes and the electrical
pins, respectively.

Finally, the whole set can be housed in a solid piece made of metal
machined by a CNC router or in plastic using a 3D print technology.
Holding case plays a double function: first it gives robustness and pre-
vents against damage, and then, it immobilizes the internal components
to maintain their alignment. This allowed us to manipulate the finished
device under safe conditions for testing.

2.5. Measurement setup

Electro-optical modulation measurements were conducted by using
the experimental set-up detailed in Fig. 5. As input device, we have used
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Fig. 4. Detailed of schematic final device. It can be observed two channels in the
extremes of the case to align the optical fibers. Plate of LiINbO4 crystal shows the
deposited electrodes and the attached wire bonding for the voltage connections.
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Fig. 5. Block diagram of the system used for the modulation test of the MZI. In
black, electrical connections while in blue, optical connections by mean of fiber
optics. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

a Distributed FeedBack (DFB) laser diode operating in the communica-
tion band (1.55 um, DFB QPhotonics - USA). It is connected to the device
by using a single-mode fiber, while at the output, an InGaAs high-speed
photo-diode (GPD Optoelectronics Corporation, USA) was used to mea-
sure the optical power. The electrical connection pins (for phase modu-
lation test and consequently the amplitude) were connected to a signal
generator (which injected + 3V peak-to-peak voltage sinusoidal signal
to the MZI) and to a DC voltage source. The signals of the photodiode
and the electrical input were both monitored in each experiment. This
scheme allows us to obtain the main characteristic data of the device
that we will analyze later.

3. Results and discussion

As a first analysis of the MZI systems, optical and electrical charac-
teristics of electro-optics modulation were explored. In a first step, the
MZI was analyzed in order to obtain the Vr voltage and the extinction
ratio value. In this case, the procedure consisted in a sweep of DC volt-
age which was injected into the MZI electrical connection pins. Also, as
a consequence, we obtained the imbalance between the interferometer
branches. This value was determined considering the voltage necessary
to obtain a maximum intensity at the MZI output. In addition we had ob-
tained the half wave voltage value, resulting in a Vz ~45V. Although
this value is considerably higher compared with the operation value
observed in commercial MZ systems (less than 5V), we would like to
remark that it is expected to reach lower Vr values of this order if the
MZI were manufactured on LiNbO5 Z cut. This future implementation
will guarantee a greater efficiency in the electro-optical effect, because
in this last case the ry3 coefficient will be responsible for the modula-



D.A. Presti et al.

Unbalance
i bias !
1001 Theoretical
curve
9} "
80+
= 70} I
s 5
S 60} (N : )
8 I i Transmitted
S 50r Fon | intensity
@ Pl I
D 40} |
g Measurement Pl :
c 30} data . I
© |
- [
" 20 R l
o :
10N [ |
k. | | |
SO L7 P !
0 t -~ L f ——t L | L
-40 -30 -20 0 101 10 I 20 Applied
\ Vn : : : : voltage [V]
: o '
|
|

Modulation
voltage Q

[
Iy

Fig. 6. Experimental values (red hole circles) of throughput of the electro-optic
modulator as a function of the applied voltage. Additionally, the dashed line in
grey shows the fitting curve corresponding to the MZI device analytical model.
(For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

tion in the interferometer branches. This difference arises because the
r3; coefficient has a value of 8.6, unlike r33 whose value is 30.8. The
electro-optical effect is linked to this coefficient, therefore if the coeffi-
cient increases, the electro-optical effect will also increase [21].

In a second step of MZI analysis, taking into account the observed
good performance by injecting a linear voltage signal as it is shown
above; we proceeded to replace the direct current with a function gen-
erator source. This new configuration allows us to observe the system
behavior with a modulated voltage input. This is the most common use
of these devices. In order to analyze the response, in Fig. 6 we can see a
retrieval of experimental data showing the characteristic sinusoidal form
of the MZI throughput. These data were compared against the analytical
expression of the transfer function [7]. The agreement between them is
satisfactory, except in the first region corresponding to the minimum,
where scattering defects originated in the writing process can distort the
signal. Being the working zone the linear region, this distortion causes
not effect, since is out of this region.

Considering the preliminary study for the MZI, we have injected a
10 MHz modulated voltage sinusoidal signal with amplitude of ~3 V. We
remark that this kind of writing technique is not usually employed to
make this type of device. In consequence we focused first in the feasibil-
ity of modulation instead of higher modulation rates. For higher mod-
ulation rates it is necessary to reconsider the electrodes configuration
design.

In order to verify the behavior predicted, we can see in Fig. 7 the
results obtained. In red and blue lines are represented both, the input
voltage and the output optical signals respectively. The optical modu-
lated output signal measured by the detector is recorded at the oscil-
loscope. As expected, the MZI signal at the output follow the shape of
the electrical signal used to drive the electro-optical modulations. This
fact is in agreement with the correct selection of a linear operative re-
gion. Additionally, phase shift between input and output signals is not
observed, so reactive effects in metallic electrodes are negligible.

In order to complete the analysis, the photodiode was replaced
from the experimental setup shown in Fig. 5, by a CCD camera. This
allowed us to see the optical modes at the output of the MZI considering
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Fig. 7. Modulation tests of the MZI. The minimum of the optical signal (blue
curve) correspond to the less value of power radiation (different from zero). The
largest values of the modulus of applied voltage (red curve) are lower than Vz,
in spite of this, the degree of contrast is evident. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version
of this article.)
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Fig. 8. a) Measured minimum optical modulation output mode, b) Measured
maximum optical modulation output mode, c¢) and d) corresponding simulations
of optical modes measured in a) and b). In both cases, modulation voltage was
swept from -Vz/2 to Vz/2.

different transmission states driven by the modulated electrical signals
at the input electrical pins. Figs. 8a) and b) shows the optical modes
measured during the minimum and maximum modulation value. It is
important to note that the color code scale for both figures is the same.
Inspection of figures allows seeing the great difference in optical power
between the two extremes analyzed. A similar analysis was reported in
[20] but in our work the contrast was highly improved. Likewise the
characteristics obtained by other techniques can be compared with our
development as it is shown in Table 1. It can be noticed that, when
Ti-diffusion process is employed, the guided modes are TE and the used
electro-optic coefficient must be r33.
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Table 1
Optical/Electrical characteristics of the MZI constructed in this work, compared with those developed by other authors and commercials.

Building technique Material Wavelength [um]  Insertion losses [dB] ~ Vz [V]  Ext. ratio [dB]  Un balance bias [V]  Full branching angle [*]  Ref.

Laser direct writing ~ LiNbOg X-cut ~ 1.55 30 45 11 15 0.5 This work

Laser direct writing LiNbO, X-cut 0.532 10 23 > 10 9.5 1.5 [20]

Ti-diffusion process ~ LiNbO; X-cut ~ 1.525 - 1.605 4 7.5 20 - - [24]

Ti-diffusion process ~ LiNbOz X-cut ~ 1.530 — 1.625 4 5 22 - - [25]
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