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Abstract

Integrated Mach-Zehnder modulators fabricated on
X- and Z-cut lithium niobate wafers are presented.
The optical waveguides were fabricated by the Zn-
diffusion method, which allows monomode TM-
propagation at the wavelength of interest by choos-
ing the channel waveguide width. The TM-mode is
shown to be buried beneath the surface, which avoids
the need of using a dielectric buffer to reduce propa-
gation losses induced by the metallic electrodes to
perform electro-optic modulation. A figure of merit
of 9.2 V-cm has been obtained for the switching volt-
age-interaction length product in Z-cut modulators
with CCS configuration, which is slightly higher that
the calculated theoretical value using the overlap
between the externally applied electrical field and the
propagating optical field.

Introduction

The integrated Mach-Zehnder intensity modulator is
perhaphs the paradigm of integrated optical devices,
and it has been succesfully used in optics communi-
cations technology [1], and to perform other different
tasks, such as for the fabrication of integrated Q-
switched lasers [2]. Due to its high electrooptic coef-
ficients, LiNbOj; crystals have been widely used to
implement integrated electrooptic Mach-Zehnder
modulators, either using Ti-diffusion or proton ex-
change technologies for fabricating the optical cir-
cuits. Although these techniques give rise to high
quality low loss channel waveguides, each of them
present some drawbacks, such as the high tempera-
ture processing in the case of Ti-diffusion, or the fact
that proton exchange waveguides only support ex-
traordinary polarized propagating modes. Recently,
Zn-diffusion has been considered an alternative ap-
proach for fabricating optical waveguides in LiNbO;
[3], either by the evaporation of a ZnO layer over a
LiNbO; substrate [4], or by the direct Zn incorpora-
tion on a LiNbO; substrate from its metallic vapor
phase, both followed by a thermal annealing. In fact,
Zn-diffusion technology has been used to developed
some interesting integrated optical devices, including
active devices on rare earth doped LiNbO; [5], as
well as functional devices [4] based on the electro-
optical properties of the LiNbO; substrates. In this
work, electrooptic integrated Mach-Zehnder modula-
tors on X- and Z-cut LiNbOj; substrates fabricated by
vapor Zn diffusion are presented, showing a versatile
design and low half-wave voltages.

Mach-Zehnder fabrication

The general design of the integrated Mach-Zehnder
interferometer is schematically shown in figure 1,
where the electrodes have been positioned for the
case of Z-cut substrates. The two symmetric Y-
junctions (input and output) are implemented by two-
opposed 2° arcs of circles with a high curvature ra-
dius of 20.5 mm, choosen to minimize losses in the
bends [6]. The upper and lower parallel arms of the
interferometer have a length of 11 mm, and are sepa-
rated a distance of 50 pm. Considering the input and
output straight channel waveguides, the the device
has a total length of 2 cm. The input and output
straight channel waveguides, as well as the two arms,
have been fabricating using masks of either 2 or 4
pm. These designs are transferred by UV photolitho-
graphic techniques using SiO, intermediate stopping-
masks 0.5 pum thick on X- and Z-cut congruent LiN-
bO; wafer supplied.

L;=20.0 mm R =20.5 mm L,=10.0 mm
L;,=3.1 mm 0=2° W =10 um
Ly=14mm Z=50 pm G =15um
L=11.0 mm w=2,4pum
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Fig.1. Integrated Mach-Zehnder interferometer design to
fabricate electrooptic modulators. Electrodes are positioned
for a Z-cut LiNbOj substrate.

After the lithography, waveguide fabrication was
followed by the method described in reference [3],
which consists on a vapor Zn diffusion at a tempera-
ture of 550 °C during 2 hours followed by a thermal
annealing in oxygen atmosphere: 850 °C during 12
hours for the 2 pm channel width interferometer, and
900 °C during 1 hour for the 4 pm wide channel
waveguides. These parameters have been choosen to
assure monomode behaviour at 1.55 pum wavelength.
The optical characterization was performed by the
end-fire-coupling technique at 0.633 pm and 1.55
pm, showing that the interferometers support both
TE and TM propagation as expected, with a better
guiding for TM polarization, and with no sign of



photorefractive damage even when using visible
light. It has been also found that the extraordinary
guides were buried some microns beneath the sub-
strate surface, which can be the reason for the better
guiding in this polarization as it has been discussed in
[3]. The sizes of the fundamental modes for TM-
propagation at 1.55 pm (measured at 1/e of the
maximum) were 10.4x6.6 um” and 10.6x7.3 um?, for
the 2 um and 4 pm wide channels, respectively, indi-
cating some lateral diffusion of the Zn through the
Si0, stopping mask during the annealing step.

Integrated electrooptic MZ modulators.

The next step in fabricating the integrated electroop-
tic modulators consists on depositing metallic elec-
trodes along the arms of the interferometers. To use
the highest electrooptic coefficient in LiNbO; (r33),
the externally applied electric field should be parallel
to the Z-axis [7]. Therefore, in order to optimize the
interaction between the electric field and the optical
mode [8], in a Z-cut wafer the electrodes should be
positioned on top of the waveguide arms (Fig. 2),
while in an X-cut wafer the electrodes should be lo-
cated on both sides of the branches. In these condi-
tions the extraordinary index change by electro-optic
effect in LiNbOs is given by [7]:
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where n. is the extraordinary index, E, the applied
electric field and r3; the corresponding electro-optic
coefficient (30.8 pm/V). As the r;; is three times
higher that the r;; coefficient, the change on the ordi-
nary index can be neglected. Following these consid-
erations, the propagating light should be chosen TM-
polarized in Z-cut substrates, and TE-polarized light
when using X-cut wafers.

Fig. 2. Electrode mask alignement respect to the Mach-
Zehnder interferometers on Z-cut substrates. Left: com-
plementary coplanar stripline (CCS) Right: coplanar strip-
line (CS), forming a push-pull configuration. Note that the
fourth electrode is initially not conected.

For Z-cut substrates the electrodes must be posi-
tioned on the top of the interferometric arms, while in
X-cut substrates the electrodes lie besides the arms,
in such a way that in both cases the major component
of the electric field is along the crystal Z-axis. Also,
the polarization chosen was the TM because it im-
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plies the higher electrooptic effect, and also it
showed the better guiding as it has been discussed
before.

Following this choice, 3000 A thick and 10 um wide
aluminum electrodes were patterned by UV lithogra-
phy on the position indicated in Figure 2, with a gap
of 15 um between electrodes and a length of 1 cm.

In other technologies, a buffer of SiO, must be
placed between the waveguides and the metallic elec-
trodes, in order to avoid the possible attenuation in
the propagation mode. In our case, as the modes are
buried some microns beneath the subtrate, the expo-
nentially decay evanescent field of the mode does not
reach the electrodes, and thus avoiding the need of
using a dielectric intermediate buffer. Although the
electrode mask was initially designed to work with
Z-cut wafers, it is versatile enough to be used also
with X-cut wafers, just by displacing laterally the
electrode mask respect to the interferometer arms
(see figure 3).

Fig. 3. Electrode mask alignement respect to the Mach-
Zehnder interferometers on X-cut substrates. Let us note
that the electrode mask is the same as that of figure 2 (left),
showing the versatility of the mask design.

For this purpose, the electrode mask has several
alignment motifs to be used for the different crystal
cuts. Figure 4 shows an image of the left side of the
EO-modulator, where it can be seen the channel
waveguides, the metallic electrodes, as well as the
alignement motifs.

Alignements motifs Signal electrodes <+

Ground electrodes

Conection strip Channel waveguides

Fig. 4. Partial view of the integrated EO-modulator built
into a Z-cut substrate.



The theoretical value for the half-wave voltage of the
integrated electro-optic modulator can be calculated
using the expression [9]:

y - *8 (2)
T 3
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where g is the gap between electrodes, L the elec-
trode length and I' a factor with relates the overlap
between the applied electric field and the propagating
modal field [10]:
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where ¢(x,y) is the optical mode, and E(x,y) the elec-
tric field produced by the metallic electrodes. Assum-
ing an optical field intensity with dimensions of 10x9
pm? buried ~6 pm in the substrate and calculating the
applied field with the mapping functions given in [7],
an overlap factor of 0.48 is obtained. Using this value
of I', and assuming that the electro-optic coefficient
is not degraded by the Zn diffusion [4] a theoretical
switching voltage of 6 volts is obtained for the con-
figuration here designed.
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Fig. 5. Response of the integrated EO-modulator working
at 800 KHz under a triangular electric signal, using a Z-cut
substrate with CCS configuration.

To characterize the integrated electro-optic modula-
tor, light from a polarized He-Ne laser is coupled into
the interferometer input with the aid of a microscope
objective, and a triangular wave coming from a HP-
33120A wave-generator is applied to the modulator
electrodes using gold wires. The modulated light at
the interferometer output is collected and focused by
means of a second microscope objective and detected
by a S-20 photomultiplier (t ~ 20 ns). Both, applied
voltage and modulated light intensity, were recorded
by means of a 150 MHz digital oscilloscope Tektron-
ics IX model TDS-420. Figure 5 shows the detected
intensity (continuous line) when a triangular wave of
7.2 volts of amplitude (dashed line) is applied to the
interferometer, at a frequency of 800 KHz. A plot of
the modulated intensity versus the applied voltage
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gives the transfer function of the electro-optic modu-
lator, where a half-wave voltage ¥, of 9.2 V is ob-
tained, and in consequence a voltage-length product
of 9.2 V-cm, which is higher that the predicted theo-
retical value (6 V). This discrepancy between the
theoretical and experimental V, values can be attrib-
uted to an overestimation of the overlap factor given
in equation (3).

Although no electro-optic modulation

measurements have been taken at 1.55 pum, channel
waveguides show monomode propagation at this
wavelength when using a 2 pum width mask. The ex-
trapolated half-wave voltage in this case using the
relation (2) is 22.5 V, which is comparable with data
reported by Twu et al. [4] using thermally evaporated
Zn film to fabricate the channel waveguides, where
they obtained a figure of merit of 9.6 V-cm using a
push-pull MZ configuration, which reduces a half the
switching-voltage.
The extintion ratios of the EO-modulators have been
measured at 633 nm by comparing the maximum and
minimum output intensity, using an oscilloscope
working in DC mode. Figure 6 shows an example of
these measurements, for a Z-cut modulator with CCS
electrode structure, where a value of 7.6 dB has been
obtained. Although this is not a very high value, it is
expected that working at 1.55 um the extintion ratio
was superior, due to the monomode character of the
channel waveguides at this wavelength.
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Fig. 6. Modulated signal, working on DC mode at the os-
cilloscope, for measuring the modulator extinction ratio.

Finally, the frequency response of the integrated EO-
modulators has been obtained using the set-up previ-
ously described. Figure 7 shows the frequency be-
haviour, working under triangular wave, for 1 cm
length electrode modulator. As it can be seen, the
measured signal drops around 2 MHz. Unfortunately,
this is the response limits of our measurement system
(~20 ns), and thus this frequency represents a lower
limit of the integrated EO-modulator. Theoretical
estimations using the indicate a maximum frequency
response of ~500 MHz
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Fig. 7. Frequency response of the EO-modulator. The 2
MHz fall is just the limit of the measurement set-up, and
thus indicates a lower limit for the frequency response of
the modulator.

Conclusions

Integrated electro-optic modulators fabricated by the
vapour Zn diffusion method in LiNbO; have been
demonstrated. The design of the interferometric and
electrodes masks is versatile in the sense that they
can be used for X-cut wafers, just by shifting the
electrodes respect to the waveguides. Also, the Zn
diffusion technique for fabricating n. guides has the
advantage of avoiding the need of using a buffer to
reduce propagation losses, as it is needed when using
Ti diffusion technique. The electro-optic modulator
shows a figure of merit of 9.2 V-cm, which is a little
higher than the theoretical value, probably due to an
overestimation of the overlap factor.
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