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CMOS Compatible Fully Integrated Mach–Zehnder
Interferometer in SOI Technology
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Abstract—We present a fully integrated Mach–Zehnder inter-
ferometer in silicon-on-insulator technology. Modulation of the
index of refraction is achieved through the plasma dispersion effect
resulting in a bandwidth in the 10 MHz range. A particular and
innovative design makes this device completely compatible with
CMOS technology allowing electronic functions to be integrated
on the same substrate. Measurement results, limitations due to
thermooptic effect and absorption related to charge injection
together with further improvements are discussed.

Index Terms—CMOS, Mach–Zehnder, plasma dispersion, SOI
optoelectronics, thermooptic effect.

SILICON waveguides in silicon-on-insulator (SOI) tech-
nology have been the subject of much investigation in the

past years due to their high potentiality in optoloelectronic
circuits [1]–[2]. Silicon is presently the most exploited and
well-known medium for integrated electronics, but it is also
highly transparent in the infrared spectral region enabling
low-loss optical waveguiding. Light sources in plain crys-
talline silicon are not achievable, as well as detectors in the
infrared spectral region. Recently, to overcome this problem
research has been started on Er-doped porous silicon for light
emission, amplification and detection [5], [6], and metal-semi-
conductor–metal for light detection [7], making out of SOI a
very promising technology. Hybrid integrations with Si–Ge
heterostructures have also been proposed [4] and achieved.
Pockels effect being absent in silicon, all other possible phase
modulation techniques have been investigated: Franz–Keldisch
effect, Kerr effect, charge carrier effect (also known as plasma
dispersion effect), and thermooptic effect. The first two have
been calculated in [8] and have shown very low efficiency.
Plasma dispersion effect has also been investigated [8] and is
the most promising effect. Thermooptic effect has also been
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Fig. 1. SOI rib waveguide. Schematic view of the presented phase modulator
with longitudinal contacts integrated on top of the waveguide rib.

extensively investigated and a linear dependency of the index
of refraction versus temperature has been shown in [11].

We present the first, to our knowledge, fully integrated
Mach–Zehnder interferometer in SOI technology designed to
be fully compatible with CMOS technology and using plasma
dispersion effect for light modulation. Plasma dispersion
effect and thermooptic effect will be discussed in this letter in
relation with our device, together with further improvements
and possible applications.

The structure required for light confinement is the rib wave-
guide presented in Fig. 1. As it has already been shown in litera-
ture [3], [10] a proper choice of the geometrical dimensions can
give rise to single mode propagation even for wide waveguides
(in the micrometer scale). The insulating layer can be fabricated
with different techniques [9]; we have chosen a substrate in sep-
aration by implantation of oxygen (SIMOX) technology. Calcu-
lated overlap integral of the fundamental waveguide mode with
the LP mode of a standard optical fiber resulted in a best cou-
pling efficiency up to 92% for 10 m, 10 m, and
0.6. (see Fig. 1). These are the dimensions chosen for our device,
choice that fulfills also the singlemode propagation condition.
We measured fiber-to-fiber losses of a simple straight wave-
guide without any electronics to evaluate propagation losses in
silicon and found a value of about 1.5 dB/cm at 1300 nm.
Though this result is far from the best reported, it is still in the
range of possible values shown in [9] for a SOI prepared with
SIMOX technology but can be improved to 0.2 dB/cm using a
bond and etch back SOI (BESOI) substrate.

The arrangement for a phase modulator is shown in Fig. 1;
electronic diodes are integrated on top of the optical waveguide.
This longitudinal arrangement has a unique advantage over
the typical lateral approach seen in all other publications. The

1041–1135/00$10.00 © 2000 IEEE



DAINESI et al.: CMOS COMPATIBLE FULLY INTEGRATED MACH–ZEHNDER INTERFEROMETER IN SOI TECHNOLOGY 661

Fig. 2. Schematic top view of the fully integrated Mach–Zehnder
interferometer achieved in this work. Electronics are integrated on both arms
of the modulator to allow push–pull operation.

Fig. 3. Cut view along the section of the phase modulator waveguide.
Integrated doped regions and current flow are indicated.

major one is that the diodes, doped regions, and contacts,
being on the same plane, are fully compatible with CMOS
technology, reducing the etching of optical waveguides to a
simple and low-cost post processing to the standard electronic
integration. Diode pairs connected in parallel, instead of a
single lateral diode all along the waveguide structure allow also
much more uniform injection of charge. Silicon “bridges” are
necessary to support the metal stripes connecting the diodes.
Fig. 2 shows a top view of the structure where the bridges are
clearly visible though out of scale for obvious reasons. We
performed a measurement and found losses due to bridges as
well as doped region to be lower than the setup sensitivity.
Fig. 3 shows a longitudinal cut view of the phase modulator.
The distance between doped regions has been kept large enough
( with 1.3 m and 3.5) and has been
made quasiperiodic in order to prevent possible formation of
Bragg refractors. Simulation studies have been performed using
software MEDICI and predicted the possibility for charges to
propagate down to the bottom of the guide thus assuring an
excellent homogeneity of the injected charge distribution.

Let examine now what ideal change is theoretically pre-
dictable for the plasma dispersion effect. The dependency of

the index of refraction versus charge injection or depletion
(at 1300 nm) is [4], [8]

(1)

where and are the carrier densities for electrons and
holes, respectively. Admitting , it is easy
to calculate that a cm is needed to obtain
a phase shift over 1 mm of propagation. From Hall theory,
considering the p-intrinsic-n (PiN) diode structure in Fig. 3
we know that the current densityis given by

(2)

where
is the average lifetime of charges (50 ns);
is the elementary charge unit;
is the distance between the diode doped regions.

For our case as the charges flow trough the whole waveguide
section we calculatedas the average path, which is

m m , where is the distance between the
contacts pair. Since 10 m and taking 10 m we
obtain 19.5 m leading to 1960 A/cm . The current
driven by each diode is then 2.058 mA. Replicating this
structure along 1 mm means heaving 66 diodes for a total driven
current of mA. Then for such a device the theoretical
phase shift efficiency due to plasma dispersion effect relative to
length and current is

A mm (3)

Concerning thermooptic effect, from theory it is known that
an index of refraction variation of
arises from a temperature variation. Power dissipation in
the diodes implies a temperature variation according to the
following well-known relation:

(4)

where
is the power dissipated in the waveguide;
is thermal conductivity;
is the waveguide height;
is the area of the cross section;
is the temperature variation.

As the thermal conductivity of SiOis about 100 times less than
that of Si it is clear that for our dimensions the temperature
gradient in the thin SiOlayer will be four times greater than
that in the Si rib. For simplicity we assumed that the substrate
is so big and so highly conductive that the bottom of the SiO
layer is at ambient temperature (300 K). Then we discretized the
structure of Fig. 1 and calculated an equivalent resistive model.
Assuming 200 mW we calculated a temperature increase
of 1.66 K at the center of the waveguide. This yields to a phase
shift due to thermooptic effect of 0.458.

A measurement of the normalized output transmitted in-
tensity is shown in Fig. 4. This device is designed as shown
in Fig. 2 and contains five bridges driving 15 diodes each
for a total of 75 diodes. The length of the phase modulator is

1.11 mm. During the measurement we did not perform
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Fig. 4. Normalized intensity at the output of a Mach–Zehnder interferometer
driven using a 100-mA square current signal at a 15-kHz rate. Output intensity is
one and zero applied current. Contributions of the index changes due to thermal
and carrier effect can be distinguished.

push–pull operation by leaving one of the two arms open. It
is very easy in the figure to distinguish between the plasma
dispersion effect and the thermooptic effect using their respec-
tive rise times. A measurement was performed on a single
waveguide with a 1-mm-long metal layer on top. In this case,
only a thermal phase modulation is present and the bandwidth
for the thermooptic effect was measured to be 100 kHz, which
is in agreement with the rise time of Fig. 4. As an injection
of charge is always associated to power dissipation, a phase
modulator based only on plasma dispersion effect is not feasible
and thermooptic effect will always be present. In Fig. 4, it is
also clear that plasma dispersion effect and thermooptic effect
have opposite sign as theoretically predicted.

The injected current for a phase shift was 102 mA
which yields to a measured plasma dispersion effect efficiency
relative to current and length of:

A mm (5)

We measured a bandwidth of the plasma dispersion effect
greater than 10 MHz corresponding to a 35-ns switching time,
being limited by the current source used for measurements at
higher frequencies. In the same Fig. 4 a 0.5-phase shift due
to the thermooptic effect is observable. The voltage drop nec-
essary to inject the 102 mA mentioned above is 2.06 V which
gives a thermal dissipated power of about 210 mW.

Both these results are in good agreement with the theoret-
ical model presented above. But the measured 2.06-V voltage
drop is higher than the 0.85-V value predicted with MEDICI
simulations. This means that the surface integrated diodes show
an internal resistance higher than predicted thus increasing the
negative influence of thermooptic effect on the device. Electrical
tests on the diodes confirmed this observation. focused ion beam
(FIB) analysis performed on our samples found an integration
problem in the p contact, probably due to an incorrect struc-
turing of the metal layer. It is thus realistic to predict a much
weaker stray effect due to thermooptic effect.

The insertion (fiber-to-fiber) loss of the device is about
8.5 dB. It must be pointed out that the 3.2-dB Frenell losses
can be reduced with the use of antireflection coating and the

Fig. 5. Normalized intensity at the output of a phase modulator driven using a
150-mA triangular current signal at a 100-Hz rate, showing the effect of carrier
absorption.

3-dB propagation losses can be lowered down to 0.4 dB using
a BESOI substrate.

Fig. 5 shows the measurement of the intensity at the output of
a simple straight phase modulator driven by a triangular current
signal of 150 mA at a 100-Hz rate. It is clear that 25% of the
input intensity is lost due to absorption in the modulation. This
measurement is in good agreement with the theoretical study
reported in [8] and shows that any phase modulation produced
by the plasma dispersion effect induces an optical absorption as
expressed by the Kramers–Kronig relation.

In conclusion, we have presented an innovative design for in-
tegration of optoelectronic devices in SOI technology applied to
a Mach–Zehnder interferometer. Full compatibility with CMOS
electronics is achieved and the use of plasma dispersion effect
allows a bandwidth larger than standard thermooptic devices.
High phase shift efficiency has also been demonstrated.
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