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CMOS Compatible Fully Integrated Mach—Zehnder
Interferometer in SOl Technology
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Abstract—We present a fully integrated Mach—Zehnder inter- v
ferometer in silicon-on-insulator technology. Modulation of the ’| )
index of refraction is achieved through the plasma dispersion effect ground / /| ¥ P+ doped region
resulting in a bandwidth in the 10 MHz range. A particular and | /A —y n+ doped region

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.

ILICON waveguides in silicon-on-insulator (SOI) tech-
ology have been the subject of much investigation in tl’ﬂ%. 1. SOl rib waveguide. Schematic view of the presented phase modulator
past years due to their high potentiality in optoloelectronigith longitudinal contacts integrated on top of the waveguide rib.
circuits [1]-[2]. Silicon is presently the most exploited and
well-known medium for integrated electronics, but it is alsextensively investigated and a linear dependency of the index
highly transparent in the infrared spectral region enabliraf refraction versus temperature has been shown in [11].
low-loss optical waveguiding. Light sources in plain crys- We present the first, to our knowledge, fully integrated
talline silicon are not achievable, as well as detectors in tiach—Zehnder interferometer in SOI technology designed to
infrared spectral region. Recently, to overcome this problebe fully compatible with CMOS technology and using plasma
research has been started on Er-doped porous silicon for ligigpersion effect for light modulation. Plasma dispersion
emission, amplification and detection [5], [6], and metal-semeffect and thermooptic effect will be discussed in this letter in
conductor—-metal for light detection [7], making out of SOI aelation with our device, together with further improvements
very promising technology. Hybrid integrations with Si-Gend possible applications.
heterostructures have also been proposed [4] and achieved.he structure required for light confinement is the rib wave-
Pockels effect being absent in silicon, all other possible phageide presented in Fig. 1. As it has already been shown in litera-
modulation techniques have been investigated: Franz—Keldigate [3], [10] a proper choice of the geometrical dimensions can
effect, Kerr effect, charge carrier effect (also known as plasmgave rise to single mode propagation even for wide waveguides
dispersion effect), and thermooptic effect. The first two hav@ the micrometer scale). The insulating layer can be fabricated
been calculated in [8] and have shown very low efficiencyith different techniques [9]; we have chosen a substrate in sep-
Plasma dispersion effect has also been investigated [8] andiation by implantation of oxygen (SIMOX) technology. Calcu-
the most promising effect. Thermooptic effect has also be&ted overlap integral of the fundamental waveguide mode with
the LR); mode of a standard optical fiber resulted in a best cou-
pling efficiency up to 92% folW = 10um,h = 10um, andr =
0.6. (see Fig. 1). These are the dimensions chosen for our device,
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=

Etched silicon

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

An =6.2-10"2AN, +6 - 10 BAND-S (6N

whereAN, andAN;,, are the carrier densities for electrons and
holes, respectively. Admittindh V. = AN, = AN, itis easy

to calculate that &A NV = 2.5 - 1017 cm™2 is needed to obtain
a w phase shift over 1 mm of propagation. From Hall theory,
considering the g--intrinsic-r+ (PiN) diode structure in Fig. 3
we know that the current densityis given by
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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 calculated as the average path, which(i® + D +

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

\ 5 pm+ 2(h — 1 pm))/2, whereD is the distance between the
IR | contacts pair. Sincé = 10 ym and takingD = 10 pm we
o > obtaind = 19.5um leading toJ = 1960 A/cn?. The current
1 i driven by each diode is theh = 2.058 mA. Replicating this
L n +— L — |04 — structure along 1 mm means heaving 66 diodes for a total driven
sum D_5um [500nm U \JI\J current ofl,,, = 136 mA. Then for such a device the theoretical
Incoming light phase shift efficiengy due to plasma dispersion effect relative to
length and current is
p silicon (20 Qcm) n
Tlplasma, th = ﬁ = 7.367 - A_l : mm_l' (3)
SiO2 400nm X tot
N T._. . Concerning thermooptic effect, from theory it is known that
Silicon substrate (1-100 Qcm) an index of refraction variation afn.,, = 1.86 - 10~*K !

arises from a temperature variation. Power dissipation in
idhe diodes implies a temperature variation according to the
following well-known relation:

EAAT

Fig. 3. Cut view along the section of the phase modulator wavegui
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 CMO@here

technology, reducing the etching of optical waveguides to a(
simple and low-cost post processing to the standard electronig;
integration. Diode pairs connected in parallel, instead of ap,

Q= 4)

h

is the power dissipated in the waveguide;
is thermal conductivity;
is the waveguide height;

single lateral diode all along the waveguide structure allow also 4 is the area of the cross section;
much more uniform injection of charge. Silicon “bridges” are AT is the temperature variation.
necessary to support the metal stripes connecting the diod&sthe thermal conductivity of Siis about 100 times less than
Fig. 2 shows a top view of the structure where the bridges atet of Si it is clear that for our dimensions the temperature
clearly visible though out of scale for obvious reasons. Wgradient in the thin Si@layer will be four times greater than
performed a measurement and found losses due to bridgesnas in the Si rib. For simplicity we assumed that the substrate
well as doped region to be lower than the setup sensitiviig. so big and so highly conductive that the bottom of the,SiO
Fig. 3 shows a longitudinal cut view of the phase modulatdayer is at ambient temperature (300 K). Then we discretized the
The distance between doped regions has been kept large enaytgiitture of Fig. 1 and calculated an equivalent resistive model.
(>10 Ao/n with A9 = 1.3 um andn = 3.5) and has been Assuming? = 200 mW we calculated a temperature increase
made quasiperiodic in order to prevent possible formation ef 1.66 K at the center of the waveguide. This yields to a phase
Bragg refractors. Simulation studies have been performed usgtgft due to thermooptic effect of 0.458
software MEDICI and predicted the possibility for charges to A measurement of the normalized output transmitted in-
propagate down to the bottom of the guide thus assuring msity is shown in Fig. 4. This device is designed as shown
excellent homogeneity of the injected charge distribution.  in Fig. 2 and contains five bridges driving 15 diodes each
Let examine now what ideal change is theoretically prder a total of 75 diodes. The length of the phase modulator is
dictable for the plasma dispersion effect. The dependencyof= 1.11 mm. During the measurement we did not perform
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Fig. 5. Normalized intensity at the output of a phase modulator driven using a
Fig. 4. Normalized intensity at the output of a Mach-Zehnder interferomet&b0-mA triangular current signal at a 100-Hz rate, showing the effect of carrier
driven using a 100-mA square current signal at a 15-kHz rate. Output intensitgRsorption.
one and zero applied current. Contributions of the index changes due to thermal

and carrier effect can be distinguished. 3-dB propagation losses can be lowered down to 0.4 dB using
. . a BESOI substrate.
push—pull operation .by Ieavmg one ‘?f the two arms open. ItFig. 5 shows the measurement of the intensity at the output of
is very easy in the figure to distinguish between the plasmaginpie straight phase modulator driven by a triangular current
dispersion effect and the thermooptic effect using their respegana) of 150 mA at a 100-Hz rate. It is clear that 25% of the
tive rse tlme_s. A measurement was performed on a S'nq}’f"putintensity is lost due to absorption in the modulation. This
waveguide with a 1-mm-long metal layer on top. In this casg,e a5 rement is in good agreement with the theoretical study
only a thermal phase modulation is present and the bandw'qgﬂ)orted in [8] and shows that any phase modulation produced

for. the thermooptig effect was measureq to be 100 kHZ W_hi%@/ the plasma dispersion effect induces an optical absorption as
is in agreement with the rise time of Fig. 4. As an '”JeCt'o'%xpressed by the Kramers—Kronig relation.

of charge is always associated to power dissipation, a phasg, .,ncjusion, we have presented an innovative design for in-

modulator based only on plasma dispersion effect is not feasible, 4tjon of optoelectronic devices in SOI technology applied to
and thermooptic effect V_V'” aIV\_/ays be present. In Fig. 4 It I Mach-Zzehnder interferometer. Full compatibility with CMOS
also clear that plasma dlsper§|on eﬁect.and thermooptic effegl onics is achieved and the use of plasma dispersion effect
have opposite sign as theoretically predicted. allows a bandwidth larger than standard thermooptic devices.

The injected current for a phase shift wag,; = 102 MA 01y phase shift efficiency has also been demonstrated.
which yields to a measured plasma dispersion effect efficiency

relative to current and length of:
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