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(57) An electro-optical modulator (1) is proposed to
have two electrodes (33, 35) being part of a transmission
line (19) of a first phase modulator and further two elec-
trodes (37, 39) being part of a transmission line (19) of
a second phase modulator included in two arm of a Mach-
Zehnder-interferometer. Each transmission line (19)
comprises a pn-diode (41, 43) or a semiconductor-isola-
tor-semiconductor capacitor. Furthermore, an electrical
controller (17) is adapted for applying first electrical high-
frequency-modulated voltage signals Sig1(t) between
the first and second electrodes (33, 35) and for applying
second electrical high-frequency-modulated signals
Sig2(t) between the fourth and third electrodes (39, 37).
However, a DC component of these signals Sig1(t) and
Sig2(t) and a polarity with which these signals are applied

to the first and second diodes (41, 43) or to the first and
second semiconductor-insulator-semiconductor capaci-
tor principally differ in comparison to conventional ap-
proaches in that the electrical controller (17) shall apply
signals such that voltages applied to the first and fourth
electrodes (33, 39) have substantially a same high-fre-
quency content, and the voltages applied to the second
and third electrodes (35, 37) have substantially the same
high-frequency content. In such configuration, either the
voltages applied to the first and fourth electrodes (33, 39)
differ by a constant voltage offset, or, alternatively, the
voltages applied to the second and third electrodes (35,
37) differ by a constant voltage offset. Thereby, cross-
talk between electrodes and electrical losses as well as
device size and fabrication costs may be reduced.
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Description

FIELD OF THE INVENTION

[0001] The present invention relates to an electro-op-
tical modulator based on carrier depletion or carrier ac-
cumulation in pn-diodes or in semiconductor-insulator-
semiconductor capacitors.

BACKGROUND OF THE INVENTION

[0002] An electro-optical modulator may be used for
converting electrical signals into optical signals. Therein,
analogue or digital electrical signals may be input to the
electro-optical modulator and the electro-optical modu-
lator may then output corresponding optical signals. The
optical signals in a form of amplitude or phase modulated
light may then e.g. be transmitted through optical fibres.
In order to enable data transmission at e.g. more than
one gigabit per second (Gbps), the electro-optical mod-
ulator should be able to convert signals in a radiofrequen-
cy (RF) range.
[0003] Various types of electro-optical modulators
have been proposed. High data transmission rates have
been realized with a depletion type plasma modulator
with pn-diodes as well as with an accumulation type plas-
ma modulator with semiconductor-insulator-semicon-
ductor capacitors, based on a Mach-Zehnder interferom-
eter (MZI) architecture in push-pull configuration.
[0004] However, conventional electro-optical modula-
tors of that type may suffer from cross-talk between
neighbouring signal lines in the push-pull configuration.
Furthermore, in order to e.g. limit such cross-talk, such
electro-optical modulators may need significant space
so as to provide sufficient distance between the signal
lines, thereby reducing a possible on-chip device density
when a plurality of modulators is to be integrated within
a single chip. Additionally, insufficient electro-magnetic
shielding provisions may result in signal losses in trans-
mission lines of the electro-optical modulator. And, last
but not least, complex electromagnetic shielding provi-
sions and high data transmission requirements may re-
sult in high fabrication costs.

SUMMARY OF THE INVENTION

[0005] There may therefore be a need for an electro-
optical modulator having at least one of reduced cross-
talk between the signal lines, a compact geometry and
thus a high on-chip device density when more than one
modulator is implemented, reduced transmission line
losses resulting from efficient shielding and low cost de-
vice fabrication.
[0006] Such need may be met with an electro-optical
modulator as defined in the independent claim. Advan-
tageous embodiments are defined in the dependent
claims.
[0007] According to an aspect of the present invention,

an electro-optical modulator for generating output high-
frequency optical signals based on input high-frequency
electrical signals is proposed. The electro-optical modu-
lator comprises a first electrode, a second electrode, a
third electrode, and a fourth electrode. The electro-optical
modulator further comprises a first semiconductor ar-
rangement and second semiconductor arrangement.
The first semiconductor arrangement includes one of a
first pn-diode and a first semiconductor-insulator-semi-
conductor capacitor and has an anode electrically con-
nected to the first electrode and has a cathode electrically
connected to the second electrode and forms a first op-
tical waveguide comprising one of a first pn-junction of
the first pn-diode and a first semiconductor-insulator in-
terface of the first semiconductor-insulator-semiconduc-
tor capacitor, respectively. The second semiconductor
arrangement includes one of a second pn-diode and a
second semiconductor-insulator-semiconductor capaci-
tor and has an anode electrically connected to the third
electrode and has a cathode electrically connected to the
fourth electrode and forms a second optical waveguide
comprising one of a second pn-junction of the second
pn-diode and a second semiconductor-insulator inter-
face of the second semiconductor-insulator-semicon-
ductor capacitor, respectively. The electro-optical mod-
ulator further comprises an electrical controller adapted
for applying a first voltage V1 to the first electrode and a
second voltage V2 to the second electrode for generating
a first electrical high-frequency-modulated voltage signal
Sig1(t) between the first and the second electrode and
for applying a third voltage V3 to the third electrode and
a fourth voltage V4 to the fourth electrode for generating
a second electrical high-frequency-modulated signal
Sig2(t) between the fourth and third electrode. Therein,
a high-frequency content of each one of the voltages V1,
V2, V3, V4 applied to one of the electrodes corresponds
to Fourier components with frequencies above 1 GHz.
Furthermore, voltages V1, V4 applied to the first and
fourth electrodes for applying the first and second elec-
trical high-frequency-modulated voltage signals Sig1(t),
Sig2(t) have substantially a same high-frequency con-
tent, and the voltages V2, V3 applied to the second and
third electrodes for applying the first and second electrical
high-frequency-modulated voltage signals Sig1(t),
Sig2(t) have substantially a same high-frequency con-
tent. Finally, the voltages applied to the first and fourth
electrodes for applying the first and second electrical
high-frequency-modulated voltage signals Sig1(t),
Sig2(t) differ by a first voltage offset Voffset1 with Voffset1=
Voffset1,const + Vdiff1 with Voffset1,const being constant and
non-zero and |Vdiff1| < 0.5V, and/or the voltages applied
to the second and third electrodes for applying the first
and second electrical high-frequency-modulated voltage
signals Sig1(t), Sig2(t) differ by a second voltage offset
Voffset2 with Voffset2 = Voffset2,const + Vdiff2 with Voffset2,const
being constant and non-zero and |Vdiff2| < 0.5V.
[0008] It should be pointed out that possible features
and advantages of embodiments of the invention are de-
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scribed herein in relation to various details of the pro-
posed electro-optical modulator such as its electrode
configuration, an implemented signal current flow
scheme with electrode extensions or an architecture of
integrated pn-diodes. A person skilled in the art will rec-
ognise that the various features may be combined or re-
placed in order to create further embodiments of the pro-
posed electro-optical modulator and to possibly obtain
synergy effects.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] Possible aspects, features and advantages of
embodiments of the present invention are apparent from
the following description of specific embodiments with
reference to the enclosed drawings, wherein said de-
scription and drawings are not to be interpreted as re-
stricting the invention.

Fig. 1 shows an exemplary electro-optical mod-
ulator.

Figs. 2a, 2b show examples of electrode structures
and their electrical connectivity to inte-
grated pn diodes in conventional electro-
optical modulators.

Fig. 3 shows an electrode structure and its elec-
trical connectivity to integrated pn diodes
in an electro-optical modulator according
to an embodiment of the present inven-
tion.

Fig. 4 shows a transmission line geometry for
an electro-optical modulator.

Fig. 5 shows a transmission line geometry in-
cluding electrode extensions for an elec-
tro-optical modulator according to a spe-
cific embodiment of the present inven-
tion.

Fig. 6 shows a pn diode architecture usable in
an electro-optical modulator according to
a specific embodiment of the present in-
vention.

Fig. 7 shows an alternative pn diode architec-
ture usable in an electro-optical modula-
tor according to another specific embod-
iment of the present invention.

Fig. 8 shows a further alternative pn diode ar-
chitecture usable in an electro-optical
modulator according to another specific
embodiment of the present invention.

[0010] The drawings are merely schematic and are not

true to scale.

DESCRIPTION OF PREFERRED EMBODIMENTS OF 
THE INVENTION

Introduction

[0011] Electro-optical modulators are one of the key
components of photonic data transmission systems such
as active optical cable transmitters, datacom transmitters
or complex quadrature phase shift type transmitters in
Metro-Access and Long-Haul telecom networks.
[0012] Embodiments of the invention are generally
built on a state-of the-art depletion type or accumulation
type plasma electro-optical modulator 1 based on a
Mach-Ze der interferometer (MZI) architecture in push-
pull configuration as schematically depicted in figure 1.
[0013] The MZI may be implemented as a waveguide
based device that splits incoming light 2 coming from a
light source 3 into two modulator-arms 5, 7 using a light
splitting device 9 such as a Y-junction splitter (YS), a
directional coupler splitter (DCS) or a multimode-inter-
ferometer (MMI). In both of the modulator-arms 5, 7 an
electrically driven phase modulator 11, 13 is implement-
ed that is adapted to tune the phase velocity of the prop-
agating light 2a, 2b and thus the phase of the mode of
the light 2a’, 2b’ at the end of the modulator-arms 5, 7.
At the output of the MZI, the light 2a’, 2b’ propagating in
the two modulator-arms 5, 7 is recombined in a light re-
combination and interference device 15, resulting in light
2’ due to an interference that converts phase modulation
into amplitude modulation. Depending on the phase re-
lation of the two optical modes of light 2a’, 2b’ in the first
and second modulator-arms 5, 7, they will interfere con-
structively or destructively, resulting respectively in e.g.
a light intensity maximum or minimum at the output of
the MZI. This may result in amplitude modulation of the
light 2’ at the output of the MZI directly correlated to elec-
trical control signals applied by a control device 17 to the
first and second electrically driven phase modulators 11,
13.
[0014] When a directional coupler splitter (DCS) is
used as light recombination and interference device 15
both an amplitude modulated optical signal (So), as well
as an inverted (or complementary) optical signal (So)
may be generated and further utilized at the output of the
MZI.
[0015] An MZI may also be used as a phase modulator
in conjunction to amplitude modulation if a balanced
phase modulation is applied in addition to the push-pull
signal.
[0016] As described in further detail below and as
schematically depicted in figure 4, the electrically driven
phase modulators 11, 13 each may be advantageously
implemented with a transmission line 19 including a re-
verse-biased pn-diode 20, utilizing the free-carrier dis-
persion effect to convert electrical signals provided by
the control device 17 into a phase shift of a mode of light
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2a’, 2b’. Therein, a waveguide 27 has a suitable geometry
for guiding light 2a along a core of the waveguide 27
extending along or otherwise comprising a pn-junction
21 of a pn diode 20. Another configuration in which the
core of the waveguide 27 may comprise a pn junction 21
may consist in the pn junction to be perpendicular to the
main axis of the waveguide and crossing the core of the
waveguide.
[0017] Instead of using a pn diode 20, a MOS-type ca-
pacitor, also referred to as a semiconductor-insulator-
semiconductor capacitor, constituted out of p-doped and
an n-doped semiconductor regions, separated by an in-
sulator layer, may also be used.
[0018] In this application, semiconductor-insulator-
semiconductor capacitors may be constituted out of a p-
doped semiconductor on one side of the insulator and
out of an n-doped semiconductor on the other side of the
insulator, thus forming two semiconductor-insulator junc-
tions. In analogy to the pn diode, the p-type semiconduc-
tor of the semiconductor-insulator-semiconductor capac-
itors are referred to as the anode and the n-type semi-
conductor of the semiconductor-insulator-semiconduc-
tor capacitors are referred to as the cathode. In analogy
to a pn diode, forward biasing of a semiconductor-insu-
lator-semiconductor capacitor corresponds to a situation
where the anode is set to a higher voltage than the cath-
ode. Forward biasing of a semiconductor-insulator-sem-
iconductor capacitor may result in carrier accumulation
in the semiconductor-insulator-semiconductor capacitor.
[0019] While pn diode based phase shifters (phase
modulators) are typically primarily operated in reverse
bias in order to prevent minority carrier injection, and thus
slow device operation, semiconductor-insulator-semi-
conductor structures may also be operated in accumu-
lation regime corresponding to a higher voltage applied
to the p-side (anode) than to the n-side (cathode). As for
the pn junction 21, a semiconductor-isolator interface of
the semiconductor-isolator-semiconductor capacitor is
preferentially at least partially located within the core of
the waveguide 27.
[0020] In order to guide light, a waveguide typically
needs to be constituted at least by a core region, and by
a cladding region surrounding the core. In order to confine
light inside the waveguide, the core region has a higher
refractive index than the cladding, or in the case of a
waveguide partially etched into a thin film or a stack of
thin films, a higher effective index than the cladding. A
partially etched waveguide is also called a strip-loaded
or a ridge waveguide. It is typically formed by partially
etching a thin film or a stack of thin films on both sides
of the core. The core of the waveguide may then be the
center region of the partially etched film or stack of thin
films that remains un-etched or etched to a lower extent
than the cladding regions on either side of the core. The
partially etched film or stack of thin films may also be
surrounded by regions with a lower refractive index
above and below the thin film or stack of thin films. These
lower refractive index regions are also part of the cladding

of the waveguide. Laterally, i.e. along the direction of the
film in a waveguide cross-section, the ridge of the
waveguide may coincide with the region of the waveguide
core. The film or stack of thin films in which a ridge
waveguide is defined by partial etching may also be re-
ferred to as the slab of the ridge waveguide.
[0021] Ridge waveguides are typically used in deple-
tion type or accumulation type electro-optical modulators
by partially etching a semiconductor film or a stack of thin
films comprising a semiconductor film. The partially
etched semiconductor film may allow electrical connec-
tivity to a pn junction 21 or to a semiconductor-isolator
junction of a semiconductor-isolator-semiconductor ca-
pacitor at least partially located within the core of the
waveguide. Such waveguides are exemplarily shown in
figures 4, 5 and 7. Placing a pn junction within the core
of the waveguide, or placing a semiconductor-isolator
junction of a semiconductor-isolator-semiconductor ca-
pacitor within the core of the waveguide may be advan-
tageous since it may result in a high overlap between an
optical field and the junction. This may be due to the fact
that most of the optical field (i.e. light) of a mode guided
by the waveguide may be located within the core of the
waveguide.
[0022] One or both electrical terminals of a waveguide
may also be electrically contacted through the top of the
waveguide as shown exemplarily in figure 6. Here too,
the core of the waveguide may be defined as the center
region of the waveguide corresponding to the un-etched
or etched to a lower extent portion of the film or stack of
thin films, but also includes the portion of the top electrical
contact located immediately above the center region if
this contact is made out of a material with a substantially
higher refractive index than the cladding materials locat-
ed below the partially etched film or stack of thin films
and above the top contacting material.
[0023] A typical way of fabricating a partially etched
waveguide is to start with a thin silicon film on silicon
dioxide, for example as provided by a silicon-on-insulator
(SOI) wafer, and to partially etch into said silicon film. A
top contacting material may be made out of amorphous
silicon, out of polycrystalline silicon or out of mono-crys-
talline silicon, e.g. formed by recrystallizing amorphous
or polycrystalline silicon. In these cases, a portion of the
contacting material located immediately above the ridge
may be part of the core of the waveguide.
[0024] An electrical transmission line 19 is typically
used to transmit an electrical signal S from the control
device 17 to a pn-diode 20 or to a semiconductor-insu-
lator-semiconductor capacitor of an electrically driven
phase modulator 11. A transmission line is typically re-
ferred to as a specialized cable or conductor arrange-
ment designed to carry alternating currents of radio fre-
quency, that is, currents with a frequency at a rate of
oscillation in the range of about 3 kHz to 300 GHz, such
frequency being high enough that the wave nature of the
electrical currents must be taken into account. The wave
nature of the electrical currents must for example be tak-
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en into account if the length of an electrode is longer than
25% of the wavelength of the RF wave in the structure.
Since the wavelength of the RF waves in the transmission
lines considered here are typically between 1/5th and
1/3rd of the free-space wavelength, this typically corre-
sponds to electrodes that are longer than 1/20th to 1/12th

of the free space wavelength. For typical dimensions of
electro-optical modulators, the latter applies for RF fre-
quencies of 1 GHz and above. As shown in figure 4, a
transmission line 19 typically includes two longitudinal
electrodes 23, 25 separated from each other by a specific
gap and connected to a semiconductor region 49 includ-
ing a pn diode 20 with a pn junction 21 e.g. extending
along the waveguide 27 or at least partially contained
within the waveguide 27, or including a semiconductor-
insulator-semiconductor capacitor with a semiconductor-
isolator junction extending along or at least partially con-
tained within the waveguide 27. The semiconductor re-
gion 49 may for example be a semiconductor substrate
or the device layer film of a silicon-on-insulator (SOI) wa-
fer. The entire modulator may be fabricated on a sub-
strate such as a semiconductor wafer or a semiconductor
chip.
[0025] The transmission line 19 of an electrically driven
phase modulator 11 is typically designed to achieve
phase matching, i.e., the speed of an electrical signal in
the transmission line 19 is closely matched to the speed
at which wave packets of light 2a propagate in the con-
nected waveguide 27, i.e. the group velocity of the light.
They are also typically designed to obtain a targeted im-
pedance.
[0026] Conventional modulator architectures are usu-
ally based on co-planar transmission line designs in
which both electrodes 23, 25 are fabricated in a same
metal layer and are respectively located on both sides of
the waveguide 27 adapted for guiding a mode of light 2a
and containing at least part of a pn junction 21 of a re-
verse-biased pn diode 20 or containing at least part of
an insulator-semiconductor junction of a semiconductor-
insulator-semiconductor capacitor. In order to allow for
the definition of a pn junction 21 or of a semiconductor-
insulator junction, the waveguide 27 is at least partially
fabricated out of a semiconductor such as silicon, ger-
manium, an InAlGaAs alloy or an InGaAsP alloy. One
electrode 23 is used as a signal line to apply a radio
frequency modulated voltage signal S to one of an anode
or a cathode of the pn diode 20 or of a semiconductor-
insulator-semiconductor capacitor, while the other elec-
trode 25 may serve as a ground-line (GND) connected
to the other of the anode or the cathode of the pn diode
20 or the semiconductor-insulator-semiconductor capac-
itor.
[0027] Here and elsewhere in this invention descrip-
tion, the term semiconductor may not be restricted to the
single crystalline form of these materials, but also in-
cludes their polycrystalline or amorphous forms.
[0028] In a conventional push-pull design in which an
electrically driven phase modulator 11, 13 is integrated

in each of the two modulator-arms 5, 7 of the electro-
optical modulator 1, a first signal (S) is applied at the
electrode 23 of a first electrically driven phase modulator
11 and an inverse signal (S) is applied at the electrode
23 of a second electrically driven phase modulator 13.
[0029] Typically, in conventional push-pull architec-
tures the S-signal is generated by inverting the S-signal,
i.e., if the S-signal-line carries a logical 1 the S-signal-
line carries a logical 0 and vice versa. A logical 1 is usually
associated with a positive voltage relative to ground
(GND), whereas a logical 0 is usually associated with
zero voltage. Thus, to ensure reverse biasing of pn-di-
odes in a conventional push-pull-architecture the signal-
electrode S and S are connected to the cathode of the
pn-diodes, i.e. the n-side of the pn junction, while the
anode, i.e. the p-side of the pn junction is connected to
the GND- electrode(s), as shown exemplarily in figure 4.
[0030] In such conventional push-pull architecture, the
signal electrode 23 for the data bit pattern (S) and for the
inverted (or complementary) bit pattern (S) are typically
shielded by adjacent GND- electrodes 25 that also act
as a return path for the signal. Typically, the signal elec-
trodes 23 for the signals S and S are separated from
each other by a considerable distance to prevent cross-
talk.
[0031] Since S and S are inverted bit patterns, they
typically also have opposite, and thus different, high fre-
quency content. The same holds for an electro-optical
modulator based on phase shifters implemented with
semiconductor-insulator-semiconductor capacitors, with
the only difference that the polarity (orientation) of both
semiconductor-insulator-semiconductor capacitors may
be swapped in order to operate them primarily in forward
bias.
[0032] Depending on a complexity of a back-end-of-
line process and a number of metal layers devoted to the
high-frequency signal network, the shielding may be re-
alized by a simple in plane shielding, i.e., GND electrodes
25 may be fabricated in the same metal-layer as the sig-
nal electrodes 23. Alternatively, in a more complex back-
end process, a full shielding scheme with GND-planes
fabricated in additional metal-layers above and below the
signal electrodes may be implemented.
[0033] For in-plane shielding, two different implemen-
tations may be realized.
[0034] In a first alternative as shown in figure 2a, each
signal-electrode 23 is shielded by just one GND-elec-
trode 25 resulting in a GSSG-configuration. However, if
S- and S-signal-electrodes 23 are well separated in order
to suppress cross-talk between the S and S electrodes,
an RF-mode is not well confined and may be easily per-
turbed by surrounding materials, especially the substrate
or packaging. In general and especially at high RF-fre-
quencies this may cause high RF losses. If the two signal
electrodes 23 are close together, the RF-modes are
strongly coupled, resulting in super-modes with different
propagation velocities. This results in a better confine-
ment of the RF field. However, when transporting an ar-
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bitrary bit stream, more than one type of super-modes is
generally generated. A difference in propagation velocity
of two super-modes generally prevents them from both
being phase matched to the group velocity of the
waveguide. This typically limits the bandwidth of the elec-
tro-optical modulator 1.
[0035] In a second alternative as shown in figure 2b,
an additional separating GND-electrode 29 is implement-
ed between the two signal-electrodes 23, both to confine
the RF-fields as well as to effectively shield the RF-modes
from one another, resulting in a GSGSG-configuration.
Here, two RF-modes propagating in the GSG transmis-
sion line and in the GSG transmission line are independ-
ent from one another and may be designed and phase
matched independently. However, problems may arise
due to the fact that the transmission lines are in general
very asymmetrically capacitively loaded by the pn-junc-
tion or MOS-type capacitor between the signal electrode
23 and just one of the GND-electrodes 25, while the other
GND-electrode 29 is not capacitively loaded. This again
results in different RF-wave propagation velocities for ei-
ther type of loading and may limit the bandwidth of the
modulator. Alternatively, the ground electrodes may be
shorted to each other, but this generally requires a more
complex back-end process with at least two metallization
layers.
[0036] Thus, with the above-mentioned alternatives for
electrical transmission line configuration, in order to
reach highest possible data rates a costly and techno-
logically demanding full shielding may be necessary to
avoid cross-talk between the signal lines.

Advanced electrical transmission line configuration

[0037] According to main embodiments of the present
invention, an improved alternative for electrical transmis-
sion line configuration is proposed. Possible features and
advantages of an advanced electrode configuration ap-
plied in such electrical transmission line configuration will
be explained in the following in more detail.
[0038] One of the key limiting factors of depletion type
or accumulation type plasma modulators are RF-losses
and electrical cross-talk inherent to the conventional
transmission line design in the push-pull architecture.
[0039] The co-propagation of the two super-modes
necessary in the conventional push-pull architecture of
a GSSG-transmission line configuration may pose a sig-
nificant design limitation and typically causes a high de-
gree of cross-talk between the signal lines, especially at
high data rates.
[0040] Aspects of the invention consist in a novel trans-
mission line configuration and driving scheme that, in an
ideal case, may completely remove cross-talk and may
allow driving the entire push-pull architecture with a sin-
gle RF-mode, while at the same time maintaining a ge-
ometry that is compatible with a single metallization layer,
possibly with an optional via layer in between the metal-
lization layer and the semiconductor region 49. This con-

figuration also allows a very compact device by removing
a necessity of adding a ground plane or of allowing for
substantial spacing between the two GS transmission
lines.
[0041] As depicted in the embodiments of the invention
shown in figures 1 and 3 an electro-optical modulator 1
for generating output high-frequency optical signals 2’
based on input high-frequency electrical signals may
comprise a first electrode 33, a second electrode 35, a
third electrode 37 and a fourth electrode 39, wherein two
electrodes 33, 35 are part of a transmission line 19 of a
first phase modulator 11 and further two electrodes 37,
39 are part of a transmission line 19 of a second phase
modulator 13 included in arms 5, 7 of a Mach-Zehnder-
interferometer.
[0042] As depicted in figures 3 and furthermore similar
to the transmission line 19 shown in figure 4, the modu-
lator 1 and its electrode configuration further comprise a
first semiconductor arrangement with a semiconductor
region 49 including a first pn-diode 41, 20, or a first sem-
iconductor-insulator-semiconductor capacitor, having an
anode electrically connected to the first electrode 33 and
having a cathode electrically connected to the second
electrode 35 and forming a first optical waveguide 27
extending along or comprising at least part of a first pn-
junction 21 or of a first semiconductor-insulator junction
of the first semiconductor-insulator-semiconductor ca-
pacitor. Similarly, the modulator 1 and its electrode con-
figuration further comprise a second semiconductor ar-
rangement including a second pn-diode 43, 20 or a sec-
ond semiconductor-insulator-semiconductor capacitor
having an anode electrically connected to the third elec-
trode 37 and having a cathode electrically connected to
the fourth electrode 39 and forming a second optical
waveguide extending along or comprising at least part
of a second pn-junction or of a second semiconductor-
insulator junction of a second semiconductor-insulator-
semiconductor capacitor.
[0043] In a preferred embodiment the first, second,
third and fourth electrodes are arranged adjacent to each
other on the substrate, in that order. In a further preferred
embodiment, the first waveguide is further located in be-
tween the first and second electrodes and the second
waveguide is located in between the third and fourth elec-
trodes.
[0044] The electro-optical modulator further comprises
an electrical controller 17 adapted for applying first elec-
trical high-frequency-modulated voltage signals Sig1(t)
between the first and the second electrodes 33, 35 and
for applying second electrical high-frequency-modulated
signals Sig2(t) between the fourth and third electrodes
39, 37.
[0045] However, a DC component of these signals
Sig1(t) and Sig2(t) and a polarity with which these signals
are applied to the first and second diodes 41, 43 or a
polarity with which these signals are applied to the first
and second semiconductor-insulator-semiconductor ca-
pacitors principally differ in comparison to the above de-
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scribed cases of a GSSG-configuration or a GSGSG-
configuration.
[0046] When a high-frequency content of a voltage ap-
plied to one of the four electrodes 33, 35, 37, 39 is defined
to correspond to Fourier components with frequencies
above 1 GHz, the electrical controller 17 shall apply sig-
nals Sig1(t) and Sig2(t) to the four electrodes 33, 35, 37,
39 in a manner such that voltages applied to the first and
fourth electrodes 33, 39 for applying the first and second
electrical high-frequency-modulated voltage signals
Sig1(t), Sig2(t) have substantially the same first high-fre-
quency content, and the voltages applied to the second
and third electrodes 35, 37 for applying the first and sec-
ond electrical high-frequency-modulated voltage signals
Sig1(t), Sig2(t) have substantially the same second high-
frequency content, which second high-frequency content
is preferably significantly different from the first high-fre-
quency content.
[0047] For example, high frequency modulated voltag-
es, named herein V(S1), V(S2) of the signal lines S1 and
S2 in the embodiment of figure 3, may be applied to the
second and third electrodes 35, 37 whereas low frequen-
cy voltages or preferably constant voltages, named here-
in GND1, GND2 in the embodiment of figure 3, may be
applied to the first and fourth electrodes 33, 39, or vice
versa.
[0048] In such configuration, either the voltages ap-
plied to the first and fourth electrodes 33, 39 for applying
the first and second electrical high-frequency-modulated
voltage signals Sig1(t), Sig2(t) differ by a substantially
constant voltage offset Voffset1, or, alternatively, the volt-
ages applied to the second and third electrodes 35, 37
for applying the first and second electrical high-frequen-
cy-modulated voltage signals Sig1(t), Sig2(t) differ by a
substantially constant voltage offset Voffset2.
[0049] In a preferred embodiment, the transmission
line configuration is based on a co-planar architecture
and comprises or preferably consists of two signal-elec-
trodes S1, i.e. second electrode 35, and S2, i.e. third elec-

trode 37, shielded by two GND-lines, i.e. first and fourth
electrodes 33, 39 that are for example forced to ground-
potential as depicted in figure 3. The voltages V(S1),

V(S2) applied to S1 and to S2 both vary in the same di-

rection, i.e., when the voltage V(S1) applied to S2 increas-

es, the voltage V(S2) applied to S2 increases also, and

vice-versa. This way S1 and S2 carry the same signal

from an RF perspective, i.e. have the same high-frequen-
cy content, so that cross-talk is not an issue. Push-pull
operation is obtained by flipping the polarity of one of the
diodes 41, 43, relative to the conventional GSSG-trans-
mission line configuration, so that they are oriented in
the same direction (e.g., pn - pn) rather than being sym-
metric relative to each other (e.g., pn - np) as in the case
of the conventional GSSG-transmission line configura-
tion.
[0050] The same considerations may apply to the sem-
iconductor-insulator(o)-semiconductor capacitors when

the latter are used to implement the phase shifters 11,
13, i.e., pon - pon or nop - nop is implemented instead
of pon - nop or nop - pon. The letter "o" is used to refer
to the insulator, as the latter is often implemented by ox-
idizing a semiconductor or depositing a suitable dielec-
tric.
[0051] In order to maintain high-speed operation of di-
ode based phase shifters, the diodes 41, 43 included in
the transmission line configuration should preferably
never be driven into the forward bias regime by more
than e.g. a few hundreds of mV, i.e. a voltage applied to
the diode between its cathode and its anode (Vanode -
Vcathode) should be negative or smaller than e.g. Vbmax
= 0.8V. A turn on voltage of a silicon diode is typically on
the order of 0.7V to 0.8V. When a forward voltage larger
than the turn on voltage is applied, a large forward current
starts to flow and minority carriers are injected across
the junction. This typically may result in a significant de-
crease of the device bandwidth and may limit high-speed
operation. For this reason, forward biases should pref-
erably remain below the turn on voltage for diode based
phase shifters.
[0052] In order to obtain such voltage range, according
to one embodiment, the voltage V(S2) applied to S2 is
generated by subtracting a constant DC-voltage from the
voltage V(S1) applied to S1 to ensure that the bias of the
connected diode remains negative, i.e. blocking, or that
a temporarily forward bias of the connected diode re-
mains below a few hundreds of mV.
[0053] Thus, an identical bit-pattern with a voltage
modulation swing Vmod may be applied to both signal
electrodes S1 and S2, while at the same time a (in this
case negative) constant DC-offset voltage Voffset2 is add-
ed to S2. The voltage applied to S1 is in a range from V0
to Vmod+V0, with V0 > -0.8V for a diode based phase
shifter (due to the orientation of the pn-junction a positive
V(S1) results here in a blocking diode voltage). The con-
stant DC-offset voltage Voffset2 may typically be of mag-
nitude -Vmod-2*V0 so that V(S2) may be in a range from
-Vmod-V0 to -V0, resulting in push-pull operation with min-
imized chirp since the phase tuning ranges in both arms
are then identical and the instantaneous applied phases
ideally opposite to each other (relative to the median
phase at the center of the phase tuning range). Particu-
larly, an absolute value of the constant DC-offset voltage
may be set to |Voffset2| > Vmod - 2*Vbmax. Vmod is typically
in a range 0.5V to 7V. For state-of-the-art depletion or
accumulation modulators, Vmod is typically in a range
0.7V to 3.3V.
[0054] The voltage modulation swing is defined as the
difference between the maximum voltage and the mini-
mum voltage applied across a pn diode or a semicon-
ductor-insulator-semiconductor capacitor. Vmod may not
only be the upper bound for the voltage modulation swing,
but may be a voltage modulation swing that is actually
reached for at least one of the two phase shifters 11,13
of the electro-optical modulator, i.e., at least one of
max(Sig1(t))-min(Sig1(t)) and max(Sig2(t))-min(Sig2(t))
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reach Vmod.
[0055] The two signal-electrodes S1 and S2 may then
be treated as a single signal electrode from a high fre-
quency point of view. That means that impedance match-
ing to a targeted impedance or phase matching to the
photonic waveguides may be done like in a conventional
GSG-transmission line by adjusting a gap between the
signal lines and the adjacent GND-lines, the widths of
the signal and ground lines and the thickness of the met-
allization layers while taking into account the capacitive
loading of the transmission line. Since both signal lines
are loaded with identical pn-diodes 41, 43, i.e., balanced
loads, the RF-fields on the GS1 side and on the S2G side
may automatically propagate with the same speed.
[0056] In contrast hereto, in a conventional GSGSG-
transmission line configuration the SG junction and the
GS junction are either unloaded, leading to an unbalanc-
ing of the propagation velocities, or have to be loaded
with dummy loads that increase the RF-losses by adding
excess resistive losses. Dummy loads may be defined
as pn diodes or semiconductor-insulator-semiconductor
capacitors not embedded in a waveguide and thus not
directly contributing to a phase shift of a guided light.
[0057] The advanced transmission line configuration
proposed herein also necessitates the orientation of one
of the two phase-modulator pn-diodes 41, 43 connected
to the signal electrodes S1 and S2 to be reversed relative
to the conventional devices described further above and
shown in figures 2a, 2b in order to ensure push-pull op-
eration, i.e. one pn-diode has its anode connected to one
of the signal lines S1 or S2, while the other pn-diode has
its cathode connected to the other signal line S2 or S1.
[0058] While the conventional GSSG configuration
could be reconfigured into GSGS to also yield a structure
in which the orientation of one of the pn diodes is
switched, this remains a structure in which the second
(S) and third electrode (G) have an entirely different high
frequency content, as well as a structure in which the first
(G) and the fourth electrode (S) have an entirely different
high frequency content, thus resulting in cross-talk limit-
ing high speed operation. Furthermore, this results in a
structure with suboptimal shielding as one of the external
electrodes (S) is not an RF ground.
[0059] Similar considerations hold in the case of phase
shifters implemented with semiconductor-insulator-sem-
iconductor capacitors. While forward biasing is not an
issue here, it is desirable for the voltage ranges applied
to both phase shifters 11 and 13 to be close, both to
operate them in the most effective voltage range, as well
as in order to maintain low chirp, push-pull operation.
V(S1) may vary between V0 and Vmod+V0 and V(S2) may
be set to V(S1)+Voffset2 where Voffset2 may typically be
set to -Vmod-2*V0 in order to obtain low chirp push-pull
operation. Since forward biasing is not an issue and even
desirable for a phase shifter based on a semiconductor-
insulator-semiconductor capacitor, V0 may correspond
here to a larger range of values. In particular, V0 may be
on the order of -Vmod resulting in a mostly forward biased

semiconductor-insulator-semiconductor capacitor oper-
ated in the carrier accumulation regime. For semicon-
ductor-insulator-semiconductor based phase shifters,
Vmod is typically in a range 0.5V to 3.3V. Since semicon-
ductor-insulator-semiconductor capacitor based phase
shifters are more efficient when operated in forward bias,
and thus typically operated primarily with a forward bias,
applied reverse biases typically do not exceed 1V, i.e.,
Vmod+V0 is typically smaller than 1V. In the case of a
semiconductor-insulator-semiconductor capacitor,
Voffset2 typically verifies |Voffset2| > Vmod-2*1V.
[0060] In an alternative embodiment, instead of adding
a positive or negative voltage Voffset2 to S2, i.e. one of
the inner signal electrodes 35, 37 as depicted in figure
3, one may add a voltage to an outer electrode, e.g., the
rightmost ground electrode 39. It remains labeled as
GND here, to indicate that it is an RF ground, i.e., remains
at a DC-voltage. The resulting bias voltage applied to the
rightmost diode 43 can be exactly the same than in the
previous configuration, in particular this is the case if the
opposite offset voltage is added to the outer electrode
39 as compared to the offset voltage added to the adja-
cent inner electrode 37 in the previous configuration. In
particular, the same minimum values may also apply to
|Voffset1| as previously described for |Voffset2|. The sig-
nals may also remain exactly the same from an RF point
of view. The only difference is that the necessity of a
voltage-shifting device such as a bias-T is removed,
since the rightmost ground line 39 could simply be con-
nected to a positive supply voltage. A bias-T may be a
device that allows combining a RF signal with a DC bias
applied at two different terminals of the bias-T, and ap-
plying them jointly to a third terminal, in this case con-
nected to an electrode of a phase-shifter. Not requiring
a bias-T is particularly attractive for an integrated solution
for which an on-chip implementation of a bias-T could be
problematic, e.g. due to the required inductance. It may
have the additional advantage that no negative voltages,
i.e. below ground, have to be generated, again something
that may be problematic in an integrated solution. The
exact same considerations may apply to phase shifters
implemented with semiconductor-insulator-semiconduc-
tor capacitors.
[0061] In this new driving configuration, it may be pos-
sible for S1 and S2 to carry exactly the same signal both

from an RF and a DC point of view, so that they may be
shorted with each other. In this case the transmission
lines may be reduced to a single GSG structure, where
G refers to the DC-shifted version of ground.
[0062] A major advantage of embodiments of this in-
vention may be that the proposed transmission line con-
figuration may be implemented in a single metal-layer
co-planar technology even for devices operating at high
data rates, e.g. in a Gbps-regime and above. That makes
it cost effective and reduces fabrication process com-
plexity while at the same time allowing for phase match-
ing and suppressing cross-talk. However, aside from a
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co-planar implementation also more complex architec-
tures including e.g. additional shielding in other metal-
layers may be implemented.
[0063] In the following, possible voltage configurations
to be applied to the two electrodes or signal lines 35, 37
and to the two electrodes or ground lines 33, 39 using
the electrical controller 17 will be discussed with refer-
ence to various embodiments of the present invention.
[0064] A typical voltage configuration for a pn diode
based implementation is for the two grounds lines 33, 39
to be at 0V, the first signal line 35 is set to V(S1) to vary
between 0 and Vmod (i.e., V0=0) and the second signal
line 37 is set to V(S2) to be equal to V(S1)-Vmod. This
may result in the pn diodes to be reverse biased with
voltages between 0V and -Vmod (Vanode-Vcathode).
[0065] A typical voltage configuration for a semicon-
ductor-insulator-semiconductor based implementation is
for V(S1) to vary between -Vmod and 0 (i.e., V0=-Vmod)
and for the second signal line 37 to be set to V(S2) equal
to V(S1)+Vmod. This results in the semiconductor-insula-
tor-semiconductor capacitors to be forward biased with
voltages between 0V and Vmod (Vanode - Vcathode).
[0066] It may be difficult or undesirable to drive V(S1)
and V(S2) completely to zero, in which case for a pn-
diode based implementation V(S1) may vary between V0
and V0+Vmod and S2 is driven to V(S1)-Vmod-2V0 with V0
being set to V0 > 0. Similar considerations apply to a
semiconductor-insulator-semiconductor based imple-
mentation with V0+Vmod < 0.
[0067] In order to increase the modulation depth, it may
be desirable to drive S1 between a large positive voltage
Vmod+V0, for example corresponding to a connected di-
ode 41 to be reverse biased, and a small negative voltage
V0 < 0, for example corresponding to the connected diode
41 to be slightly forward biased, but below the turn on
voltage. In order to maintain high-speed operation with
phase-shifters implemented with a pn diode, |V0| should
not be larger than a few tens of mV or a few hundreds of
mV for a negative V0. For a silicon diode, the turn on
voltage is for example on the order of 0.7V to 0.8V. In
that case S2 is also driven to V(S1)-Vmod-2V0. A slight
forward bias may lead to an enhanced phase tuning.
However, a substantial forward bias may also lead to an
accumulation of minority carriers on either side of the pn
junction, to a large diffusion capacitance and to a drastic
reduction of the phase shifter bandwidth. A large forward
bias should thus be avoided.
[0068] Similar considerations may apply to a semicon-
ductor-isolator-semiconductor capacitor based imple-
mentation, e.g., by setting V0+Vmod > 0 (resulting in a
temporarily reverse bias). A small reverse bias at one
end of the voltage range may increase the phase tuning
range. However, since the semiconductor-isolator-sem-
iconductor capacitor is a less effective phase shifter in
the depletion regime (negative bias) than in the accumu-
lation regime (positive bias), it is typically desirable to
primarily operate it with a forward bias.
[0069] As previously described, another preferred em-

bodiment is a configuration where the left ground line 33
for GND1 is set to 0, the right ground line 39 for GND2 is
set to Vmod and the voltages V(S1) and V(S2) of the in-
ternal signal lines 35, 37 are varied between 0 and Vmod.
In this case V(S2) is typically equal to V(S1) and the two
signal lines S1 and S2, 35, 37, may be optionally shorted
to each other, even optionally forming a single electrode.
This results in reverse biased pn diodes. In order to op-
erate semiconductor-isolator-semiconductor capacitors
in accumulation, the voltages of electrodes 33 and 39
may be swapped, or the orientation of the semiconductor-
isolator-semiconductor capacitors inverted.
[0070] In such embodiment, similar considerations
hold as described above: The rightmost ground line 39
might be set to Vmod+2V0 and V(S1) and V(S2) may be
varied between V0 and Vmod+V0 (for both positive and
negative V0). However, forward biases (of magnitude |V0|
when V0 is negative) should be limited to a few tens or
a few hundreds of mV when the phase shifters are im-
plemented with a pn diode, thus it is then desirable to
maintain V0 above -0.8V.
[0071] Similar considerations may apply to implemen-
tations based on semiconductor-insulator-semiconduc-
tor capacitors. In order to operate semiconductor-isola-
tor-semiconductor capacitors in accumulation, the volt-
ages of the first electrode 33 may be set to 0V, the voltage
of fourth electrode 39 may be set to Vmod+2V0 and the
voltages of the two inner electrodes 35,37 may be equal
and vary between V0 and V0+Vmod. V0 is then typically
on the order of -Vmod. It might be desirable to maintain
reverse biases above a few tens or a few hundreds of
mV (reverse biases not exceeding a few hundreds of mV
in absolute value) since they correspond to a less efficient
voltage range, thus it is then desirable to maintain V0 +
Vmod below 1V. In these configurations, the offset voltage
Voffset1 applied to the fourth electrode relative to the first
electrode is Vmod+2V0.
[0072] Finally, a combination of shifting the voltage of
an outer electrode 33, 39, and of shifting the voltage of
an inner electrode 35, 37 may be implemented.
[0073] In the previous paragraphs, embodiments with
true RF ground lines were described. However, it is also
possible to split Sig1(t) and Sig2(t) between the corre-
sponding electrodes, respectively first and second elec-
trodes 33, 35 and fourth and third electrodes 39, 37, in
such a way that all four electrodes carry RF voltages. As
previously, the spans of the voltage ranges (maximum
voltage minus minimum voltage) applied across the di-
odes or semiconductor-insulator-semiconductor capac-
itors may be substantially the same for both diodes 41,
43 or semiconductor-insulator-semiconductor capaci-
tors, first electrodes 33 and fourth electrode 39 are sub-
stantially equivalent from a high-frequency point of view
and second electrode 35 and third electrode 37 are sub-
stantially equivalent from a high frequency point of view.
[0074] A possible configuration is to drive the first elec-
trode 33 between 0 and Vmod/2, the second electrode 35
between Vmod/2 and Vmod, the third electrode 37 between
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0 and Vmod/2 and the fourth electrode 39 between Vmod/2
and Vmod. The voltages may then be varied between two
extreme configurations corresponding to (0, Vmod,
Vmod/2, Vmod/2) and to (Vmod/2, Vmod/2, 0, Vmod) respec-
tively for the first, second, third and fourth electrode. This
may be advantageous since the voltage controller 17 only
needs to apply a voltage swing of Vmod/2 to any of the
electrodes of the modulator. All intermediate configura-
tions between applying the signals Sig1(t) and Sig2(t)
only to one off the inner or outer electrode pairs to equally
splitting them between the two electrode pairs are pos-
sible. However, if they are split between the two electrode
pairs it may be desirable to substantially equally split
them between the two electrode pairs, since this mini-
mizes the voltage swing that needs to be applied by the
voltage controller 17 to any of the electrodes. Typically,
the spans of the voltage ranges (max voltage - min volt-
age) applied to the first, second, third and fourth electrode
are all in the range Vmod/2 - 0.5V to Vmod/2 + 0.5V, or in
the range Vmod/4 to 3Vmod/4. The voltages described in
this paragraph result in a primarily reverse bias for a pn
diode.
[0075] In order to obtain a primarily forward bias for
semiconductor-insulator-semiconductor capacitors, the
voltages of the four electrodes may be swapped (i.e. (V1,
V2, V3, V4) into (V4, V3, V2, V1)) or the polarities of the
semiconductor-insulator-semiconductor capacitors in-
verted.
[0076] As previously, the voltage of the second elec-
trode 35 may vary between V0 and V0+Vmod relative to
the voltage of the first electrode 33 and the voltage of the
third electrode 37 may vary between -V0-Vmod and -V0
relative to the voltage of the fourth electrode 39.
[0077] It should be noted that this is also a situation in
which the voltage offset Voffset is split between and par-
tially applied to both the pair of inner electrodes 35, 37
and the pair of outer electrodes 33, 39. In this general
case, the total magnitude of the voltage offset is given
by the voltage offset between the first and the fourth elec-
trodes, referred to as Voffset1, minus the voltage offset
between the second and the third electrodes, referred to
as Voffset2, i.e., Voffset=Voffset1-Voffset2, since these two
voltage offsets have opposite effects in regards to the
biases of the phase shifters. In order for pn diodes to be
primarily operated in reverse bias |Voffset1-Voffset2| should
be typically larger than Vmod-2Vbmax and in order for sem-
iconductor-insulator-semiconductor capacitors to be pri-
marily forward biased |Voffset1 -Voffset2| should be typically
larger than Vmod-2*1V. |Voffset1-Voffset2| may be substan-
tially equal to |Vmod+2V0|.
[0078] As described in the previous paragraphs, it may
be desirable for the voltage ranges applied across both
diodes or semiconductor-insulator-semiconductor ca-
pacitors of the phase shifters 11, 13 to be exactly equal
in order to obtain optimum push-pull operation with min-
imized chirp. As described previously, it is also desirable
for the first and fourth electrodes 33, 39 to be exactly
identical from a high frequency perspective, as well as

for the second and third electrodes 35, 37 to be exactly
identical from a high frequency perspective. However,
this cannot always be guarantied due to non-idealities of
the voltage controller 17 or due to other reasons relating
to the system or device architecture. Moreover, a certain
deviation from these fixed relations may be admissible
with an acceptably small reduction of device perform-
ance. In particular, in the case of an embodiment with
two signal lines S1 and S2 and two ground lines, V(S2)
may be set to V(S1)+Voffset2,const+Vdiff2, where
Voffset2,const is the idealized constant offset voltage as
defined in the previous paragraphs (without the subscript
const) and |Vdiff2| < 0.5V or |Vdiff2|<Vmod/4. Vdiff2 may be
a constant voltage, a slowly varying voltage, a high fre-
quency voltage or a combination thereof. Under these
conditions, the voltages applied to the second and to the
third electrode may be considered to have substantially
the same high-frequency content. In general and in par-
ticular in the case of an embodiment where all four elec-
trodes carry a varying voltage, the voltages of the third
and fourth electrodes may be set to
V3=V2+Voffset2,const+Vdiff2 and V4=V1+Voffset1,const+
Vdiff1, where |Vdiff1| < 0.5V or |Vdiff1|<Vmod/4, where |Vdiff2|
< 0.5V or |Vdiff2|<Vmod/4, where Voffset1,const is the ideal-
ized offset voltage of the fourth electrode relative to the
first electrode as previously defined (without the subscript
const) for various embodiments, where Voffset2 is the ide-
alized offset voltage of the third electrode relative to the
second electrode as previously defined (without the sub-
script const) for various embodiments, and where
V1,V2,V3 and V4 are the voltages applied to the first, sec-
ond, third and fourth electrode. Under these conditions,
the voltages applied to the second and to the third elec-
trode may be considered to have substantially the same
high-frequency content and the voltages applied to the
first and to the fourth electrode may be considered to
have substantially the same high-frequency content.
Vdiff1 and Vdiff2 are also called difference voltages.
[0079] It shall be noted that several permutations of
the electrode ordering are possible without changing the
nature of the proposed transmission line configuration.
For example, the ordering between the leftmost ground
line, i.e., first electrode 33, the signal lines, i.e. second
and third electrodes 35, 37 for S1 and S2 and the right-
most ground line, i.e., fourth electrode 39 may be invert-
ed, if the orientation of the diodes 41, 43 is also inverted.
The order of the signal lines, i.e. second and third elec-
trodes 35, 37 for S1 and S2 may be inverted, if the orien-
tation of the diodes 41, 43 is also inverted. The signal
lines, i.e. second and third electrodes 35, 37 for S1 and
S2 may be placed outside and the ground lines, i.e. first
and fourth electrodes 33, 39 inside, if the orientation of
the diodes 41, 43 is also flipped or if the signal lines or
electrodes 35, 37 for S1 and S2 are also permutated with
each other.
[0080] The same considerations also hold for phase
shifters implemented with semiconductor-insulator-sem-
iconductor capacitors, wherein flipping the order of elec-
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trodes combined with the associated inversion of the ori-
entation of semiconductor-insulator-semiconductor ca-
pacitors results in the same biases being applied.
[0081] It should also be noted that while configurations
for pn based phase shifters were converted into config-
urations for semiconductor-insulator-semiconductor ca-
pacitors by primarily adjusting the values of Voffset and
of V0 while maintaining the geometry (orientation of the
phase shifters) so as to maintain consistent definitions,
configurations may also be adapted by simply swapping
the orientation of the phase shifters (i.e. replacing anode
with cathode and vice versa), or by swapping the voltages
of the first, second, third and fourth electrode with the
voltages of the fourth, third, second and first electrode,
since both transform primarily reverse biases into prima-
rily forward biases.
[0082] All the embodiments have following common
characteristics: The two diodes 41, 43 or two semicon-
ductor-insulator-semiconductor capacitors are oriented
in the same direction, rather than being oriented in op-
posite but symmetric directions. From a high-frequency
point of view the two inner electrodes or lines 35, 37 are
substantially equivalent to each other. Furthermore, from
a high-frequency point of view the two outer electrodes
or lines 33, 39 are substantially equivalent to each other.
Electrodes or lines 35, 37 or 33, 39 that are equivalent
both from a high-frequency and a low frequency point of
view may be shorted to each other. Diodes 41, 43 may
be operated mostly in reverse bias. If they arepartially
operated in forward bias, this forward bias may not ex-
ceed a few tens or a few hundreds of mV. In order to
ensure that the diodes 41, 43 are both mostly operated
in reverse bias, or in order to ensure that the electro-optic
modulator is operated in a low chirp regime, at least one
electrode or line voltage in a pair of electrodes or lines
35, 37 or 33, 39 that are equivalent from an RF point of
view has to be shifted by a DC voltage offset Voffset rel-
ative to the other electrode or line of the pair. Similar
considerations hold to ensure that phase shifters based
on semiconductor-insulator-semiconductor capacitors
both operate in an efficient voltage range and to ensure
that low chirp operation is maintained.
[0083] Typical electrode (signal or ground lines) widths
are in a range 1mm - 500mm with a separation of 0.5mm
- 500mm between the two inner electrodes 35, 37. A gap
between an inner electrode or signal line 35, 37 and an
adjacent outer electrode or ground line 33, 39 is typically
in a range of 0.5mm - 200mm. Inner electrodes or lines
may be shorted in some embodiments, in which case
there may be no gap between them.

Geometry and electrode extension for transmissions line 
configuration

[0084] Next, details on possible geometries applied in
a transmission line configuration for an electro-optical
modulator according to specific embodiments of the in-
vention will be described. Particularly, details on elec-

trode extensions for an advanced signal current flow
scheme in such transmission line configuration will be
described.
[0085] The waveguide 27 in figure 4 may be defined
by etching into a semiconductor region 49. Electrodes or
lines 23, 25 may contact the semiconductor region 49 in
regions where the semiconductor region 49 is etched to
the same depth as on either side of the waveguide 27
(i.e., as in the cladding of the waveguide 27). They may
also contact the semiconductor region 49 in regions
where the semiconductor region 49 has not been etched,
or has been etched to a different depth. In particular, an
etch into the semiconductor region 49 defining the clad-
ding of the waveguide 27 may have finite extent, so that
the electrodes 23, 25 may contact the semiconductor re-
gion 49 in a region where it is not etched but that remains
outside of the core of the waveguide.
[0086] An electrical connection to the waveguide 27
constitutes a capacitive loading of the transmission lines
19 that modifies its intrinsic (unloaded) impedance and
propagation velocity. For example, the capacitive loading
may slow down the propagation velocity of the transmis-
sion line 19 and may be used to adjust it independently
of the dielectric constants of the surrounding materials.
Thus, this capacitive loading has to be taken into account
when designing the device.
[0087] Due to an existing high resistivity of a current
path between the metal electrodes 23, 25 and the
waveguide 27, an electrical current tends to flow perpen-
dicular to the main (i.e. longitudinal) axis of the transmis-
sion line 19 in this intermediate high-resistivity region,
since this is the shortest path between the metal conduc-
tors of the electrodes 23, 25 and the waveguide. This
may break a transverse electromagnetic (TEM) symme-
try of the transmission line mode and explains why a prop-
agation velocity of an electrical signal may be adjusted
independently of the dielectric constant of the materials
surrounding the transmission line. A distance between
the metal lines forming the electrodes 23, 25 generally
changes the ratio of the linear capacitance and the linear
inductance of the unloaded transmission line 19 and, to-
gether with the capacitive load contributed by the pn-
junction, may be used to adjust the phase velocity and
impedance of the transmission line.
[0088] In a first approximation, the linear capacitance
of the waveguide may be simply added to the linear ca-
pacitance of the unloaded transmission line in order to
derive the properties of the loaded transmission line. This
is a close approximation as long as the current flows per-
pendicular to the main longitudinal axis between the met-
al electrodes and the photonic waveguide. Typically, it is
desirable to impedance match the transmission line to
50 Ohms in order to allow usage in conventional systems.
[0089] Apart from the capacitive load, the pn-diode al-
so contributes a resistive load to the transmission line
that causes RF-losses and degrades the amplitude of
the RF-signal over propagation distance. A loss-figure a
is calculated in dB/cm and the inverse of the loss figure
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determines the maximum useful length of a transmission
line prior to being limited by excessive degradation of the
RF signal strength.
[0090] In conjunction with the previously described
electrode configuration, the electro-optical modulator
proposed herein may also comprise an advanced signal
current flow scheme based on electrode extensions 45
between the electrodes 23, 25 and the pn diode 20 em-
bedded in the waveguide 27 as shown in figure 5. The
electrode extensions comprised in at least one of the first
and second transmission lines 19 of the electro-optical
controller extend transverse to a longitudinal direction of
the transmission line and extend from one of the elec-
trodes 23, 25 towards the pn junction 21 included in the
semiconductor arrangement 49 of the respective trans-
mission line. These electrode extensions 45 may com-
prise or consist of metal and may provide a low resistivity
path between the main electrodes 23, 25 and the pn junc-
tion 21 embedded in the waveguide 27, while having a
minimal impact on the impedance and propagation ve-
locity of the loaded transmission lines 19.
[0091] The separation of signal lines and GND-lines
may be chosen so as to obtain a self-inductance and self-
capacitance required for achieving targeted transmission
line impedance and targeted propagation velocity. This
often results in a substantial distance between the
lines/electrodes 23, 25, on the order of a few tens of mi-
crons. Since the current has normally to flow from the
electrodes 23 (first electrode or signal line S) and elec-
trode 25 (second electrode or ground line GND) to the
pn junction 21 via doped semiconductor material of the
semiconductor arrangement 49, this results in a substan-
tial resistance and thus in substantial resistive losses of
the RF-signal. Placing the electrodes 23, 25 closer to
each other in order to reduce resistive losses may be
problematic, since it would significantly change the im-
pedance and propagation velocity of the transmission
line.
[0092] To avoid signal degradation, electrode exten-
sions 45 as depicted in figure 5 are added to the elec-
trodes 23, 25 of, e.g., the signal- and the GND-lines.
These electrode extensions 45 follow a path that is sub-
stantially perpendicular to the propagation direction of
the RF-mode as indicated by the arrow 47. Typically, the
extensions reach as close to the waveguide 27 as pos-
sible without introducing substantial losses for the optical
mode. They may contact the slab of the ridge waveguide
27.
[0093] In this configuration, the signal current primarily
flows through low resistivity metal of an electrode exten-
sion 45 instead of doped regions of the semiconductor
arrangement 49, thus very effectively reducing RF-loss-
es. The current flowing perpendicular to the propagation
direction of the RF-mode does not contribute substan-
tially to the self-inductance of the transmission line 19.
[0094] Electrode extensions 45 may be placed at reg-
ular or irregular intervals along the transmission line. To
minimize a parasitic self-inductance and a parasitic ca-

pacitance induced by the electrode extensions 45, they
are typically arranged in a way that the extensions 45 of
one electrode 23 are not placed directly in front of the
extensions 45 of the other electrode 25. In a regular ar-
rangement, the electrode extensions 45 of the one elec-
trode 23 could for example be offset by half the period
relative to the electrode extensions 45 of the other elec-
trode 25. In other words, electrode extensions 45 extend
from each of the electrodes 23, 25 of a transmission line
19 in an alternating manner. In this configuration, exten-
sions of opposing electrodes are separated by a maxi-
mized distance from each other, thus adding a minimum
capacitive load and a minimum self-inductance.
[0095] Typical dimensions for the separation of the ex-
tensions of the same electrode are wgap,ext = 1mm -
100mm (center to center) and for the width of the exten-
sions are wext = 0.5mm - 50mm. In the region between
the metal electrode and the end of the electrode exten-
sions, i.e., the area with metal line extensions, the elec-
trode extensions typically fill less than 50% of the chip,
wafer or substrate area. Since the extensions are typi-
cally made out of a high conductivity material such as
metal, they may fill less than 25% of the chip, wafer or
substrate area in said region. Placing electrode exten-
sions in an alternating manner is not restricted to placing
them at half the period of the electrode extensions of the
other electrode of an electrode pair 23, 25, nor is it re-
stricted to periodic arrangements.
[0096] The extensions 45 may be fabricated primarily
in the same metal layer as the electrodes 23, 25. How-
ever, in a multi-layer back-end-of-line process, the im-
plementation could also involve other metal layers. As in
the case of the primary electrodes 23, 25, the electrode
extensions 45 may be placed directly onto the semicon-
ductor region 49 or may be connected to the latter with
vias.
[0097] The electrode extensions 45 may contact the
semiconductor region 49 in regions where it is etched to
the same depth as on either side of the waveguide 27
(i.e., as in the cladding region), as shown in figure 5, or
they may contact the semiconductor region 49 in regions
where it is not etched, or etched to a different depth.
[0098] As will understood to somebody skilled in the
art, the electrode extensions may be applied to both elec-
tro-optical modulators with phase shifters based on pn
diodes or with phase shifters based on semiconductor-
insulator-semiconductor capacitors.
[0099] Here and elsewhere in this invention descrip-
tion, the word metal may also refer to highly conductive
metal alloys, e.g., with resistivity lower than 1e-5 Ω*cm.

Advanced pn-diode architecture with a novel highly-
doped pn-junction

[0100] Next, details on possible features and ge-
ometries of the pn diode 20 and its pn junction 21 as
applied in a transmissions line configuration for an elec-
tro-optical modulator according to specific embodiments
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of the invention will be described. Particularly, details on
dopant densities in such pn diode 20 and methods for
forming such pn diodes will be described.
[0101] As indicated above, the electrically driven
phase modulators 11, 13 may be advantageously imple-
mented with reverse-biased pn-diodes 20, utilizing the
free-carrier dispersion effect to convert an electrical sig-
nal provided by a control device 17 into an optical signal
to be carried by the output light 2’. In such reverse-biased
pn-diodes 20, a width of a space charge region (or de-
pletion region) and a free carrier density in the space
charge region may be varied depending on a reverse-
bias, i.e. negative voltage applied to the pn-diode 20. At
least parts of the pn-diode are formed such as to build a
waveguide 27 guiding input light in a direction parallel to
the pn junction 21 of the diode 20 or such that the pn
junction 21 is at least partially located within the core of
the waveguide 27. An effective index of the waveguide
27 is determined by an overlap integral of a propagating
mode of the light with the regions of the waveguide 27 in
which the density of free carriers is modulated. When the
reverse voltage applied to the pn-diode is increased, the
pn junction 21 will be further depleted of free carriers,
thus the effective index of the waveguide 27 will increase,
the phase velocity of the light decrease and a phase re-
tardation will be applied to the cumulated phase of the
propagating mode.
[0102] In such reverse-biased pn-diode 20, a higher
doped pn-junction typically results in a larger modulation
of the waveguide effective index per applied voltage or,
conversely, in a lower reverse voltage change required
for a given index modulation. This is due to the fact that
the junction capacitance increases at higher doping lev-
els, thus making it easier to inject or extract carriers. The
higher carrier density more than compensates a de-
creased modulated width of the depletion region. How-
ever, optical losses due to free carrier absorption are also
determined by the overlap integral of the propagating
mode with the regions having free carriers, with higher
carrier concentrations leading to higher optical losses.
Thus, higher doping may result in higher optical losses.
Finally, dopant concentrations impact the speed at which
the width of the depletion region may be modulated, since
the latter is ultimately limited by the transit time of the
carriers given by the product of the drift velocity of the
carriers (limited by the saturation velocity) and the width
of the depletion region. Since a higher doping at the pn
junction results in a thinner depletion region, it also results
in a lower transit time and a higher limit to the maximum
modulation frequency.
[0103] Application specific optimization of devices typ-
ically consists in finding a tradeoff between a high enough
doping to meet requirements regarding transit time and
drive voltage and a low enough doping to ensure accept-
able optical losses, i.e. the optical insertion losses of the
modulator.
[0104] Conventional, dopant implantation based fabri-
cation techniques do not allow for sufficient control of the

doping regions within the waveguide core 65 to introduce
more than a single p-doped and a single n-doped region,
making this trade-off a fundamental limitation of the
waveguide design.
[0105] In a specific embodiment of the invention, the
pn diode is provided with a specific dopant density dis-
tribution such as to overcome the design limitations as-
sociated to conventional pn-junctions, as typically formed
with implantation.
[0106] In such embodiments, doping layers form an
advanced pn-diode 20 as exemplary depicted in figures
6, 7 or 8. Therein, the pn diode 20 of the semiconductor
arrangements 49 comprises a highly doped region 59 at
least partially located within a core 65 of the waveguide
with p++ doped region 55 and n++ doped region 57 directly
adjacent to the pn junction 21 and furthermore comprises
within a core 65 of the waveguide 27 moderately doped
p- doped region 61 and n- doped region 63 distant from
the pn junction 21.
[0107] The waveguide geometry is based on a ridge-
waveguide design. Electrical contacts 51, 53 to the ridge
waveguide 27 may occur from bottom and top as shown
in figure 6 to allow for highest modulation performance,
or may both occur through the bottom of the waveguide
27 as shown in figure 8, e.g., to allow for simplified and
more cost effective fabrication procedures.
[0108] For the high performance contacting scheme of
figure 6 with electrical contacts 51, 53 from the bottom
and the top, a typical material for the top contact is amor-
phous, polycrystalline or crystalline silicon when the core
65 of the waveguide 27 is also fabricated out of silicon,
i.e., in the case of Silicon Photonics. This contacting
scheme typically has a higher modulation performance
due to the fact that the pn-junction is restricted to a region
within the ridge of the waveguide and the resulting ca-
pacitance is very small.
[0109] For the contacting scheme of figure 8 with both
contacts 51, 53 coming through the bottom, the pn-junc-
tion 21 is not necessarily restricted to the region within
the ridge of the waveguide 27 (as in figures 6 and 7) but
may extend well below the contact vias of the contacts
51, 53 (as in figure 8). Electrical contact to the p++ and
n++ layers 55, 57 may be achieved by an additional im-
plantation or diffusion of dopants underneath the contact
vias of the contacts 51, 53 with dopants reaching suffi-
ciently deep to provide electrical connectivity to the re-
spective layer. Alternatively, or in conjunction with the
deep implants / dopant diffusion, the semiconductor layer
may also be partially etched below the vias contacting
the deeper implant (n-type in figure 8).
[0110] Typical dimensions for a silicon waveguide 27
would be a waveguide width in a range wWG ∼ 100nm to
10mm and a waveguide height in a range hWG ∼ 100nm
to 5mm.
[0111] A region 59 directly adjacent to the pn junction
21 itself is formed by highly doped p++ and n++ regions
55, 57, referred to as delta-doped regions in reference
to the fact that these very highly doped regions 55, 57
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only extend over a small region 59 on either side of the
junction 21.
[0112] Ideally, the extent of these highly doped regions
is chosen in a way that these regions 55, 57 are fully
depleted when the maximum modulation voltage Vmod is
applied. This way, there is no excess highly doped region
59 that never gets depleted, thus not participating to index
modulation but creating unnecessary optical losses. That
means that the extent is on the order of the doping de-
pendent depletion-width, but may also be smaller, larger
and asymmetrical, i.e., different for the n++ relative to the
p++ region. Typical dimensions for the delta-doped re-
gions 55, 57 would be on the order of a width wn++/p++ ∼
1nm to 100nm. Typically, the thickness of the delta-
doped regions would be less than 200% of a maximum
depletion width. Typically, the thickness of the delta-
doped regions would also be less than the maximum de-
pletion width inside the delta doped region plus 100 nm
(including excess width for both the n++ and the p++ re-
gions).
[0113] The remaining parts of the waveguide 27 may
be moderately n- and p-doped to ensure a high enough
electrical conductivity for high-speed operation but to al-
so minimize optical absorption losses due to free carriers.
These parts are called the and p- doped regions 61, 63.
[0114] Typical values for the doping concentrations
would be in the highly doped regions, 55, 57, 59: p++ &
n++ in a range 1e18cm-3 to 1e21 cm-3 and in the moder-
ately doped regions 61, 63: p- & n- in a range 1e16cm-3

to 1e19cm-3.
[0115] Apart from an abrupt change in doping concen-
tration from the moderately doped regions 61, 63 to the
highly doped regions 59, graded doping profiles, i.e.,
gradually decreasing doping concentration from the del-
ta-doping region to the moderately doped regions over
a defined distance, may also be implemented. The
boundaries between the n- and n++, regions 61, 55 re-
spectively between the p- and p++ regions 63, 57, may
be defined as the location where the dopant density
reaches 20% of the peak density of the n++ or p++ regions
55, 57.
[0116] The orientation of the pn-diode 20 is preferably
but not exclusively vertical as shown in figures 6 and 8,
i.e., the different doping regions 55, 57, 61, 63 are
stacked layer by layer. In other words, semiconductor
layers 55, 57, 61, 63 forming the pn diode 20 are arranged
in horizontal planes parallel to a plane including the elec-
trodes 23, 25.
[0117] This allows epitaxial growth of the different dop-
ing layers e.g. from a gas-phase using in-situ doping as
the preferred method of fabrication. In-situ doping allows
much more control over dopant concentration profiles
than implantation. In particular, very thin doped regions
with a thickness on the order of 1-100 nm may be
achieved. Very thin doped layers of a few nm may in
particular be deposited with an advanced technique
called atomic layer deposition (ALD).
[0118] Alternatively, a lateral implementation as shown

in figure 7 using e.g. ion-implantation to define the doping
regions is conceivable. However, this would imply a mod-
ified configuration of the doping regions 55, 57, 61, 63
as depicted in figure 7. Here, the moderately doped re-
gions 61, 63 are formed by coarse implantation and the
delta doping regions 55, 57 are formed by over implanting
using a shallow implantation technique with reduced im-
plantation energies. Thus, the delta-doping regions 55,
57 do not fully extent through the whole waveguide 27.
This configuration may be harder to fabricate, so that the
in-situ doping remains the preferred fabrication method.
[0119] The location of the delta-doping region 59, es-
pecially the junction 21, i.e. a junction between the p++-
and the n++-region 55, 57, may be typically located close
to the middle of the waveguide 27, where the mode field
has its highest overlap with the depletion region to gain
the maximum effect of the free-carrier modulation. How-
ever, configurations with the junction displaced from the
middle of the waveguide may be implemented and are
also covered by this invention.
[0120] Finally, possible aspects and ideas underlying
embodiments of the invention shall be summarized in a
different wording as follows:
[0121] The invention relates to three major aspects of
depletion type plasma modulators that are each a signif-
icant progress of the current state of the art of depletion
type plasma modulators:

- Advanced electrical transmission line configuration
in combination with the diode connection scheme.

- Electrode extensions for advanced signal current
flow.

- Advanced pn-diode architecture with a novel highly-
doped pn-junction and a preferred fabrication with
in-situ doping during epitaxy.

[0122] Especially a concurrent implementation of the
three parts of the invention may be advantageous over
current state-of-the-art solutions.
[0123] Main advantages of the invention may be inter
alia:

- The transmission line configuration may allow high-
frequency operation by suppressing cross-talk be-
tween the signal lines while also allowing for a com-
pact geometry and thus a high on-chip device density
when more than one modulator is implemented, as
the transmission lines may be located in close prox-
imity to each other, and reduced transmission line
losses resulting from efficient shielding. This trans-
mission line geometry may be implemented with a
single metallization layer, e.g. directly located on the
semiconductor or connected to the latter with vias,
resulting in low cost device fabrication.

- The electrode extensions may allow placement of
the electrodes in order to obtain targeted impedance
and propagation velocity for the loaded transmission
line, independently of concerns relating to transmis-
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sion line losses occurring in the intermediate high
resistivity region between the electrode and the
waveguide, while at the same time providing a low
resistivity current path between the electrodes and
the photonic waveguide. Due to a segmented nature
of the electrode extensions, they force the current to
flow perpendicular to the main transmission line axis,
thus providing a low resistivity current path while at
the same time minimizing the impact on impedance
and propagation velocity. Thus, they allow an inde-
pendent adjustment of these quantities as deter-
mined by electrode placement. The signal line ex-
tensions may be implemented with a single metalli-
zation layer located on the semiconductor or con-
nected to the semiconductor with vias, thus not add-
ing any additional processing cost relative to the
baseline technology. Reduced RF-losses due to the
introduction of a high conductivity path between elec-
trodes and waveguides may have in particular the
benefit of enabling longer modulators with effective
electrical driving. This way the drive voltage may be
further reduced.

- Definition of vertical pn junctions with in-situ doping
during epitaxial growth or regrowth of the semicon-
ductor may allow for ultra-precise tailoring of the do-
pant concentrations. In particular, it may allow for
very high dopant concentrations in the immediate
vicinity of the junction, while maintaining moderate
or low implant concentrations elsewhere in the
waveguide. Thus, acceptable optical losses may be
realized at the same time as ultra-low drive voltage
and ultra-short transit times.

[0124] It shall be noted that depletion type modulators
have become the method of choice for implementing
high-speed modulators in Silicon Photonics. For this rea-
son, embodiments of the invention are not solely but also
and especially applicable for silicon photonic systems.
Alternatively, they may also be implemented with other
semiconductor materials, such as InAlGaAs or InGaAsP
material systems. All aspects of the invention may be
applied to devices with long, phase matched transmis-
sion lines, or to devices with short signal lines behaving
as lumped elements. In particular the vertical pn diode
configuration is equally useful in both configurations.
[0125] Finally, it should be pointed out that the terms
"comprise", "have", etc. should not rule out the presence
of further additional elements. The term "a" or "one" does
not exclude the presence of a plurality of elements or
subject matters. The reference numbers in the claims
solely serve the purpose of better readability and should
not restrict the scope of protection of the claims in any
manner.

List of reference signs

[0126]

1 electro-optical modulator
2 light
3 light source
5 first modulator-arm
7 second modulator-arm
9 light splitting device
11 first electrically driven phase modulator
13 second electrically driven phase modulator
15 light recombination and interference device
17 control device
19 transmission line
20 pn diode
21 pn junction
23 first electrode / signal line
25 second electrode / GND line
27 waveguide
29 separating GND line
33 first electrode / ground line
35 second electrode / signal line
37 third electrode / signal line
39 fourth electrode / ground line
41 first diode
43 second diode
45 electrode extensions
47 propagation direction of the RF-mode
49 semiconductor region
51 contact
53 contact
55 highly doped p++ region
57 highly doped n++ region
59 highly doped region
61 moderately doped p- region
63 moderately doped n- region
65 core of the waveguide

Claims

1. Electro-optical modulator for generating output high-
frequency optical signals based on input high-fre-
quency electrical signals, the electro-optical modu-
lator comprising:

a first electrode;
a second electrode;
a third electrode;
a fourth electrode;
a first semiconductor arrangement including one
of a first pn-diode and a first semiconductor-in-
sulator-semiconductor capacitor and having an
anode electrically connected to the first elec-
trode and having a cathode electrically connect-
ed to the second electrode and forming a first
optical waveguide comprising one of a first pn-
junction of the first pn-diode and a first semicon-
ductor-insulator interface of the first semicon-
ductor-insulator-semiconductor capacitor, re-
spectively;
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a second semiconductor arrangement including
one of a second pn-diode and a second semi-
conductor-insulator-semiconductor capacitor
and having an anode electrically connected to
the third electrode and having a cathode elec-
trically connected to the fourth electrode and
forming a second optical waveguide comprising
one of a second pn-junction of the second pn-
diode and a second semiconductor-insulator in-
terface of the second semiconductor-insulator-
semiconductor capacitor, respectively;
an electrical controller adapted for applying a
first voltage V1 to the first electrode and a second
voltage V2 to the second electrode for generat-
ing a first electrical high-frequency-modulated
voltage signal Sig1(t) between the first and the
second electrode and for applying a third voltage
V3 to the third electrode and a fourth voltage V4
to the fourth electrode for generating a second
electrical high-frequency-modulated signal
Sig2(t) between the fourth and third electrode,
wherein a high-frequency content of each one
of the voltages V1, V2, V3, V4 applied to one of
the electrodes corresponds to Fourier compo-
nents with frequencies above 1 GHz,
wherein voltages V1, V4 applied to the first and
fourth electrodes for applying the first and sec-
ond electrical high-frequency-modulated volt-
age signals Sig1(t), Sig2(t) have substantially a
same high-frequency content, and
wherein the voltages V2, V3 applied to the sec-
ond and third electrodes for applying the first
and second electrical high-frequency-modulat-
ed voltage signals Sig1(t),
Sig2(t) have substantially a same high-frequen-
cy content,
wherein at least one of

- the voltages applied to the first and fourth
electrodes for applying the first and second
electrical high-frequency-modulated volt-
age signals Sig1(t), Sig2(t) differ by a first
voltage offset Voffset1 with Voffset1 =
Voffset1,const + Vdiff1 with Voffset1,const being
constant and non-zero and |Vdiff1| < 0. 5V,

and

- the voltages applied to the second and
third electrodes for applying the first and
second electrical high-frequency-modulat-
ed voltage signals Sig1(t), Sig2(t) differ by
a second voltage offset Voffset2 with Voffset2
= Voffset2,const + Vdiff2 with Voffset2,const being
constant and non-zero and |Vdiff2| < 0.5V.

2. The electro-optical modulator of claim 1, wherein the
first and fourth electrodes are a pair of RF ground

lines each being set by the electrical controller to a
constant voltage and wherein the second and third
electrodes are a pair of signal lines each being set
by the electrical controller to a high-frequency mod-
ulated voltage for applying the first and second elec-
trical high-frequency-modulated voltage signals
Sig1(t), Sig2(t),
wherein the four electrodes are arranged next to
each other such that one of the pair of ground lines
and the pair of signal lines is arranged as inner elec-
trode pair with electrodes neighbouring each other
and the other of the pair of ground lines and the pair
of signal lines is arranged as outer electrode pair
with electrodes enclosing the electrodes of the inner
electrode pair.

3. Electro-optical modulator of claim 2,
wherein the first electrode is set to a first constant
voltage V1 = GND 1, wherein the fourth electrode is
set to a second constant voltage V4 =GND2, wherein
the second voltage V2 is modulated with signal
Sig1(t) in a modulation range from V0 to (V0 + Vmod)
relative to the first constant voltage GND1, wherein
the third voltage V3 is modulated with signal Sig2(t)
relative to the second constant voltage GND2,
and wherein one of

- the third voltage V3 is modulated in a modula-
tion range from V0 to (V0 + Vmod) relative to the
first constant voltage GND1,
with Vmod being a voltage modulation swing and
Vmod > 0,
with V0 being a constant voltage,
wherein GND2 is offset from GND1 by the first
offset voltage Voffset1,

and

- the third voltage V3 is modulated in a modula-
tion range from -(Vmod + V0) to-V0 relative to the
first constant voltage GND1,
with Vmod being a voltage modulation swing and
Vmod > 0,
with V0 being a constant voltage,
wherein GND2 is set equal to GND1
wherein V3 is offset from V2 by the second offset
voltage Voffset2.

4. Electro-optical modulator of claim 1,
wherein non-zero high-frequency voltage contents
are applied to all four of the first, second, third and
fourth electrode,
wherein V2-V1 varies between V0 and V0+Vmod,
wherein V3-V4 varies between -V0-Vmod and -V0,
wherein Vmod is a voltage modulation swing and
Vmod>0,
wherein V0 is a constant voltage,
wherein one of
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- spans of voltage ranges applied to the first,
second, third and fourth electrode are all within
Vmod/4 to 3Vmod/4,

and

- spans of voltage ranges applied to the first,
second, third and fourth electrode are all within
Vmod/2 - 0.5V to Vmod/2 + 0.5V,

wherein the second voltage offset Voffset2 is applied
to the third electrode relative to the second electrode
and the first voltage offset Voffset1 is applied to the
fourth electrode relative to the first electrode.

5. The electro-optical modulator of claim 3, wherein the
first and second semiconductor arrangements com-
prise a first and a second pn diode,
wherein V0 > -0.8V,
and wherein |Voffset1,const| > Vmod-1.6V and
|Voffset2,const| > Vmod-L6V.

6. The electro-optical modulator of claim 4, wherein the
first and second semiconductor arrangements com-
prise a first and a second pn diode,
wherein V0 > -0.8V,
and Wherein |Voffset2,const - Voffset1,const| > Vmod-
1.6V.

7. The electro-optical modulator of claim 3, wherein the
first and second semiconductor arrangements com-
prise a first and a second semiconductor-insulator-
semiconductor capacitor,
wherein V0+Vmod < 1V,
and wherein |Voffset1,const| > Vmod-2V and
|Voffset2,const| > Vmod-2V.

8. The electro-optical modulator of claim 4, wherein the
first and second semiconductor arrangements com-
prise a first and a second semiconductor-insulator-
semiconductor capacitor,
wherein V0+Vmod < 1V,
and Wherein |Voffset2,const - Voffset1,const| > Vmod-2V.

9. The electro-optical modulator of claim 3, wherein
|Voffset1,const| = |Voffset2,const| = |Vmod+2V0| and
wherein at least one of max(Sig1(t))-min(Sig1(t)) and
max(Sig2(t))-min(Sig2(t)) is equal to Vmod.

10. The electro-optical modulator of claim 4, wherein
|Voffset2,const - Voffset1,const| = |Vmod+2V0| and wherein
at least one of max(Sig1(t))-min(Sig1(t)) and
max(Sig2(t))-min(Sig2(t)) is equal to Vmod.

11. The electro-optical modulator of claim 3,
wherein |Vdiff1| < Vmod/4 and |Vdiff2|< Vmod/4.

12. The electro-optical modulator of claim 4,

wherein |Vdiff1| < Vmod/4 and |Vdiff2| < Vmod/4.

13. Electro-optical modulator of claim 1, wherein the first
and second electrodes and the first semiconductor
arrangement form a first transmission line and
wherein the third and fourth electrodes and the sec-
ond semiconductor arrangement form a second
transmission line.

14. Electro-optical modulator of claim 13, wherein at
least one of the first and second transmission lines
comprises electrode extensions extending trans-
verse to a longitudinal direction of the transmission
line and extending from one of the electrodes to-
wards one of a pn junction and a semiconductor-
insulator junction included in the semiconductor ar-
rangement of the at least one transmission line.

15. Electro-optical modulator of claim 14, wherein elec-
trode extensions extend from each of the electrodes
of a transmission line in an alternating manner.

16. Electro-optical modulator of claim 1, wherein the first
and second semiconductor arrangements comprise
a first and second pn diode with a first and second
pn junction, respectively,
wherein the pn diode of at least one of the first and
second semiconductor arrangements comprises a
highly doped region with p++ doped regions and n++

doped regions directly adjacent to the pn junction
and furthermore comprises within a core of the
waveguide moderately doped p- doped regions and
n- doped regions distant to the pn junction.

17. Electro-optical modulator of claim 16, wherein sem-
iconductor layers forming the pn diode are arranged
in horizontal planes parallel to a plane including the
electrodes.

18. Electro-optical modulator of claim 16, wherein the
pn junction comprises layers formed by epitaxy.
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