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Abstract (German)
Das Gebiet der integrierten Photonik ist in den letzten Jahren in einer Weise gewachsen, die
vergleichbar ist mit der historischen Entwicklung der Elektronik. Sechzig Jahre nach der Erfindung des Transistors gehören Prozessoren mit eine Milliarde Transistoren zu unserem täglichen Leben. Seit den ersten integriert-optischen Strukturen der neunziger Jahre wurden vielfältige neue optische Bauteile wie Modulatoren, Detektoren, Filter, Modenkonverter, optische
Schalter, Resonatoren, Verstärker, Laser und noch viele weitere Elemente erfolgreich auf einen gemeinsamen Wafer integriert.
In der Geschichte der Elektronik spielt das Material Silizium eine große Rolle. Silizium
kombiniert besondere Eigenschaften, die Massenfabrikation und deswegen preisgünstige Herstellung ermöglichen: Silizium ist eines der häufigsten chemischen Elemente auf der Erde, es
kann in großen Einkristallen hergestellt werden, ist ungiftig und mechanisch stabil, und es
lässt sich leicht dotieren, ätzen und passivieren. Sein Oxid ist einer der besten elektrischen
Isolatoren. Diese positiven Eigenschaften überwiegen Nachteile wie nicht optimale Ladungsträgerbeweglichkeit bei weitem.
Neben den vorteilhaften Eigenschaften im elektronischen Bereich weist Silizium auch
außergewöhnliche Vorteile für die Photonik auf. Silizium ist nicht nur transparent bei Telekomunikationwellenlängen und im mittleren Infrarot-Bereich, sondern hat mit die größte Brechzahl, die es bei diesen Wellenlängen gibt. Dies ermöglicht die Konzentration von optischen
Feldern auf kleine Raumbereiche und gestattet dadurch die Herstellung hoch-integrierte Wellenleiterstrukturen. Zusätzlich lässt sich die Leitfähigkeit von Silizium durch Ionenimplantation verändern, was ideal für elektrooptische Anwendungen ist. Ferner gestattet die Wahl des
Materials Silizium die gleichzeitige Integration von elektrischen und photonischen Bauteilen
[1], was eine Vielfalt von Anwendungen ermöglicht.
Silizium wird heutzutage als einziges Materialsystem betrachtet, das Aussichten hat, sich
erfolgreich am Markt für integrierte photonische Bauteile zu etablieren [2]. Die SiliziumPhotonik ist neben ihrer kommerziellen Bedeutung ein hochattraktives Forschungsgebiet, in
dem vieles zu entdecken und zu erfinden bleibt. Ziel dieser Dissertation ist es, neue Bauelemente der Silizium-Photonik zu entwickeln und die grundlegenden physikalischen Effekte zu
untersuchen.

Preface
The field of integrated photonics is expanding in the last years in a way which can be compared to the history of electronics, where - sixty years after the invention of the transistor CPUs with billions of transistors are parts of our daily life. Since the first integrated optical
chip at the beginning of the 90s, an optical toolbox comprising modulators, detectors, filters,
mode-converters, couplers, all-optical switches, resonators, amplifiers, lasers, and many others, have been demonstrated until today.
In the electronic industry history, silicon plays a major role. Silicon indeed combines
several favorable properties, which make it suitable for mass-production and cheapest fabrication. Silicon is abundant, can be grown in large crystals, is mechanically stable, can be easily
doped, etched, passivated, its oxide is one of the best existing insulators and it is non-toxic: a
rare combination of properties, which are little impaired by its not exceptionally-high carrier
mobility.
In addition to the aforementioned characteristics, silicon is an exceptionally favorable
material for photonics as well: not only is it transparent in a wide wavelength range which
comprises the telecommunication window and the mid-IR range, but most importantly it has
one of the highest refractive indices available, enabling the fabrication of sub-micrometer
waveguides and small bend radii, which are necessary conditions for high-density integration.
Additionally, its electrical characteristics can be tuned by doping or by carrier-injection, making silicon a perfect candidate for electro-optic applications. Moreover, as already shown by
the first silicon-photonics company [1], electric and photonic circuits can be successfully integrated on the same silicon chip, multiplying the number of possible applications.
Silicon is considered today the unique material platform which can lead photonics to a
successful market [2]. Additionally, silicon photonics is an exciting field of research, where
growing governmental and industrial investments are made and where much remains to be
discovered and invented.
The aim of this thesis is the development of new “building blocks” for silicon photonics
and the study of the physical properties related to them. The thesis is structured as follows:
In Chapter 1, we summarize the theoretical concepts used all-over the thesis. This chapter
contains a collection of previously published results, basic equations and models.
In Chapter 2 we present the fastest modulator existing today in silicon photonics. The
record-high bandwidth has been achieved by discovering that accumulation layers (induced
by a gate voltage) are not only highly conductive, but also have small optical loss. The modulator is based on the combination of a silicon slot-waveguide and an organic nonlinear cladding. The organic cladding requires a special poling procedure which was optimized during
this work, and led to driving voltages lower than any other high-speed silicon modulator.
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In Chapter 3 we show that second-order nonlinear phenomena can efficiently be exploited in silicon photonics by combining a highly-nonlinear cladding with a dispersionengineered waveguide. The device is studied from a theoretical point of view. The predicted
nonlinear conversion efficiency is by far higher than that of any other third-order nonlinear
waveguide demonstrated so far. This device paves the way to the generation of mid-IR wavelengths using low-power CW pumps, and allows for lowest-noise on-chip optical parametric
amplification.
In Chapter 4 we demonstrate a phase shifter reacting on a millisecond time-scale, having
the smallest voltage-length product VʌL and the smallest power consumption ever reported in
the silicon photonics community. This result is obtained by combining a silicon slot waveguide with a liquid crystal cladding. This type of device can be exploited in a variety of applications ranging from optical switches to the compensation of fabrication errors where small
power consumptions are key features.
In Chapter 5 we determine new physical constants which describe the optical absorption
in charge accumulation/inversion layers in silicon. We demonstrate that thin silicon films can
be made highly conductive without increasing the optical loss too strongly. The charge layer
is induced by a gate voltage. This method is compared to the ion-implant technique, and it is
shown that, for practical sheet resistances, smaller optical losses can be obtained.
Chapter 6 finally summarizes the work and gives an outlook for future research. The thesis concludes with appendices, list of publications and the author’s curriculum vitae.

Achievements
The following results have been achieved while preparing this thesis:
•

First high-speed silicon-organic hybrid (SOH) modulator and first datatransmission experiment at a rate of 42.7 Gbit/s [3]. Previously published results
were limited to a bandwidth of 3 GHz [4].

•

First silicon-based modulator having a 3 dB bandwidth larger than 100 GHz [5].
This device has a voltage-length product of VʌL = 11 Vmm.

•

First proposal of a silicon-organic hybrid waveguide suited for second-order nonlinear processes [6].

•

First demonstration of a silicon slot-waveguide with liquid crystal cladding [7, 8].
This device established a new record in power consumption and operation voltage
for phase shifters in silicon.

•

Discovery of small optical losses in accumulation/inversion layers in silicon. We
measured for the first time the physical constants describing these losses. We find
that the sheet conductance per optical loss figure of merit can be higher than for
the ion implant technique [9].

•

Measurement of the resistance of accumulation/inversion layers in silicon down
to the temperature of 40 mK and gate fields up to 0.25 V/nm [10].

•

Modeling, design and measurement of high-speed silicon n-channel MOSFETs.

•

Investigations on optical nonlinearities in thin films made by atomic-layer deposition (ALD). First experiments indicate the existence nonlinearities of the second
order. To the best of our knowledge, this has never been demonstrated in the literature before.

•

Construction of a vacuum chamber for on-chip poling of the organic nonlinear
cladding.

•

Optimization of poling parameters for maximum nonlinearity. This led to the best
Pockels coefficient measured at frequencies larger than 10 GHz [5].

•

Development of a particle-free anisotropic wet etching process for smooth silicon
waveguides [11, 12].

•

Numerical investigation of waveguide bends for anisotropic wet etching fabrication [12].

•

Design of novel slotted multimode interference couplers (MMI) [13].

•

Development of a reliable process for metal deposition. This process was used for
creating the electrodes of the 100 GHz modulator.
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Achievements
•

Development of a process for in-house fabrication of silicon rib waveguides. The
measurement of the optical absorption in accumulation/inversion layers was made
on such waveguides.

•

In-house development of a silicidation (NiSi) process.

•

Investigation of third-order nonlinearities in hydrogenated amorphous silicon
[13].

•

Design of a low-loss strip-to-slot waveguide converter based on a logarithmic
shape. The converter was first fabricated in 2009 [14]. An optimized version was
published in [15].

•

Three different photonic chip designs with up to 9 layers. One electronic chip design (FETs).

1 Theoretical Background
1.1 Silicon-Organic Hybrid (SOH) ElectroϣOptic Modulator
In this section we introduce the most important characteristics of electro-optic modulators for
future communication systems. We additionally review the methods and guidelines for designing a high-speed, low-voltage, silicon-organic hybrid (SOH) Pockels effect modulator.

1.1.1 Motivation
Electro-optic modulators are used in a large variety of applications. Most of the devices that
we interact with are based on some sort of electrical signals. These devices are for example
displays, keyboards, touchscreens, microphones and loudspeakers. Also the devices used for
storing or transforming information exploit electrical signals: hard-drives, volatile memories,
computers are only a few examples. Transporting information, however, is simpler and more
effective if optical signals are used instead of electrical signals, as first realized in the late 60s
[16]. This is true not only on large scales such from continent to continent, but also on meter
or millimeter scales like from rack to rack, from CPU to RAM, or from core to core in future
CPUs [2]. If high-quality conversion of an electrical signal into an optical signal is needed,
electro-optic modulators have to be used.
In telecommunications, the traffic volume is predicted to increase at a rate of about 30 %
per year, mainly due to cloud-computing and high-definition video applications [17]. In order
to meet the increasing bandwidth of future network systems, it would be desirable to have
modulation capabilities much larger than 10 Gbit/s [18]. Additionally, the internet traffic power consumption in countries like Germany equals 3 % of the total power consumption. This is
not yet a large number today, but in ten years, when the traffic will be ten times larger, a power consumption of 30 % of the country’s budget will be unacceptable. This requires that the
energy consumption per transmitted bit must be reduced significantly. Roadmaps indicate that
if an electro-optic modulator today consumes 25 fJ/bit, this number should become 5 fJ/bit in
2020 [2]. Finally, also the spectral efficiency of the optical network is an essential parameter,
since higher efficiencies mean that larger amount of data can be transferred without deploying
new optical fibers. In order to increase the spectral efficiency, complex data-formats must be
used, requiring that both phase and amplitude of an optical carrier can be varied independently. While changing the optical phase with an intensity-modulator is difficult, varying the optical intensity by means of phase-shifters is simple, as it only requires a Mach-Zehnder interferometer (MZI) configuration.
Finally, modulators of future communication systems should be inexpensive and therefore simple to fabricate. Commercial modulators today having 40 Gbit/s capabilities cost a
few thousand Euro. Silicon photonics, on the other hand, is a material platform which allows
fabricating waveguides at a cost of a few Euro.
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As a conclusion, research on modulators should be focused on silicon devices for cost
reasons, on phase-shifters for achieving complex data formats, on increasing their bandwidth
for achieving higher data-rates, and on decreasing their RF driving voltage for smaller powerconsumption. The silicon-organic hybrid (SOH) modulator developed in this thesis is an ideal
candidate for meeting all of these requirements.

1.1.2 Pockels Effect
The Pockels effect, also called linear electro-optic effect or Pockels electro-optic effect, produces a variation of the refractive index of an optical medium when an external electric field
is applied. Exploiting this phenomenon is the simplest method for building a phase-shifter.
The Pockels effect is caused by the second-order optical nonlinearity and reacts therefore on
time scales comparable to the period of oscillation of the optical signal itself (fs) [19]; this
allows in principle to build ultra-fast optical modulators. A crystalline material having nonvanishing second-order nonlinearity must be non-centrosymmetric, meaning that it is not possible to find a point P (center) such that every atomic position is invariant under the reflection
having center P. Using this criterion it is simple to conclude that several crystals, such as silicon, have no second-order nonlinearity. On the other hand however, every polymer is noncentrosymmetric, making the previous criterion useless. A necessary and more useful condition for non-vanishing second-order nonlinearity is that the material is anisotropic.
A linear material, even if anisotropic, can be described by a permittivity tensor İij relating
the electric field Ej and the displacement vector Di :

Di = 0ij E j

(1.1)

where we used Einstein’s summation convention and İ0 is the free space permittivity.
It can be shown [20] that for a lossless material İij is symmetric and real. As a consequence, it
is possible to find an orthogonal (x, y, z) reference system such that İij is diagonal. In the following we will assume the indices i = 1, 2, 3 or i = x, y, z to be equivalent. Vectors will be
indicated with bold fonts.
A second-order nonlinear material, whose Pockels effect is exploited, can be imagined as
a linear material whose permittivity tensor can be varied by means of an external electric
field. In this thesis we will consider uniquely second-order nonlinear materials consisting of
polymer-dispersed chromophores. Prior to changing the molecular orientation of the nonlinear
chromophores by a poling procedure, the material is amorphous and isotropic, implying that
the dielectric tensor is a multiple of the identity and the second-order nonlinearity is equal to
zero. After poling the material by applying an electric field along a certain axis (z) while the
material is heated close to its glass transition temperature, the material is invariant under rotations along the poling axis. This means that the dielectric tensor is diagonal with İ11 = İ22.
We will now review how the electro-optic effect is described mathematically, and the
constraints which the symmetries of our material imply. We first define the impermeability
tensor Șij, as the inverse matrix of the permittivity tensor:

Theoretical Background

ηil lj ≡ δ ij

3
(1.2)

where įij is Kronecker’s delta. It follows:

Ei =

1
ηij D j .
0

(1.3)

When an external electric field E(mod) is applied, the impermeability tensor is changed into

ηij → ηij + δηij

(1.4)

where įȘij must be real and symmetric as well. The electro-optic tensor is defined by

δηij ≡ rijk Ek(mod)

(1.5)

where we have neglected any higher order term in the electric field. Because of the symmetry
of įȘij, we find
rijk = rjik ∀k .

(1.6)

If no further symmetries are exploited, the electro-optic tensor has 6×3 = 18 independent
components. Because the symmetry of the permittivity tensor reduces the number of independent components of the electro-optic tensor from 27 to 18, it is common practice to define
a 6×3 matrix rij, whose kth column consists of the elements rijk chosen in a conventional order
[19]:
§ r111
¨
¨ r221
¨r
rij = ¨ 331
¨ r231
¨ r131
¨¨
© r121

r112
r222
r332
r232
r132
r122

r113 ·
¸
r223 ¸
r333 ¸
¸.
r233 ¸
r133 ¸
¸
r123 ¸¹

(1.7)

We will now show that if the polymer is poled along the 3-direction, then rijk = 0 for k = 1, 2.
The nonlinear polymer is indeed invariant under rotations along the poling axis, meaning in
particular that by applying a modulating field in the plane perpendicular to the poling axis, or
a field having same modulus but opposite direction, įȘij must be same
rijk Ek(mod) = rijk (−) Ek(mod) ∀i, j k = 1, 2

(1.8)

which proves the proposition.
Let’s now consider the consequences of polymer’s rotational symmetry. To this end we
consider a rotation of ʌ/2 around the 3-axis which is described by
§ 0 1 0·
¨
¸
R = ¨ −1 0 0 ¸
¨ 0 0 1¸
©
¹
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Invariance of the material under such a rotation means that if an optical field E traverses the
material producing the displacement D = 0E, then the displacement D’ produced by the rotated field RE must be equal to the original displacement D rotated by R, i.e. RD. Mathematically
D = 0E

⇔

RD = 0RE

∀E

(1.9)

The latter equation implies

R = R,

(1.10)

Rη = η R.

(1.11)

Rim δηmj = δηim Rmj .

(1.12)

which is equivalent to

From Eqs. (1.4) and (1.11) it follows

If we now turn on a modulating field along the 3-axis, we get

Rim rmj 3 = rim 3 Rmj .

(1.13)

The latter equation implies that rij3 takes the following form
§ r113
¨
rij 3 = ¨ 0
¨ 0
©

0
r113
0

0 ·
¸
0 ¸
r333 ¸¹

(1.14)

Finally we obtain the rij matrix for a second-order nonlinear polymer poled along the 3-axis
§0
¨
¨0
¨0
rij = ¨
¨0
¨0
¨¨
©0

0 r113 ·
¸
0 r113 ¸
0 r333 ¸
¸.
0 0 ¸
0 0 ¸
¸
0 0 ¸¹

(1.15)

Equation (1.15) shows that a poled nonlinear polymer can be described by only two independent numbers, namely r13 ≡ r113 and r33 ≡ r333 .
Summarizing the results obtained so far: If a nonlinear polymer is poled along the 3-axis,
an external modulating field ( E1(mod) , E2(mod) , E3(mod) ) changes the impermeability tensor in the
following way:
0 · §η11 0
0 · § r113
§η11 0
¨
¸ ¨
¸ ¨
→
0
η
0
0
η
0
11
11
¨
¸ ¨
¸+¨ 0
¨ 0
¸
¨
0 η33 ¹ © 0
0 η33 ¸¹ ¨© 0
©

0
r113
0

0 ·
¸
0 ¸ E3(mod)
r333 ¸¹

Here the modulating fields along the 1-axis and 2-axis do not play a role.

(1.16)
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If a plane wave propagating in the nonlinear polymer has the electric field oriented along
the k-axis (k = 1,2,3), it experiences an index of refraction
nk + δ nk =

1

η kk + rkk 3 E3(mod)

1
≈ nk − nk3 rkk 3 E3(mod)
2

(1.17)

where nk ≡ kk = 1/ η kk and higher orders of the modulating field have been neglected.
Finally, we observe that it is usually assumed for nonlinear polymer-dispersed chromophores that the r33 coefficient is dominant over all the others [21, 22]. To the best of our
knowledge however, this still lacks experimental verification. Still, for the sake of simplicity,
we will assume from now on that the r33 is the only electro-optic coefficient different from
zero.

1.1.3 Bandwidth of a Modulator
In the silicon photonics literature, the bandwidth of an electro-optic modulator is not always
defined in the same way [4, 18]. We observe that if a Mach-Zehnder (MZ) modulator is connected to a CW laser source and it is biased such that the output optical power is ½ of its maximum value (quadrature point), the variation of optical power ǻPout is linear in the variation of
the voltage ǻVin applied to it (in the small signal limit). If the intensity modulation is detected
with a photodetector, the RF power generated by the photodetector is quadratic in the AC
voltage applied to the modulator. We define the electro-optic responsivity of a MZ modulator
as [23]
§ ΔP 1V ·
§ ΔPout 1V ·
R (dB) ≡ 20 log10 ¨ out
¸ ≡ 20 log10 ¨
¸.
Δ
1W
V
out ¹
©
© 1W ΔVout ¹

(1.18)

The electro-optic EO bandwidth of a MZ modulator is the frequency at which its responsivity
expressed in dB is reduced by a certain constant. Commonly used constants are 3 dB [24, 25]
or 6 dB [4]. MZ modulators sold as 40 Gbit/s devices have a specified 3 dB bandwidth of
25 GHz [25].
Finally, for a phase modulator, it is possible to define its bandwidth imagining that it is
mounted inside one arm of a MZ interferometer. The frequency at which its modulation index
(which is the maximum phase-shift achieved) is reduced by a factor 2 corresponds to the
3 dB EO bandwidth, while the point at which it is reduced by a factor 2 corresponds to the
6 dB EO bandwidth.
The bandwidth of our modulators is mainly limited by their RC time constant, as discussed in Section 2.2. A second important bandwidth limitation is the frequency-dependent
propagation loss of the electrodes. These problems are studied and described in [26].
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1.1.4 Driving Voltage
The driving voltage is one of the most important characteristics of an electro-optic modulator.
In this thesis we will consider uniquely the geometry shown in Fig. 1. The waveguide consists
of a slot waveguide connected to metal electrodes by means of thin silicon strips (strip-loaded
slot waveguide). The waveguide is coated with a nonlinear material which is poled by applying a voltage between the two silicon strips. The optical mode used is the TE00, which has the
main field component parallel to the poling direction.

Fig. 1. Cross section of a strip-loaded slot waveguide modulator.

The optical mode propagates in the waveguide with a propagation constant
β ≡ neff 2π / λ0 , where neff is the effective index of the mode and λ0 is the free-space wavelength. If a voltage V (mod) is applied across the slot, the quasi-TE00 mode experiences a variation in the refractive index of the polymer, see Eq. (1.17),
1
2

δ n = − n3 r33V (mod) / wslot .

(1.19)

As a consequence, the effective index of the waveguide is changed, neff → neff + δ neff . The
ratio between the change of the effective index and the change of the polymer refractive index
defines the interaction factor Γ,
δ neff ≡ Γδ n.
(1.20)
The interaction factor can be calculated numerically by means of an overlap integral [27]. A
faster method derives Γ by simulating the modes [28] for two slightly different refractive
indices in the slot, and calculating the difference of the corresponding effective indices. If Vπ
denotes the voltage required for obtaining a phase shift of ʌ, and L is the device length, the
voltage-length product Vπ L is a quantity which very well describes the performance of a
modulator:
λw
Vπ L = 03 slot .
(1.21)
n r33Γ
It is interesting to observe that in equation (1.21) appears the ratio Γ / wslot . It can be shown
[26] that this value increases monotonically and converges to a finite value if the slot width
wslot tends to zero [26]. In general, therefore, smaller slots are preferable. However, with a
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standard 193 nm DUV lithography system, the slot size cannot be made smaller than 100 nm
leading to a Γ / wslot roughly a factor 10 smaller than the optimum.
For a slot size wslot = 120 nm, a strip height hrail = 220 nm (as standard in silicon photonics) a strip-load height hstrip-load = 70 nm (as fixed by the silicon photonic fabs IMEC and
LETI), a cladding refractive index n = 1.682 and a wavelength λ0 = 1550 nm the interaction
factor Γ in Eq. (1.21) is maximized for a strip width wrail = 240 nm [29] resulting in
Γ = 0.196. Assuming finally an electro-optic coefficient r33 = 70 pm/ V, equation (1.21) leads
to Vπ L = 2.85 Vmm.

8

Theoretical Background

1.2 Interaction Factors in a
HighϣIndexϣContrast Waveguide
In this Section we derive equations which allow calculating the absorption, the amplification
or the generation of optical signals inside a waveguide. The formalism used here is valid also
for high-index-contrast waveguides, such as silicon waveguides surrounded by glass or polymers. The theory presented here will be used in the following Chapters when analyzing freecarrier absorption in accumulation/inversion layers, and second-order nonlinear waveguides.

1.2.1 Excitation of Modes by Localized Currents
In this section we report a basic equation which allows describing the evolution of mode amplitudes in a waveguide under the influence of electromagnetic sources. The content of this
section follows the arguments of the book of Vassallo [30].

i ) the Fourier
In this section we will adopt the convention of indication with a tilde (e.g. E
-iȦt
iȦt
coefficients of the terms e ., where Ȧ is positive. Coefficients of the terms e (Ȧ is positive)
i * . For the electric field E we will
will consequently be indicated with the complex conjugate E
write for example (cc. represents the complex conjugate of the foregoing expression):

(

)

i (ω )e − iωt + cc. .
E(t ) = ¦ E
ω

(1.22)

Fig. 2. Waveguide with localized currents J and M acting as electrical and magnetic sources respectively. The sources J and M excite optical modes in the waveguide as well as radiating modes
(big arrows). The waveguide is aligned along the z-direction.

Consider a waveguide, such as the one in Fig. 2, where the terms J and M represent localized electrical and magnetic sources inside or in the vicinity of a waveguide. The unperturbed waveguide has permittivity İs and permeability μs:
∂H

°°rot E = − μ s ∂t − M
®
°rot H =  ∂E + J
s
∂t
¯°

(1.23)

Because of the linearity of Maxwell equations, for every given angular frequency Ȧ it must
hold:
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i = iωμ H
i −M
j
°rot E
s
® i
i + J
°̄rot H = −iωs E
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(1.24)

In the remaining of this section we will therefore consider only monochromatic signals. For
definiteness, let us further assume that the waveguide is oriented along the z-direction. If the
sources J and M are set to zero, the guided modes propagating in the positive direction are
described by:

§ x(ν ) ( x, y ) ·
(ν )
¨
¸
E ( x, y, z , t ) = A ¨  y(ν ) ( x, y ) ¸ e− iωt +iβ z + cc.
¨ z(ν ) ( x, y ) ¸
©
¹

(1.25)

§
¨
H ( x, y , z , t ) = A ¨
¨
©

(1.26)

(ν )

(ν )

(ν )

(ν )

(ν )
x
(ν )
y
(ν )
z

( x, y ) ·
(ν )
¸
( x, y ) ¸ e− iωt +iβ z + cc.
( x, y ) ¸¹

where Ȟ > 0 is the mode index, A is a dimensionless amplitude, Ȧ is the angular frequency and
ȕ is the propagation constant.
We will indicate modes propagating in the negative direction with –Ȟ. It can be shown
[30] that these are related to the modes propagating in the positive direction by:
E

( −ν )

( −ν )

( x, y , z , t ) = A

§ x( −ν ) ( x, y ) ·
§ x(ν ) ( x, y ) ·
(ν )
¨ ( −ν )
¸ − iωt +iβ ( −ν ) z
¸
( −ν ) ¨ (ν )
+ cc. = A ¨  y ( x, y ) ¸ e− iωt −iβ z + cc. (1.27)
¨  y ( x, y ) ¸ e
¨ z( −ν ) ( x, y ) ¸
¨ −z(ν ) ( x, y ) ¸
©
¹
©
¹

§
( −ν )
( −ν ) ¨
H ( x, y , z , t ) = A ¨
¨
©

( −ν )
x
( −ν )
y
( −ν )
z

§ − x(ν ) ( x, y ) ·
( x, y ) ·
(ν )
¸ − iωt +iβ ( −ν ) z
¨
¸
+ cc. = A( −ν ) ¨ − y(ν ) ( x, y ) ¸ e −iωt −iβ z + cc. (1.28)
( x, y ) ¸ e
¨ z(ν ) ( x, y ) ¸
( x, y ) ¸¹
©
¹

If we now turn on the sources J and M, we can describe the electromagnetic field in the
waveguide by replacing the constant amplitudes A(±Ȟ) in the equations above with spacedependent amplitudes A(±Ȟ)(z).
It can be shown that the variation of the A(±Ȟ)(z) amplitudes along the z-direction is given
by [30]:

∂A(ν ) ( z )
1
=−
∂z
2³ dxdy ( x(ν ) y(ν ) −  y(ν )

(ν )
x

)³

(

j·
dxdy J· ( −ν ) − M

( −ν )

)e

− i β (ν ) z

.

(1.29)
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1.2.2 Generation of a Guided Optical Wave
by SecondϣOrder Nonlinear Mixing
In this Section we consider the case of second-order nonlinear mixing in a high-index contrast
waveguide. The second-order nonlinear tensor can have arbitrary form and be non-constant
over the waveguide cross-section. We will determine the equations which govern the evolution of the light waves involved by applying Eq. (1.29) to the case where the source J is generated by a second-order nonlinear term (the magnetic source M is equal to zero in this Section).
For simplicity, we will first ignore that the nonlinear susceptibility tensors might have
frequency dependence. We will further assume that if an electrical signal E(t) impinges on a
nonlinear medium, the material reacts by creating a polarization P(t) which can be expanded
in a power series of the electrical signal [19]:
(3)
Pi (t ) = 0 ª¬ χ ij(1) E j (t ) + χ ijk(2) E j (t ) Ek (t ) + χ ijkl
E j (t ) Ek (t ) El (t ) + ...º¼

(1.30)

where the Ȥ(1) is the (linear) susceptibility of the material (which determines the material’s
index of refraction), Ȥ(2) is the second-order nonlinear susceptibility tensor, Ȥ(3) is the thirdorder nonlinear susceptibility tensor and both P and E are real physical fields. We further assumed Einstein’s summation convention (no restriction i < j or alike is made in the summation). In Eq. (1.30), no time convolution appears, because of the assumption that the susceptibility tensors do not depend on frequency. Strictly speaking, this assumption is valid only for
vacuum, but it makes the coming derivations simpler [31] and will be abandoned later on.
In the following we will consider the case of difference-frequency generation (DFG), where
pump (angular frequency Ȧ2, mode Ȟ2) and signal (angular frequency Ȧ1, mode Ȟ1) generate
the idler wavelength (angular frequency Ȧ3 = Ȧ2 - Ȧ1, mode Ȟ3). To this end, we consider the
following superposition of monochromatic waves:
i (ω )e −iω1t + E
i (ω )e − iω2t + cc.
E(t ) = E
(1.31)
1
2
and insert it into Eq. (1.30). If we collect only the terms having angular frequency Ȧ2 – Ȧ1 or
Ȧ1 – Ȧ2, i.e. the difference-frequency generation (DFG) terms, we find:
Pi (t ) |DFG = 20 χ ijk(2) ª¬ E *j (ω1 ) E k (ω2 )e− i (ω2 −ω1 )t + cc.º¼ .
(1.32)
If we now separate the polarization in Eq. (1.30) in a linear and a nonlinear (NL) term:
Pi (t ) = 0 χ ij(1) E j (t ) + Pi ( NL) (t )

the fourth Maxwell equation can be rewritten as [19]:
∂E j ∂Pi ( NL)
+
rot H |i = 0 χ ij(1)
.
∂t
∂t

(1.33)

(1.34)

Comparison with Eq. (1.23) shows that the source J is given by the time derivative on the
nonlinear polarization:
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∂P ( NL)
= −2i (ω2 − ω1 ) 0 χ ijk(2) E *j (ω1 ) E k (ω2 )e −i (ω2 −ω1 )t + cc. ,
∂t

from which, by making use of Eq. (1.32), we find an explicit expression of the source term J
appearing in the equation (1.29) of Vassallo:
(1.35)
J (ω − ω ) = −2i (ω − ω )  χ (2) E * (ω ) E (ω ).
i

2

1

2

1

0

ijk

j

1

k

2

We now substitute the fields in the equation above with the mode-field distributions, Eq.
(1.25):
*
Ji (ω2 − ω1 ) = −2i (ω2 − ω1 ) 0 χ ijk(2) A* (ω1 ) A(ω2 ) ª¬ j(ν1 ) (ω1 ) º¼ k(ν 2 ) (ω2 )

(1.36)

Finally, inserting this expression in the equation (1.35) of Vassallo we find for the idler amplitude:
∂A(ν 3 ) (ω3 , z )
0ω3 A* (ω1 ) A(ω2 )
=i
(ν )
(ν )
(ν )
∂z
³ dxdy x 3 y 3 − y 3

(

(ν 3 )
x

)³

*

dxdy χ ijk(2) ª¬ j(ν1 ) (ω1 ) º¼ k(ν 2 ) (ω2 ) i( −ν 3 ) (ω3 )eiΔβ z

(1.37)

ω3 ≡ ω2 − ω1

(1.38)

Δβ ≡ ( β (ν 2 ) − β (ν1 ) ) − β (ν 3 )

(1.39)

Equation (1.37) allows calculating the generation of a signal generated by DFG in a stronglyguiding optical waveguide. The back-propagating mode –Ȟ3 in Eq. (1.37) can be expressed in
term of forward-propagating modes thanks to Eq. (1.27). We finally observe that the spacedependent nonlinear susceptibility in Eq. (1.35) can be considered frequency dependent as
well: χ ijk(2) = χ ijk(2) (r, ω2 − ω1 , ω2 , ω1 ) . We further notice that Eq. (1.38) represents the energy
conservation of the photons involved, and that Eq. (1.39) describes the momentum mismatch
between the different optical waves. If the momentum mismatch is zero, then the well-known
phase-matching condition is satisfied [19]. The result in Eq. (1.37) can be easily generalized
to any other three-wave mixing process.

1.2.3 Attenuation of a Guided Optical Wave
We now apply Eq. (1.29) to the case that dielectric loss is added to a lossless waveguide. In
this Section we assume again that the waveguide is oriented along the z-axis of an (x, y, z)
coordinate system and that the waveguide has no magnetic sources, M = 0. Let us consider a
waveguide defined by following permittivity profile:
s ( x, y ) = 0 ns2 ( x, y )

(1.40)

where ns ( x, y ) is the refractive index of the waveguide. We now introduce loss in the system
by adding the following (complex) perturbation to the permittivity:
s ( x, y ) → s ( x, y ) + δ  ( x, y, z ) .

(1.41)
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We observe that the Maxwell equations (1.24) describe the new system, if we set:
i.
J ≡ −iω δ  E

(1.42)

We now define a local loss coefficient α ( x, y , z ) by the following equation (c is the speed of
light):

δ  ( x, y , z ) ≡ i

α ( x, y, z )ns ( x, y )c
0 .
ω

(1.43)

It can be shown that in the case of a plane wave propagating in a homogeneous medium
(permittivity constant in space), the coefficient α defined in Eq. (1.43) correctly describes the
power attenuation of the plane wave [31].
Combining Eqs. (1.29), (1.42) and (1.43) we finally obtain that the attenuation α wg of a
mode Ȟ propagating in the waveguide is given by:

α wg = −

c0
2 ∂A(ν ) ( z )
=
(ν )
(ν )
(ν )
A(ν )
∂z

d
d
x
y
³ ( x y − y

(ν )
x

dxdy n ( x, y )α ( x, y, z ) 
)³
s

(ν )

· ( −ν ) (1.44)

which can be simplified using Eq. (1.27) into:

α wg =

³ dxdy ( 

c0
(ν )
x

(ν )
y

−

(ν )
y

(ν )
x

dxdy n ( x, y )α ( x, y, z ) ª«(  ν ) + (  ν ) − (  ν )
¬
)³
s

( ) 2
x

( ) 2
y

( ) 2
z

º . (1.45)
¼»

This equation allows calculating the propagation loss of a mode inside a strongly-guiding
waveguide in terms of the local loss of the material. For a plane wave propagating in a homogeneous medium having loss Į, Eq. (1.45) implies correctly that Įwg = Į
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1.3 MetalϣInsulatorϣSemiconductor (MIS) Model
In this Section we study the electron- and hole-concentration in the vicinity of a Si/SiO2 interface under the influence of an external electric DC field (generated for example by a gate
voltage). This gives information on the resistance, the thickness, and dependence on the external electric field. These parameters are key for the interpretation of the performance of the
100 GHz silicon electro-optic modulator developed in Section 2.3. Moreover, the analysis
here presented provides information concerning the thickness and the maximal charge-density
at the interface, which is used in Chapter 5 for studying the optical loss of accumulation/inversion layers.
Most of the results inferred from this section are based on the numerical integration of a
first-order nonlinear differential equation, Eq. (1.53). While deriving this equation, some approximations are made. If accurate numerical values were needed, we used the industrystandard numerical solver ATLAS, finding astonishingly small discrepancies with the predictions of the MIS model [32]. The MIS model therefore remains in all cases not only a valid
tool for the qualitative interpretations, but provides very accurate predictions also when driven beyond the limits determined by its hypothesis.

1.3.1 Definition of the Model
The model reported here is standard in solid-state physics and is repeated here for the convenience of the reader. The Metal-Insulator-Semiconductor (MIS) structure is shown in Fig. 3,
where d is the thickness of the insulator, Vgate is the voltage applied across the insulator, Ec is
the conduction band edge, Ev is the valence band edge, EF is the Fermi energy. The voltage
Vgate is defined to be positive if the semiconductor is grounded and the metal is connected to a
positive voltage source. In other words, Vgate is the potential of the metal if the semiconductor
is grounded.

Fig. 3: Metal-Insulator-Semiconductor (MIS) structure. When no gate voltage Vgate is applied
across the insulator the bands are flat (ideal MIS). Picture reproduced after [33].
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We further make the following assumptions:
1. The work-functions (difference between Femi level and vacuum level) of the
semiconductor and of the metal are identical (when the two materials are remote
from each other and do not necessarily form a single thermodynamic system sharing the same Fermi energy). This means that in the MIS configuration and for
Vgate = 0 the bands are flat (flat-band condition)
2. There are no surface charges on the insulator. Therefore the unique charges which
can exist in the system are those in the semiconductor and those (equal but opposite sign) in the metal close to the insulator.
3. The insulator is perfect, i.e. there is no charge transport in the insulator.
4. The semiconductor is homogeneous, meaning that its dielectric constant is constant over space.
5. The semiconductor is non-degenerate, meaning that the Fermi energy lies within
the energy gap and is separated by several kBT (say 5× or more) from both the
band edges (kB is Boltzmann’s constant, T is the absolute temperature). When this
condition is satisfied, the Fermi-Dirac distribution function f(E), as well as the
complementary distribution 1-f(E) can be simplified, resulting in the corresponding Maxwell-Boltzmann exponential distributions [33]:

f (E) =

1
1
≈
= e − ( E − EF )/ kBT
e( E − EF )/ kBT + 1 e( E − EF )/ kBT

1 − f (E) =

1
1
≈
= e− ( EF − E )/ kBT
e( EF − E )/ kBT + 1 e( EF − E )/ kBT

Fig. 4: Energy-band diagram of a MIS structure with positive gate voltage Vgate applied and n-type
semiconductor. Electrons are accumulated at the insulator-semiconductor interface. Electrons and
holes are represented with (-) and (+) signs respectively. The (positive) elementary charge is indicated with q. Picture reproduced after [33].

(1.46)
(1.47)
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For simplicity we assume here that the semiconductor is n-type, as usually the case for
the devices considered in this thesis. When a bias Vgate is applied across the insulator, three
cases are to be considered. For Vgate > 0, the bands in the semiconductor bend downwards, and
a negative charge layer forms of at the insulator-semiconductor interface. Since the semiconductor is n-doped, we speak of accumulation. In the case that Vgate < 0, the majority carriers
are depleted. If a larger (in modulus) negative voltage is applied, the Fermi level might get
closer to the valence band than to the conduction band. At this point the number of holes (minority carriers) at the surface is similar or larger than the number of electrons; in this case we
speak of inversion. The case of Vgate > 0 and n-type semiconductor is shown in Fig. 4.
The potential energy qȥ (q is the positive elementary charge) is defined to be zero in the
bulk of the semiconductor and measures the deflection of the conduction or valence band
edges of the semiconductor. It is defined to be positive when the bands bend downwards. The
electron and hole concentrations as a function of the potential energy are given by the following relations (Ne,0 and Nh,0 the carrier concentrations far away from the interface):
N e = N e ,0 e + qψ / kBT

(1.48)

N h = N h ,0 e − qψ / kBT

(1.49)

The derivative of the potential ȥ gives the electric field inside the semiconductor (notice that
there is no minus sign because of the sign definition of ȥ):
x =

∂ψ
∂x

which, combined with the Maxwell equations of macroscopic electromagnetism, leads to the
one-dimensional Poisson equation (İs is the dielectric constant of the semiconductor):
∂ 2ψ ρ ( x)
=
∂x 2
s

(1.50)

where ȡ(x) is the free space-charge density (with material polarization excluded) given by:

ρ ( x) = q ( N D − N A + N h − N e )

(1.51)

where ND and NA are the donor and acceptor densities, respectively. The resulting Poisson
equation is therefore:
∂ 2ψ q ª
N h ,0 ( e − qψ / kBT − 1) − N e,0 ( eqψ / kBT − 1) º¼
=
∂x 2 s ¬

(1.52)

which leads, after integration by parts, to:
2
2k BTN e,0
§ ∂ψ ·
¨
¸ =
s
© ∂x ¹

ª§ qψ / kBT qψ
· N §
·º
qψ
−
− 1¸ + h,0 ¨ e− qψ / kBT +
− 1¸ »
«¨ e
k BT ¹ N e ,0 ©
k BT ¹ »¼
¬«©

(1.53)
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The latter equation can be integrated numerically for different gate voltages and doping levels, leading to the potential ȥ(x) which allows calculating, via Eqs. (1.48) and (1.49), the
space-dependent electron and hole densities Ne,0(x) and Nh,0(x).
In the rest of the thesis, we further assume that the insulator thickness is much larger than
the space-charge region induced by the gate voltage. This is valid for all the devices considered in this thesis, where the insulator thickness is usually d = 2 μm (the space-charge region
is always at most a few nanometers thick). Under this assumption, the electric field in the insulator can be conveniently approximated by
x ( x = 0 − ) =

Vgate

,
(1.54)
d
meaning that in the semiconductor close to the interface there is an electric field given by
x ( x = 0 + ) =

i Vgate
,
s d

(1.55)

where İi is the dielectric constant of the insulator.

1.3.2 Electron and Hole Densities for Different Temperatures and
Gate Fields

Fig. 5. Accumulation in p-type silicon. Electron and hole density vs. distance for three different
temperatures (legend) and gate field Vgate/d = -0.2 V/nm. Silicon is assumed to have a bulk hole
concentration Nh,0 = 1016 cm-3. Since holes are the majority carriers, this case represents hole accumulation. As the temperature is lowered the thickness of the charge layer is decreased.

In this Section Eq. (1.53) is solved numerically for a few special cases. The numerical code
used for integration is reported in the Appendix.
We first consider the distribution of electrons and holes for given gate fields and different
temperatures. For definiteness, we consider p-type silicon with a bulk hole concentration
Nh,0 = 1016 cm-3. The result for negative gate fields are summarized in Fig. 5, while for a posi-
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tive gate field (inversion) the outcome is shown in Fig. 6. As the temperature is lowered, the
thickness of the charge layer decreases. The electron and hole concentrations in Fig. 5 and
Fig. 6 vary over several orders of magnitude and on scales up to 100 nm. Still, most of the
charges are located in the first few nm from the interface, as it can better be seen by plotting
the net charge density on a linear scale This is done in Fig. 7, for different gate fields and at
the temperature T =300 °K.

Fig. 6. Inversion in p-type silicon. Electron and hole density vs. distance for three different temperatures (legend) and gate field Vgate/d = 0.2 V/nm. Silicon is assumed to have a bulk hole concentration Nh,0 = 1016 cm-3. Since holes are the majority carriers, this case represents inversion. As
the temperature is lowered the thickness of the charge layer is decreased.

Fig. 7. Accumulation and inversion in p-type silicon. Net carrier density vs. distance for different
gate fields (legend) and fixed temperature T = 300 °K.. Silicon is assumed to have a bulk hole
concentration Nh,0 = 1016 cm-3. When the net charge is positive accumulation occurs, when the net
charge is negative inversion occurs. In both cases the thickness of the charge layer is of few nanometers.

2 HighϣSpeed SiliconϣOrganic
Hybrid (SOH) Modulators
2.1 Introduction
In this chapter we present the results obtained for high-speed silicon-organic hybrid (SOH)
Pockels effect modulators.
In Section 2.2 we will present the first SOH modulator performing at a speed of 42.7 Gbit/s.
Previously published results were limited to a bandwidth of 3 GHz [4].
In Section 2.3 we show an improved version of the device with higher bandwidth and
smaller driving voltage. This device exploits an improved poling scheme of the nonlinear organic cladding. To this end, an appropriate poling chamber was built, and the poling parameters (voltage ramp, temperature, duration) were optimized by extensive experimental testing.
Moreover, the novel modulator has a very short length (500 μm), which minimizes the effects
of the electrical losses. The result is a modulator having a bandwidth larger than 100 GHz,
establishing a new record in silicon photonic modulators.

2.2 42.7 Gbit/s Electro-Optic Modulator
in Silicon Technology
L. Alloatti, D. Korn, R. Palmer, D. Hillerkuss, J. Li, A. Barklund, R. Dinu, J. Wieland,
M. Fournier , J. Fedeli, H. Yu, W. Bogaerts, P. Dumon, R. Baets, C. Koos, W. Freude,
J. Leuthold
Published in Optics Express, Vol. 19, Issue 12, pp. 11841-11851 (2011)
Copyright © 2011 The Optical Society

2.2.1 Abstract
CMOS-compatible optical modulators are key components for future silicon-based photonic
transceivers. However, achieving low modulation voltage and high speed operation still remains a challenge. As a possible solution, the silicon-organic hybrid (SOH) platform has been
proposed. In the SOH approach the optical signal is guided by a silicon waveguide while the
electro-optic effect is provided by an organic cladding with a high Ȥ(2)-nonlinearity. In these
modulators the optical nonlinear region needs to be connected to the modulating electrical
source. This requires electrodes, which are both optically transparent and electrically highly
conductive. To this end we introduce a highly conductive electron accumulation layer which
is induced by an external DC “gate” voltage. As opposed to doping, the electron mobility is
not impaired by impurity scattering. This way we demonstrate for the first time data encoding
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with an SOH electro-optic modulator. Using a first-generation device at a data-rate of 42.7
Gbit/s, widely open eye diagrams were recorded. The measured frequency response suggests
that significantly larger data rates are feasible.

2.2.2 Introduction
One of the most important properties of an optical modulator is its modulation speed or
bandwidth, which should be at least as fast as the available electronics. Transistors having
transit frequencies well above 100 GHz have already been demonstrated in 90 nm silicon
technology, and the speed will further increase as the minimum feature size is reduced [34].
However, the bandwidth of present-day silicon-based modulators is limited. Silicon does not
possess a χ(2)-nonlinearity due to its centrosymmetric crystalline structure. The use of strained
silicon has led to interesting results already [35], but the nonlinearities do not yet allow for
practical devices. State-of-the art silicon photonic modulators therefore still rely on freecarrier dispersion in pn or pin junctions [18, 36, 37]. Forward biased junctions have been
shown to exhibit a voltage-length product as low as VʌL = 0.36 V mm, but the modulation
speed is limited by the dynamics of minority carriers. Still, data rates of 10 Gbit/s have been
generated with the help of a pre-emphasis of the electrical signal [37]. Using reverse biased
junctions instead, the bandwidth has been increased to about 30 GHz [18, 24], but the voltagelength product rose to VʌL = 40 V mm. Unfortunately, such plasma effect phase modulators
produce undesired intensity modulation as well [38], and they respond nonlinearly to the applied voltage. Advanced modulation formats like QAM require, however, a linear response
and pure phase modulation, making the exploitation of the electro-optic effect (Pockels effect
[19]) particularly desirable.

2.2.3 SOH Approach
Recently, the silicon-organic hybrid (SOH) approach has been suggested [27, 39-41]. An example of an SOH modulator is shown in Fig. 8(a). It consists of a slot waveguide guiding the
optical field, and two silicon strips which electrically connect the optical waveguide to the
metallic electrodes. The electrodes are located outside the optical modal field to avoid optical
losses [42], Fig. 8(b). The device is coated with an electro-optic organic material which uniformly fills the slot. The modulating voltage is carried by the metallic electrical waveguide
and drops off across the slot thanks to the conductive silicon strips. The resulting electric field
then changes the index of refraction in the slot through the ultra-fast electro-optic effect. Since
the slot has a width in the order of 100 nm, a few volts are enough to generate very strong
modulating fields which are in the order of magnitude of the dielectric strength of most materials. The structure has a high modulation efficiency since both the modulating and the optical
fields are concentrated inside the slot, Fig. 8(b) [26].
Indeed, first implementations of SOH modulators with sub-volt operation [40] have been
already shown, and sinusoidal modulation up to 40 GHz was demonstrated [43, 44]. However,
the challenge in building low-voltage high-speed SOH modulators is to create a highly con-
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ductive connecting strip. In an equivalent circuit the slot can be represented by a capacitor C
and the conductive strips by resistors R, Fig. 8(b). The corresponding RC time constant determines the bandwidth of the device [26, 27, 45, 46]. In order to decrease the resistance R, it
has been suggested to dope the silicon strips [26, 27]. While doping increases the conductivity
of the silicon strips (and therefore increases optical losses), one pays an additional loss penalty because the electron mobility is impaired by impurity scattering [26, 27, 47]. Moreover, the
most recent fabrication attempts showed unexpectedly low conductivity [4, 14].

Fig. 8. Vision for a future SOH-modulator. (a) The optical active region is connected to the metal
electrodes by means of thin silicon strips. On top of the silicon strips a SiO2 film is deposited and
covered with the gate electrode. (b) Cross-section of the waveguide and electric field distribution
of the optical mode; the light is concentrated in the slot. Lower inset: Equivalent RC circuit for the
transfer of the voltage between metallic electrodes to the voltage dropping across the slot (slot capacitance C, strip resistance R). (c) When a positive gate voltage is applied across the gate oxide, a
highly conductive electron accumulation layer is formed in the silicon strips. Under the effect of
the gate voltage Vgate the energy bands in the strip are bent. EF,C,V are Fermi energy, conduction and
valence band energy, respectively; q is the elementary charge.

2.2.4 The Vision
We present an SOH-based slot-waveguide phase modulator, where the conductivity of the
silicon strips connecting the slot region to the modulation electrodes is increased with a novel
method which does not create significant optical loss. This enables the first experimental
demonstration of data encoding with an SOH modulator. Even though our demonstrator is our
very first specimen, which has not at all been optimized, the performance can already compete with that of state-of-the-art plasma-effect modulators [18, 37, 48]. The data rate of
42.7 Gbit/s that we achieved was limited by the available equipment; the modulator performance suggests, however, that significantly higher data rates are possible.

22

HighǦSpeed SiliconǦOrganic Hybrid (SOH) Modulators

The structure of the modulator we propose is shown in Fig. 8(a). The slot region in the
center, where both the optical and the modulating microwave fields interact, is connected to
the metal electrodes by thin silicon strips. On top of these strips a slightly conductive layer
(“gate”) is deposited, isolated from the strips by a thin silicon oxide film. The structure obtained in this way is similar to the well-known metal-insulator-semiconductor (MIS) [33].
When a positive voltage Vgate is applied across the oxide (see Fig. 8(a)), the energy bands in
the strips are bent (Fig. 8(c)), and a high-mobility electron accumulation layer is formed at the
Si/SiO2 interface. Since the strip conductivity is proportional to the mobility and the freeelectron density, the limiting frequency fRC = 1/(2ʌRC) increases with increasing gate voltage.
For convenience the structure is referred below as an accumulation-layer electro-optic modulator (ALMod).
The gate of the device depicted in Fig. 8(a) must be optically transparent. This can in
principle be achieved by using a thin layer of n-doped polysilicon driven to depletion. The ion
concentration is adjusted such that when the desired gate voltage is applied all free carriers in
the polysilicon are removed. In this way the net positive charge of the gate is mainly caused
by fixed nuclei which cannot cause free-carrier absorption.

Fig. 9. The SOH modulator used in this work. (a) The slightly conductive silicon substrate is used
as a gate. (b) SEM picture of the cross section of the fabricated device. The SiO2 mask was used as
a protection layer during fabrication and lies on top of the strips. In the center the silicon optical
waveguide is visible. The slot extends for about 1 μm into the SiO2 substrate for fabrication issues.
(c) When a positive gate voltage is applied across the 2 μm thick SiO2 substrate a highly conductive electron accumulation layer forms in the strips. The thickness of the strips is 60 nm; for clarity
they are not drawn to scale. The gate voltage Vgate bends the energy bands in the strips [23]. EF,C,V
are Fermi energy, conduction and valence band energy, respectively; q is the elementary charge.
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2.2.5 The Fabricated Device
In order to validate the ALMod concept we fabricated the technologically simpler structure
depicted in Fig. 9. Here, the gate voltage is applied between the metal electrodes and the silicon substrate. Since the silicon substrate has a conductivity ı = 0.05 −1 cm−1, the gate voltage drops essentially across the 2 μm silicon oxide which separates the optical layer from the
silicon substrate, Fig. 9(a). To avoid any damage to the chip, we did not apply gate voltages
larger than 270 V. This corresponds to an electric field Egate = 0.135 V/nm in the 2 μm thick
SiO2, which is much smaller than the breakdown voltage of 1 V/nm achievable in state-of-the
art thin SiO2 films [49]. The gate voltage of 270 V can be reduced by more than two orders of
magnitude when using few-nanometers-thick gate oxides, as in the optimized structure envisaged in Fig. 8. The device was fabricated in a CMOS fab using deep-UV lithography (see Appendix B), and the commercially available [50] organic material M1 was subsequently deposited and poled in situ (see Appendix D). The material M1 consists of chromophores dispersed
in amorphous polycarbonate (APC), has a nonlinear electro-optic coefficient up to
r33 = 70 pm/V (see Appendix D) and an index of refraction n = 1.67±0.02, both measured at
the wavelength of 1550 nm. The RF dielectric constant is İr = 3.3 ± 0.1 (3.1 ± 0.1) at
10 GHz (60 GHz). A thermal study indicates that operation at 85°C over 25 years results in a
change of the nonlinear coefficient by less than 20% [51].
The slot waveguide has a “rail” width and a slot width of 240 nm and 120 nm respectively. The light is coupled by means of grating couplers [52], whose separation is 2.6 mm. The
optical waveguide comprises the 1.7 mm long phase shifting section, two tapers and two 67
μm long strip-to-slot waveguide converters [53]. The silicon strips used for connecting electrically the slot waveguide have a thickness of 60 nm (about 10 nm have been oxidized during
the high temperature annealing). The ground-signal (GS) metal electrodes have a gap of 4 μm,
and their nominal line impedance is 50 ȍ. The length of the electrodes is 3.0 mm and comprises two tapered regions for contacting with a length of 0.55 mm each. On the output side,
the 50 ȍ line is connected to another transmission line which has a length of 3.0 mm and a
line impedance of 75 Ω. This transmission line belongs to a second device and is not terminated. It could not be cleaved away since this would lead to an electrical breakdown at the
chip edge when applying the gate voltage. The presence of the 75 Ω line is responsible for the
local maximum in the S21 parameter around 10 GHz as shown in Fig. 11(a); this deviation was
not observed in cleaved samples.
In this first prototype the optical losses are high due to a fabrication error (outlined in
Appendix B) which led to an increased surface roughness of the waveguides. This resulted in
a fiber-to-fiber loss as high as 40 dB, 10 dB of which is due to the grating couplers, 1 dB is
due to the two strip-to-slot converters, and 17 dB/mm is due to the rough waveguide. To verify that these limitations come from fabrication issues rather than from fundamental problems,
we fabricated test structures and found losses lower than 3.5 dB/mm. While this is already an
acceptable value we anticipate fiber-grating losses as little as 1 dB per facet [54] and losses
below 1.5 dB/mm based on our previous results [55].
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2.2.6 Device Characterization
To demonstrate the high-speed capabilities of the phase modulator we performed a
42.7 Gbit/s data modulation experiment. A 1550 nm laser was used as an optical source, and a
pseudorandom bit sequence (PRBS) with a length of 231−1 controlled the modulator. A onebit delay-interferometer (DI) on the receiver side was used to convert phase modulation to
intensity modulation, which was then detected with a photodiode. The DI has the further effect of cutting off the low frequency modulation components. The RF voltage swing was set
to Vpp = 4.1 V (measured before the probe), and the device was terminated with an external
broadband 50 ȍ resistor. When the gate field was increased from zero to its maximum value,
the optical loss increased by less than 1 dB. The gate leakage current was always below
10 nA, corresponding to a gate power consumption of less than 3 ȝW. Clear and open eye
diagrams at 42.7 Gbit/s were found with the highest gate field, Fig. 10. Bit-error-ratios (BER)
smaller than 3 × 10-10 were recorded, demonstrating the usability of our device in real data
links.

Fig. 10. Setup of the modulation experiment. A pulse pattern generator (PPG) creates a 42.7 Gbit/s
electrical signal. Light from a 1550 nm laser is launched into the slot-waveguide. The device is
electrically terminated with an external 50  resistor. A gate voltage is applied between the silicon
substrate and the silicon strips. The 50  resistance is responsible of keeping both strips at the
same electrical DC potential. On the receiver side a delay-interferometer converts the phase modulation into intensity modulation for detection. By increasing the gate voltage to Vgate = 270 V (gate
field Egate = 0.135 V/nm) clear and open eyes are found.

We further determined the frequency response of the device by applying a sinusoidal
voltage with frequencies fmod between 1 kHz and 60 GHz. The chip was contacted as in the
data modulation experiment. The RF power at the probe input was kept constant at 10 dBm
(1.0 V amplitude). We measured the resulting phase modulation index Ș, which represents the
achieved phase shift in radians. The data are shown in Fig. 10(a) for different gate fields together with the electrical transmission characteristic of the metal electrodes (S21 voltage ratio).
By increasing the gate field from Egate = −0.025 V/nm to Egate = 0.135 V/nm, the modulation
index increases by more than a factor of five in the frequency range above 1 GHz. For the
highest gate field, a voltage length product of VʌL = 9 V mm (58 V mm ) was measured in the
low frequency limit and at 60 GHz, respectively. For our 1.7 mm long device this corresponds
to a ʌ-voltage of Vʌ =5.3 V (34 V). Above 2 GHz, the frequency response is essentially flat
(less than 3dB decrease between 2 GHz and 60 GHz) suggesting that data rates could be extended well beyond the 42.7 Gbit/s limit of our equipment.
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In order to better investigate the effect of the gate, we recorded the modulation index as a
function of the gate field for selected frequencies, Fig. 11(b). For more positive gate fields, an
increasing number of electrons accumulate in the silicon strips. The strip resistance decreases
accordingly, leading to higher modulation indices. Our simulations indicate that the sheet resistance of the silicon strips becomes smaller than 1500 /sq for gate fields
Egate > 0.135 V/nm , which could otherwise be achieved only by doping the silicon strips with
an ion-concentration as high as 3 × 1018 cm-3. At the gate field Egate = −0.025 V/nm, a minimum in the modulation index is observed. This indicates that the silicon strips have become
highly insulating. Our simulations indicate indeed that for this gate field the slightly n-doped
strips are fully depleted of free electrons. At more negative gate fields, the modulation index
increases again because of the formation of a conductive hole inversion layer.
Charge density and resistance of the real structure were simulated as a function of the
gate voltage by means of the two-dimensional simulation package DESSIS [56]. For a qualitative confirmation, both quantities were then compared with the numerical solution of the
one-dimensional MIS equations [33]. Both methods predicted the three different regimes (accumulation, depletion and inversion), as observed in our experiments.

2.2.7 Discussion and Conclusion
In this first implementation, the poling of the organic cladding is incomplete. By exploiting
the full potential of organic electro-optic materials, the drive voltage can be decreased by a
factor of eight (see Appendix D). Moreover, the electrical performance of the current metal
electrodes is not optimal, Fig. 11(a). This can be improved in future devices by increasing the
thickness of the metallization [26], or by using a distributed on-chip RF driver [57].
The ALMod structure proposed in Fig. 8 offers a number of advantages when compared
with structures made conductive by ion implant [26, 27]. First, the silicon strips of Fig. 8 can
be made notably thinner than the 60 nm used in Fig. 9. In fact, thin strips are good enough
since for gate fields of 0.135 V/nm or higher, more than 90 % of the free carriers are already
concentrated in the first 10 nm from the Si/SiO2 interface. Also, for thin strips the optical field
is concentrated more strongly inside the slot leading to a more efficient modulation [26]. The
second advantage is that the strips do not require doping anymore, so that the electron mobility remains unperturbed and high [58], leading to lower optical losses for a given conductivity
(see Appendix A). Third, when using thin gate oxides (in the order of 10 nm), gate fields seven times larger than those used in our work can be applied [49] decreasing the strip resistances even more. This will become important once narrower slots are fabricated, since then an
additional factor ten in the modulation efficiency can be gained [26], at the price of a larger
slot capacitance.
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Fig. 11. Response of the DUT vs. frequency and gate field for 1 V modulation amplitude. (a)
Phase modulation index η vs. frequency for selected electrical gate fields. The measured modulation frequency range is 1 kHz to 60 GHz. When varying the gate field from −0.025 V/nm to
0.135 V/nm the silicon strips become more conductive, and the modulation index increases accordingly. The gray curve is the S21 electrical transmission of the metallic electrical waveguide
(voltage ratio); the decrease to 0.3 is an undesired effect of the electrical losses of our test device.
(b) Modulation index vs. gate field for selected modulation frequencies. Each curve reaches a plateau at high gate fields. For a gate field strength of Egate = −0.025 V/nm the silicon strips become
highly insulating, therefore a minimum is observed. At more negative fields the modulation increases again because of the formation of a conductive hole inversion layer in the silicon strips.

In summary, we demonstrated the first 42.7 Gbit/s operation of an SOH electro-optic
modulator. We introduced a method for increasing the conductivity of the thin silicon electrodes by using a novel electron accumulation-layer technique. This way, the modulation increased by a factor of five at 60 GHz while the optical loss increased by less than 1 dB.
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2.2.8 Appendix
A. Optical absorption caused by injected carriers
The well-known empirical equations of Soref and Bennett [59] relating the optical absorption
in silicon to the free carrier density is based on experimental data where the free carriers come
from impurity ionization and not from carrier injection. Soref and Bennett explicitly assumed
equivalence between the two cases [59]. Instead, the Drude-Lorenz model predicts that the
optical absorption coefficient is proportional to the free carrier density N and to the inverse of
the mobility ȝ. In doped samples the mobility is strongly impaired by scattering at impurities,
while this is not the case for injected carriers in pure silicon [58]. As an example, the electron
mobility drops from roughly 1200 cm2/(Vs) to less than 300 cm2/(Vs) passing from an impurity concentration of 1016 cm−3 to 1018 cm−3 [60]. As a consequence, for a given free electron
concentration Ne, not only the conductivity ı = q Ne ȝe is lower for doping than for injection,
but also the optical loss , ĮDrude  ןNe/ȝe is higher. This indicates that injected carriers have an
intrinsic advantage over carriers coming from impurity ionization when both, high conductivity and low optical loss, are required [61].
B. Waveguide fabrication
The waveguides were fabricated within the ePIXfab framework by CEA-LETI according to
standard processes of the microelectronic industry [62]. Two silicon-on-insulator (SOI) wafers
were used, with layers of 220 nm thick crystalline silicon and 2 μm thick silicon oxide. The
wafers were first implanted with arsenic for reaching a uniform ion concentration of
1017/cm−3. To this end, a dose of 5 × 1012/cm2, energy of 150 keV, tilt 0°, and twist 0° was
used. Grating couplers [52] were then created by means of a 248 nm DUV lithography followed by 70 nm silicon etch performed with HBr. A high temperature oxide (HTO) layer of
130 nm used as a hard mask was grown and subsequently structured by means of 193 nm
DUV lithography. A 150 nm silicon etch was used to define the waveguides. Taking advantage of the self-alignment with the pre-existing hard-mask, a 248 nm lithography defined
the regions for a full silicon etch inside the slots. A thermal oxidation at 1100°C for 10
minutes was performed for reducing the surface roughness. A 248 nm DUV lithography defined the high-doping regions for the formation of ohmic contacts beneath the metal electrodes. To this end, the wafers were implanted with arsenic using a dose of 2 × 1015/cm2 and
an energy of 30 keV. The ions were activated with a 1050°C annealing for 15 minutes. At this
point, one wafer was not processed further for future optical loss measurements. Waveguides
belonging to this wafer, but also coated with the nonlinear organic material, had an insertion
loss of 16 dB (10 dB of which is caused by the grating couplers). A 500 nm thick silica protection layer was deposited on the entire wafer. A 248 nm DUV lithography was followed by a
silica etch down to the silicon layer. A Ti/TiN/AlCu metal stack having a total thickness of
600 nm was deposited by physical vapor deposition (PVD) on the entire wafer. A 248 nm
DUV lithography and a reactive ion etch (RIE) with chlorine was used to structure the metal
electrodes. The wafer was then annealed for 30 minutes at 425°C. Finally, the slots were
opened by means of a silica etch. The waveguides were spin-coated with the nonlinear organ-
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ic material and poled in situ. The insertion loss of the waveguide is 40 dB. This 24 dB increase is mostly due to an error that occurred in the last silica etch step, which considerably
increased the surface roughness of the waveguide. We are currently working on improving
this process.
C. Method used for determining the modulation index
In the frequency range between 40 MHz and 60 GHz we derived the phase modulation index
Ș by evaluating the ratio J 02 (η ) / J12 (η ) between the central intensity peak and the first sideband intensity of the phase modulated signal ( Jν is the Bessel function of the first kind). The
spectra were recorded with an optical spectrum analyzer (Apex AP2050). In the frequency
range between 1 kHz and 40 MHz we inserted the phase modulator in one arm of a fiberbased Mach-Zehnder interferometer. The interference was recorded by means of a wide-band
photodetector (Thorlabs PDA10CF) and a 1 GHz oscilloscope. The achieved phase modulation was derived from the amplitude of the intensity modulation.
D. Poling of the electro-optic material and origin of the phase shift.
The commercially available nonlinear material M1 [50] was poled by applying 16 V to the
metal electrodes while the device was heated from room temperature to 141°C and then rapidly cooled as soon as this temperature was reached. Unpoled samples showed no detectable
spectral sidebands (phase modulation smaller than 0.002 rad/V), demonstrating that the measured phase shift is actually due to the cladding nonlinearity and is not caused by free carriers.
From the modulation index in the low frequency limit we estimate an actual nonlinearity coefficient of r33 = 20 ± 2 pm/V. There is large potential for further increasing this value: The
same material is used in commercially available polymer modulators where values of
r33 = 70 pm/V are routinely achieved by parallel plate poling. In SOH systems, values as high
as r33 = 40 pm/V have been reported [4]. The highest r33 value achieved by in situ poling
amounts to 170 pm/V [22]. This would result in a reduction of the driving voltage by a factor
of eight.
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2.3.1 Abstract
We demonstrate for the first time an integrated silicon modulator with a 3 dB bandwidth of
100 GHz. The second-order nonlinearity is contributed by a highly-nonlinear organic cladding. Despite the high speed of our device, its voltage length product is only VʌL = 11 Vmm,
which very well competes with the best silicon-photonic modulators available today.

2.3.2 Introduction
High-bandwidth electro-optic modulators are key components for a variety of applications
such as photonic transceivers for long-haul and on-chip communications [63], radio-overfiber links, low-noise microwave oscillators [64] or optical frequency comb generation [65].
However, achieving small power consumption, low modulation voltage, and high-speed operation still remains a challenge. Since unstrained silicon does not possess a χ(2)-nonlinearity
[35], state-of-the art silicon photonic modulators mainly rely on free-carrier dispersion (plasma effect) in pin or pn junctions [18, 37, 66]. Reversed-biased pn junctions are intrinsically
faster than forward biased pin diodes [37] and enabled already 50 Gbit/s on-off keying
(OOK), with a voltage-length product VʌL = 28 V mm [67]. Unfortunately, such plasma effect
phase modulators produce undesired intensity modulation as well, and they respond nonlinearly to the applied voltage. An alternative approach uses hybrid integration of III-V epitaxy
stacks grown on InP substrates, which are subsequently transferred to SOI waveguides for
creating high-speed electro-absorption modulators [68]. Recently, such a device demonstrated
a 3 dB bandwidth larger than 67 GHz, representing so far the fastest modulator realized on a
silicon chip. Advanced modulation formats like QAM, however, require phase modulators
with a linear response and a pure phase modulation, rendering the electro-optic effect
(Pockels effect [19]) particularly attractive. For small power-consumption, devices with small
capacitances are required, and leakage currents as well as driving voltages are to be kept minimum [26].
In this paper we demonstrate for the first time an electro-optic modulator having a 3 dB
bandwidth larger than 100 GHz. The device has a voltage-length product of VʌL = 11 V mm –
the smallest ever reported value for a high-speed silicon-based modulator. Our modulator exploits the linear Pockels effect, offers capacitances per device length as small as 100 fF/mm
[26], and a parasitic resistance of several Gȍ.
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2.3.3 SOH modulator
Our device is based on the silicon-organic hybrid (SOH) technology. In an SOH modulator,
the optical quasi-TE field (dominant electric field parallel to the substrate plane) is guided by
a silicon waveguide, while the electro-optic effect is provided by an organic cladding with a
high Ȥ(2)-nonlinearity (Pockels effect), Fig. 12(a). The optical nonlinear interaction occurs
inside a nanoscale slot, taking advantage of the field-enhancement caused by the lateral discontinuity of the refractive index, Fig. 12(b). The external modulation voltage drops across
the nanoscale slot thanks to strip-load silicon electrodes which must be both optically transparent and electrically highly conductive, Fig. 12(a).
To reduce the resistance of the silicon strip-loads, we exploit a highly-conductive electron accumulation layer which is induced by an external DC “gate” voltage, Fig. 12(c). In
contrast to doping, the electron mobility is not impaired by impurity scattering so that sheet
resistances as low as 3 kȍ/sq can be obtained together with small optical loss [3]. This is a
key technique for large modulation bandwidths, and helps overcoming the RC speed limitation so that the device speed is limited only by the frequency-dependent RF propagation losses [46].

Fig. 12. Schematic of an SOH modulator. (a) The silicon slot waveguide is connected to the metal
electrodes by thin silicon strip-loads. The electro-optic (EO) polymer cladding covers the waveguide and fills the slot. The shallowly doped silicon substrate is used as a gate. (b) Cross-section of
the waveguide and electric field distribution of the optical quasi-TE mode; the light is concentrated
in the slot. The figure also shows the equivalent RC circuit for the modulation voltage (slot capacitance C, strip-load resistance R). (c) When a positive gate voltage is applied across the 2 μm thick
SiO2 substrate a highly conductive electron accumulation layer forms in the strip-loads. The thickness of the strip-loads is 60 nm (not drawn to scale). The gate voltage Vgate bends the energy bands
in the strip-loads [33]. EF,C,V are Fermi energy, conduction and valence band energy, respectively;
q is the elementary charge.
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2.3.4 Device fabrication and characterization
The optical waveguide has been fabricated in a CMOS fab according to standard processes of
the microelectronics industry (see Appendix). The width of the slot is 120 nm, and the rail
width is 240 nm. The buried-oxide (BOX) has a thickness dBOX = 2 μm. We used silver electrodes with a length of only 500 μm to overcome the speed limitations caused by the frequency-dependent RF propagation losses, which were predicted to be as high as 4.8 ±0.8 dB/mm
@ 65 GHz and 6.1 ±1 dB/mm @ 100 GHz [26] for a similar device,. The chip was coated
with the commercially available nonlinear polymer M3 [50], and poled in-situ [3, 15] thereby
obtaining an electro-optic coefficient of r33 = 18 pm/V. This material has been successfully
tested by Telcordia [69].

Fig. 13. Modulation index η vs. frequency and gate field, respectively. The data are normalized to
10 dBm launched power (1 V amplitude at 50 ȍ characteristic impedance). (a) Phase modulation
index η vs. frequency for a gate field of 0.2 V/nm. The measured modulation frequency range is
0.4 GHz to 100 GHz. The horizontal dotted black lines represent the maximum value, and 70.7 %
of the maximum value which corresponds to the 3 dB bandwidth of at least 100 GHz (b) Modulation index vs. gate field for selected modulation frequencies. Each curve reaches a plateau at high
gate fields indicating that in this region the charging of the slot capacitance is not limited by the
strip-load resistance.

32

HighǦSpeed SiliconǦOrganic Hybrid (SOH) Modulators

For determining the frequency response of the device, we applied a sinusoidal signal with
frequencies fmod between 0.4 GHz and 100 GHz. We used three independent RF sources and
calibrated electrical power meters. The chip was contacted with two Picoprobes (GGB Industries Inc, Models 67A GS/SG 50 P) with a 50 μm pitch. The chip was terminated with an external 50 ȍ load. The losses of the RF cables and Picoprobes were subtracted using a ceramic
calibration substrate (GGB, CS-8). The modulation index η (i.e. the amplitude of the sinusoidally varying phase shift) was extracted from the relative height of the sidebands recorded
with an optical spectrum analyzer (Apex AP2050) [3]. After checking the linearity of the
modulation index with respect to the applied modulation voltage, the modulation indices were
rescaled to a reference 10 dBm RF power (1 V amplitude at 50 ȍ impedance). The frequency
response of the modulator varies by less than 30 % in a 100 GHz frequency range, meaning
that if the device was mounted in one arm of a Mach-Zehnder interferometer (MZI) the 3 dB
bandwidth of the modulator would be at least 100 GHz; Fig. 13(a).

Fig. 14. Electrical S-parameters of the modulator. (a) Electrical transmission factor |S21| (voltage
ratio). As the gate field is increased from 0 V/nm to 0.1 V/nm, the electrical loss increases at frequencies > 10 GHz due to the increasing influence of the strip-loads [26]. For even higher gate
fields the transmission is almost independent of the gate voltage and equals about |S21|= 0.8 at
65 GHz indicating that the RF is not unduly attenuated. (b) Electrical reflection factor |S11| (voltage
ratio) for different gate fields.
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As we shall show, the RC time constant does not limit the device bandwidth. To this end,
we monitored the modulation index as a function of the gate field Egate = Vgate/dBOX for three
different modulation frequencies, Fig. 13(b). As the gate field is increased, the resistance of
the strip-loads is diminished due to the formation of the highly-conductive accumulation layer. The modulation index reaches a plateau even at 90 GHz, indicating that charging the slot
capacitance is not impeded by the strip-load resistance, Fig. 13(b).
Next, we investigated the performance of the 500 μm long silver electrodes using a vector network analyzer (VNA, Anritsu 37397C) which operates in the range from 40 MHz to
65 GHz, Fig. 14. The system was calibrated such that the reference planes are located on the
tips of the Picoprobes. The scattering matrix element S21 is defined to be the ratio of the voltages of the outgoing wave on the 50 ȍ Picoprobe and the incoming wave; the reflection factor
S11 is defined as the voltage ratio of incoming and outgoing wave at the same port. As the gate
field is increased, the strip-loads become sufficiently conductive for quickly charging the slot
capacitance, leading to higher RF losses (decreasing transmission |S21|) [26]. After travelling
along the 500 μm long electrodes, the forward propagating wave at 65 GHz has still 80 % of
the initial voltage amplitude. The spatially averaged modulation voltage is therefore close to
90 %, consistent with the measured optical response. The characteristic impedance increases
slightly with frequency [26]. Based on our VNA measurements, we extract a characteristic
impedance of 40 ȍ @ 10 GHz and 50 ȍ @ 60 GHz for the maximum gate field. The slight
oscillation visible both in the electrical (Fig. 14) and in the optical response (Fig. 13(a)) in the
vicinity of the modulation frequency of 40 GHz is attributed to the slight impedance mismatch. With an earlier device generation, having similar π-voltage but smaller bandwidth, we
already showed 42.7 Gbit/s data transmission with a bit-error-ratio (BER) smaller than
3 × 10-10 [3]. The current device is expected to support on-off-keying (OOK) data rates up to
140 Gbit/s.

2.3.5 Discussion and conclusion
We demonstrated the first silicon hybrid phase modulator having a 3 dB bandwidth of at least
100 GHz. With a gate voltage we induce an accumulation layer for reducing the resistance of
the connecting silicon region between electrodes and optically active region. This reduces the
RC time constant to a point where it does not limit the device bandwidth. Our device is very
short (500 μm) and has a voltage-length product as small as VʌL = 11 V mm, a value which
very well competes with state-of-the-art high-speed silicon modulators. This value can be
further improved by an order of magnitude by using materials with stronger nonlinearity [21].

2.3.6 Appendix
The optical waveguides were fabricated by CEA-LETI according to standard processes of the
microelectronic industry [62]. Silicon-on-insulator (SOI) wafers were used, with 220 nm crystalline silicon on top of 2 μm silicon dioxide. The wafers were first n-doped (arsenic) for
reaching a uniform ion concentration of 1017/cm−3. To this end, a dose of 5 × 1012/cm2, an
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energy of 150 keV, a tilt of 0°, and a twist of 0° were used. Grating couplers [52] were then
created by 248 nm DUV lithography followed by a shallow 70 nm silicon etch performed
with HBr gases. A high temperature oxide (HTO) layer of 130 nm used as a hard mask was
deposited and subsequently structured by 193 nm DUV lithography. A 150 nm silicon etch
was used to define the waveguides. Taking advantage of the self-alignment with the preexisting hard-mask, a 248 nm lithography defined the regions for a full silicon etch inside the
slots. A thermal oxidation at 1100°C for 10 minutes reduced the surface roughness. A 248 nm
DUV lithography defined the highly-doped regions for the formation of ohmic contacts beneath the metal electrodes. To this end, the wafers were implanted with arsenic using a dose of
2 × 1015/cm2 and an energy of 30 keV. The ions were activated with a 1050°C annealing for
15 minutes. After defining the resist mask for the electrodes, the chips were dipped for 15 s in
buffered hydrofluoric acid (BOF) for removing the oxide. A Cr/Ag metal stack was deposited
by e-beam PVD with a pressure of 10-6 mBar (5 nm of chromium, 400 nm of silver) and subsequently processed by lift-off. The optically nonlinear cladding was spin-coated at 3000 rpm
for 30 s and poled at 167 °C.

3 SecondϣOrder Nonlinear SiliconϣOrganic
Hybrid (SOH) Waveguide
3.1 Abstract
We describe a concept for second-order nonlinear optical processes in silicon photonics. A
silicon-organic hybrid (SOH) double slot waveguide is dispersion-engineered for mode phasematching (MPM). The proposed waveguide enables highly efficient nonlinear processes in the
mid-IR range. With a cladding nonlinearity of Ȥ(2) = 230 pm/V and 20 dBm pump power at a
CW wavelength of 1550 nm, we predict a gain of 14.7 dB/cm for a 3100 nm signal. The suggested structure enables for the first time efficient second-order nonlinear optical mixing in
silicon photonics with standard technology.
This chapter is based on the following paper:

SecondϣOrder Nonlinear SiliconϣOrganic
Hybrid Waveguides
L. Alloatti, D. Korn, C. Weimann, C. Koos, W. Freude and J. Leuthold
Published in Optics Express, Vol. 20, Issue 18, pp. 20506-20515 (2012)
Copyright © 2012 The Optical Society

3.2 Introduction
Second-order nonlinear processes, like sum- and difference-frequency generation, spontaneous down-conversion and optical parametric amplification [19], are essential for a number of
applications, ranging from spectroscopy, free-space communication, biochemical sensing,
medical therapy [70], ultra-fast optical signal processing [71], lowest-noise optical amplification [72], and quantum physics [73]. Since at least one of the frequencies involved in a threewave mixing process is necessarily well separated from the others, second-order processes
represent additionally an excellent candidate for generating mid-IR and far-IR wavelengths
[74].
Efficient nonlinear conversions require materials with strong nonlinearities, high-optical
intensities and phase-matching between the waves involved [19]. So far, second-order nonlinear waveguides have been made of polymers, GaAs, InP, and LiNbO3 [75], and phasematching has successfully been achieved by birefringence, intermodal dispersion, or quasiphase-matching. These materials often require specialized process technologies which are not
applicable for mass production. Further, the relatively small index contrasts which can be

36

SecondǦOrder Nonlinear SiliconǦOrganic Hybrid (SOH) Waveguide

achieved limit the modal confinement in waveguides. Conversion efficiencies are hence small
and optical output powers in the μW range are considered high [75].
Silicon photonics, on the other hand, is based on a widely available technology, and allows fabricating high-index contrast waveguides for obtaining the required intensities with
low optical powers. The vision of creating mid-IR applications using the inexpensive siliconphotonics platform [76] has already led to a number of publications in the following topics:
Silicon waveguides pumped below the two-photon absorption (TPA) edge with powers as
high as 33.5 W (45 dBm) [77], low-loss propagation in the 2-6 ȝm wavelength range [78, 79],
light generation at 2.4 ȝm with standard telecom sources [80], high-Q SOI photonic crystal
cavities at 4.4 ȝm [81], Raman amplification at 3.39 ȝm [82], and extensive simulations for
single-mode operation and polarization-independent operation in SOI rib waveguides in the
mid-IR region [83].
However, unstrained crystalline silicon is centrosymmetric, and its second-order nonlinearity is vanishing [35]. As a consequence, mid-IR generation in unstrained silicon waveguides
has to rely on the third-order nonlinearity [77], taking advantage of the “built-in” strong Kerr
nonlinearity of crystalline [84] or amorphous silicon [85]. This, in turn, results in high pump
power requirements.

Fig. 15. Silicon organic-hybrid (SOH) double slot waveguide for second-order nonlinear applications. The waveguide consists of three silicon strips on a glass substrate, it is multimode and dimensioned such that modal phase-matching is achieved. The waveguide is covered by a nonlinear
cladding, which is poled during fabrication by applying the voltages –V and +V to the outermost
strips while the central strip is grounded. As a result the nonlinear second-order susceptibility is
high only inside the slots.

In silicon photonics, first attempts of second-harmonic generation are based on strained
waveguides, but despite nanosecond peak pump powers as high as 0.7 W, the output peak
powers are limited to only 40 nW [86]. The small efficiency is due to a non-phase-matched
design. A method for achieving quasi-phase-matching (QPM) in periodically strained silicon
has already been proposed [87], however large mode sizes and small nonlinearities lead to
normalized conversion efficiencies smaller than 1 % W-1cm-2. More recently, a method of
achieving phase-matching based on birefringence in strained silicon waveguides has been
proposed [88], but the efficiency of the device relies on nonlinearities which have not been

SecondǦOrder Nonlinear SiliconǦOrganic Hybrid (SOH) Waveguide

37

shown so far in waveguides of the proposed size [89]. Finally, the potential high efficiencies
of SOH second-order nonlinear waveguides have already been discussed [39], but unfortunately no waveguide design has been proposed so far.
In this paper we propose for the first time a second-order nonlinear silicon-organic hybrid
(SOH) waveguide [46] based on standard silicon-on-insulator (SOI) technology. The device is
suited for efficient mid-IR generation and amplification, Fig. 15. We predict optical pump
powers that are orders of magnitude smaller than for Kerr-nonlinear devices. The nonlinearity
is provided by a specially engineered nonlinear organic cladding [22, 90], and a novel double
slot geometry enables both strong interaction with the nonlinear material and phase-matching.
We confirm the viability of our concept by extensive numerical simulations and give design
guidelines for covering a broad wavelength range.
This paper is structured as follows: In Section 2 we describe the structure of the proposed
device. In Section 3 the phase-matching condition is investigated in detail. In Section 4 the
conversion efficiency is calculated and the required optical powers are discussed. In Appendix
A, we present a mode-converter for exciting the required modes. In Appendix B we compare
the optical electric field strengths needed for generating a given nonlinear polarization. We
show that the required pump field is orders of magnitude smaller for second-order than for
third-order nonlinearities.

Fig. 16. Transverse electric fields for pump mode and signal/idler mode. (a) Quasi-TE40 pump
mode at Ȝ = 1500 nm. Light is strongly confined to the two slots where the nonlinear interaction
takes place. (b) Dominant horizontal electric field component Ex of TE40 mode at half the strip
waveguide height. (c) Fundamental quasi-TE00 mode at Ȝ = 3100 nm for signal and idler. Also in
this case, light is strongly confined to the two slots. (d) Dominant horizontal electric field component Ex of the fundamental TE00 mode at half the strip waveguide height.

3.3 The Device Concept
A sketch of the proposed second-order nonlinear device is displayed in Fig. 15. It consists of
three parallel silicon strips (double slot waveguide) realized on a standard silicon-on-insulator
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(SOI) wafer having an oxide thickness of 2 ȝm and a device layer of 220 nm. The waveguide
is spin coated with polymer-dispersed nonlinear chromophores [50], which have a high χ(2)nonlinearity only inside the two slots. This can be experimentally achieved by poling [3] the
material at its glass transition temperature, and by applying two voltages as shown in Fig. 15.
For definitiveness, we will describe a device for difference-frequency generation (DFG)
with a pump wavelength of 1.5 ȝm, a signal wavelength of 2.9 ȝm and an idler wavelength
close to 3.1 ȝm. Signal and idler propagate in a mode different from the mode in which the
pump light is guided. The concept, however, is more general and may be applied to other
spectral ranges as will be outlined below.
The waveguide is dimensioned such that modal phase-matching (MPM) is achieved [75]
between the quasi-TE40 mode for the pump (four nodes in the horizontal direction, zero nodes
in the vertical direction) and the fundamental quasi-TE00 mode for signal and idler; the corresponding mode profiles are shown in Fig. 16. These modes can be excited efficiently with
mode converters described in Appendix A. We did not find any combination of (the first six)
modes which could satisfy MPM in waveguides with a single slot, and the solution presented
here is the one with the lowest mode-order that we could find in double slot waveguides. Finally, it is worth noticing that dispersion engineering in double slot waveguides has already
been exploited in the context of third-order nonlinear processes [91].

3.4 PhaseϣMatching

Fig. 17. Mode dispersion and phase-matching conditions for a typical waveguide. (a) Effective index neff for TE00 and TE40 TE-modes are plotted vs. frequency (bottom axis) or wavelength (top
axis). The refractive indices of silicon and of silicon dioxide used in the simulation are also plotted. (b) Signal and idler frequencies for energy and momentum conservation. The straight line describes energy conservation while he curved line represents the condition for momentum conservation according to Eq. (3.1). Geometry considered in this example: Side-strip/slot/central-strip
widths are 580/200/800 nm. In order to take into account the material dispersion of the nonlinear
polymer cladding, a refractive index of 1.58 was assumed for calculating the signal and idler
mode, while a refractive index of 1.68 was assumed for the pump mode.
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The frequencies at which MPM is achieved depend on the dispersion of the (quasi-)
TE00 and the (quasi-)TE40 modes. As an example, we will now consider a waveguide dimensioned as follows: Width of the outermost strips 580 nm, slot width 200 nm, width of the central strip 800 nm; these values are well within the capabilities of current silicon-photonic
foundries. The dispersion diagram of the TE00 and the TE40 modes is shown in the frequency
range from 50 THz to 250 THz (wavelength range from 6 ȝm to 1.2 ȝm), Fig. 17(a). Material
dispersion for modeling the refractive index of the thermal oxide beneath the silicon waveguide is taken from [92], while the corresponding data for crystalline silicon are from [93].
The corresponding curves are also shown in Fig. 17(a).
In Fig. 17(b) we analyze the conditions for MPM, based on the data of Fig. 17(a). The
straight black line represents the dependence of idler frequency on signal frequency which
have to sum up to the pump frequency (in this example 200 THz, energy conservation), and
the curved line represents the points where phase-matching is achieved (momentum conservation) [19],
=ωs + =ωi = =ω p ,
=k s + =k i = = k p ,

k p , s ,i , = neff, p , s ,iω p , s ,i / c,

(3.1)

where c is the speed of light, k is the wavevector component along the waveguide direction, Ȧ
is the angular frequency and s, i, p stand for signal, idler and pump respectively. The intersections of the two curves determine the operating points of the device, i. e., they fix signal and
idler frequencies. As can be seen from Fig. 17(b), a pump frequency of 200 THz yields operating points with signal and idler frequencies at about 115 THz and 85 THz.

Fig. 18. Signal and idler frequencies vs. pump frequency for three different geometries. The black
curves specify for a given pump frequency the signal and idler frequencies which satisfy the energy conservation and the phase-matching condition Eq. (3.1). The cyan-coloured regions indicate
the frequency space where the coherent buildup length Lcoh = 2 / (ks + ki − kp) [19] is equal to 1 cm
or longer. The three different curves represent waveguides where the side-strip width is set to
520 nm, 580 nm and 650 nm. The central-strip width is 800 nm and the slot width is 200 nm in all
the three cases. For a side-strip width of e.g. 580 nm and a pump wavelength of 1.5 μm (200 THz),
signal and idler wavelengths of 2.6 ȝm and 3.5 ȝm would result (square symbols).
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Choosing a different pump frequency will result in other operating points that strongly
depend on the particular dispersion of the waveguide. This information is represented in Fig.
18. The three curves stand for three different waveguide geometries which can be chosen by
the user according to the desired pump and signal wavelengths. The cyan regions show the
frequencies for which the coherent buildup length Lcoh = 2 / (ks + ki −kp) [19] is equal or larger
than 1 cm. A wavelength detuning of 50 nm or more from the ideal therefore still allows a
coherent buildup of the converted wave, showing that the wavelength tuning requirements are
very relaxed. From Fig. 18 it can also be deduced that the required fabrication tolerances are
in the 10 nm range, i. e. within the capabilities of today’s silicon photonics foundries. Additionally, the strip and slot size are relatively large [3], meaning that the waveguide can be fabricated by means of standard 193 nm DUV lithography [94]. The full fabrication of the device
consists therefore in creating the passive structures in a CMOS fab followed by a postprocessing spin coating and poling of the nonlinear material.

3.5 Power Levels and Conversion Efficiencies
In this section we analyze numerically the performance of the proposed waveguide and show
that small optical power levels can lead to significant optical output power or optical gain. To
this end, we consider here again the case of difference-frequency generation (DFG); a similar
analysis can be applied to any other three-wave mixing process.
We define the nth complex electric field component (n = 1, 2, 3) in a Cartesian coordinate (x, y, z)- system by separating a dimensionless amplitude A(Ȧ) from the modal field
n+ (ω , x, y ) . A propagator describes the wave propagation of a monochromatic wave with
angular frequency ω and propagation constant k along the z-direction,
En ( x, y, z, t ) = A(ω , z )n+ (ω , x, y ) ei( kz −ωt ) + cc.

(3.2)

In Eq. (3.2), cc stands for the complex conjugate of the foregoing expression, and the mode
normalization is chosen such that the time-averaged power transported by the electromagnetic
wave in Eq. (3.2) is equal to 1 mW when the dimensionless coefficient A(Ȧ) is equal to one.
In the slowly-varying amplitude approximation it can be shown [19, 30] that the idler and
signal amplitudes satisfy the following coupled differential equations (propagation loss as
well as pump depletion are neglected, A(Ȧp, z) = const; spatial dependency omitted)
∂A(ωi )
= iγ i A(ω p ) A* (ωs )
∂z

(3.3)

∂A(ωs )
= i γ s A(ω p ) A* (ωi )
∂z

(3.4)

where we find for the second-order field interaction factor (using Einstein’s summation convention and dropping the spatial coordinates for simplicity)

γi =

0ωi

+
³ dxdy ª¬ (ωi ) ×

+

(ωi ) º¼

³ dxdy χ
z

(2)
lmn

*

l− (ωi ) ª¬m+ (ωs ) º¼ n+ (ω p )

(3.5)
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γs =

0ωs

+
³ dxdy ª¬ (ωs ) ×

+

(ωs ) º¼

³ dxdy χ

(2)
lmn

*

i− (ωs ) ª¬m+ (ωi ) º¼ n+ (ω p )
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(3.6)

z

where i+ ( − ) represents a forward (back) propagating mode. Equation (3.5) is identical to Eq.
(1.37) if one replaces the indices (1, 2,3) → ( s, p, i ).
The solution of the coupled equations (3.5) and (3.6) for the case of zero idler at z = 0,
A(Ȧi, z = 0) = 0, is given by
A(ωs , z ) = A(ωs , z = 0) cosh(κ z ) → 12 A(ωs , z = 0)eκ z for z → ∞
A(ωi , z ) = i

(3.7)

γ i A(ω p ) *
A (ωs , z = 0) sinh(κ z )
γ s A(ω p )

(3.8)

κ = | A(ω p ) | (γ sγ i )1/2

(3.9)

where

determines the optical (amplitude) gain. A convenient quantity [75] for representing the device performance is the normalized conversion efficiency, which is defined by

η = lim Pi ( z ) / ( Ps (0) Pp (0) z 2 ) = γ sγ i /mW
z →0

(3.10)

where Pi,s,p(z) is the power of the different lightwaves at position z.
For the sake of illustration, we now estimate the nonlinear susceptibility for the organic
material M1 which we already used in SOH modulators [3]. This material consists of chromophores dispersed in a polymer matrix, is commercially available at GigOptix [3, 50] and
shows an electro-optic coefficient of r33 = 70 pm/V at the wavelength of 1550 nm. Nonlinear
polymers can efficiently be poled in silicon slot waveguides [3] and have reached very high
stability, as it has been recently certified by Telcordia [69]. Unfortunately however, for the
frequencies involved, no data are available for the nonlinear susceptibility Ȥlmn(Ȧi; Ȧs, Ȧp) of
the material M1. We adopt therefore the approximation |Ȥlmn| = į1lį1mį1n n4 |rlmn|/2 [90], which
leads for n = 1.6 to |Ȥ111| = 230 pm/V. Assuming further that the nonlinear susceptibility is
non-zero only inside the slot, we evaluate numerically the integrals Eq. (3.5), (3.6) for the
geometry considered in Fig. 17, and find

γ s ≈ γ i ≈ 16.9 m −1

(3.11)

which correspond to an impressive normalized conversion efficiency

η = 29 W −1cm −2

( 2900 % W

cm −2 )

−1

(3.12)

As an example, assuming a CW pump power of 20 dBm, i.e. A(Ȧp) = 10, Eq. (3.7) and (3.11)
lead to ț = 1.69 cm-1, which corresponds to a power gain equal to 14.7 dB/cm in the limit of
long device length. As a second example, assuming 20 dBm CW input pump power, −10 dBm
signal input power, no idler at the input and neglecting losses, Eq. (3.8) implies that after
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propagating through a 1 cm long waveguide the idler has a power of 0.68 mW (−1.7 dBm),
and the signal has a power of 0.78 mW (−1.1 dBm).
We observe that the assumed nonlinear susceptibility of 230 pm/V is a very conservative
value. In fact, nonlinear susceptibilities of 354 pm/V have already been measured at optical
frequencies in nonlinear polymers [95], and this value increases to 580 pm/V for organic crystals [90]. Moreover, Ȥ(2) values up to 830 pm/V have already been considered in the context of
SOH waveguides [39], and values higher than 3000 pm/V are envisaged in future polymer
systems [21]. By using a material with ten times larger nonlinearity, an unprecedented high
efficiency of Ș = 290 000 % W-1cm-2 could be obtained, or equivalently, 100 times smaller
pump powers would lead to the same optical gain. Moreover, the damage threshold of single
slot SOH waveguides having much smaller cross-sections is larger than 16 dBm for CW operation [55], suggesting that a pump power of 20 dBm will be below the damage threshold of
the device.
It is worth noticing that two-photon absorption (TPA) does not limit the performance of
the device. Indeed, even assuming that the entire optical field was concentrated in the 0.4 ȝm2
silicon cross-section, 20 dBm of pump power correspond to an intensity I = 25 MW/cm2. This
value, combined with a TPA coefficient ȕTPA = 1 cm/GW [95], corresponds to an absorption
coefficient as low as ȕTPAI = 0.025 cm-1 (0.1 dB/cm). Free-carrier absorption (FCA) does not
constitute a problem either, since it settles in at even higher powers than TPA [47]. Similarly,
also third-order nonlinear effects due to the Kerr nonlinearity of silicon can be neglected,
since TPA would otherwise be significant as well [96].
We further observe that the silicon dioxide substrate has a (bulk) propagation loss smaller
than 2 dB/cm for wavelengths up to 3.6 ȝm [76, 97] and the silicon itself is transparent in an
even larger spectral domain [76]. Also the roughness of the silicon waveguide might induce
scattering losses [98], but values below 7 dB/cm have already been demonstrated in (even
smaller) single and multiple slot waveguides [99, 100]. The different propagation loss mechanisms will decrease the performance of the device, but because of a gain of 14 dB/cm at
20 dBm pump power, this will not lead to any fundamental change in our discussion.

3.6 Conclusion
In the present work we propose a silicon waveguide concept suited for three-wave mixing.
For the first time it is shown that the necessary phase-matching is possible in a silicon-organic
hybrid (SOH) waveguide. This could be achieved by dispersion engineering. Our device has
high conversion efficiency, is based on standard materials and technologies, and allows alloptical signal processing, mid-IR generation, and lowest-noise optical parametric amplification with small optical pump powers.
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3.7 Appendix
A. Mode conversion.
The modes involved in the nonlinear process described above can be excited by taking advantage of a mode converter as the one shown in Fig. 19, which was developed for this purpose. This mode converter acts differently for different wavelengths. At the wavelength of
1550 nm the fundamental (quasi-)TE-mode of the slotted waveguide is converted to the TE40mode of the double slot waveguide (power transmission coefficient |S21|2 = −2 dB), while at
the wavelength of 3100 nm the fundamental mode TE00 of the double slot waveguide is excited with |S21|2 = −0.7 dB. This mode converter can be used at the input as well as at the output
of the double slot waveguide in order to operate only with the fundamental mode in all the
remaining parts of the photonic circuit. The minimum feature size is 100 nm (size of waveguide tip), meaning that e-beam fabrication is not required, and standard 193 nm DUV technology is sufficient.
There are many other mode converter schemes that may be used in order to convert the
pump and signal into the respective higher-order modes. Mode converters can for instance be
built using the multimode interference (MMI) coupler from Ref. [101], specially designed
Bragg gratings, or holograms.

Fig. 19. Slot to double slot mode converter. Light at wavelengths 1550 nm and 3100 nm is coupled
in the slotted waveguide on the left. At the wavelength 1550 the fundamental mode of the slotted
waveguide is converted into the TE40 mode of the double slot waveguide (S21 = -2 dB), while at
the wavelength of 3100 nm the fundamental mode TE00 of the double slot waveguide is excited
(S21 = 0.7 dB).

B. Third-order nonlinearity vs. second-order nonlinearity
For comparing third-order with second-order nonlinearity we calculate the electric field
strength required for creating a certain polarization. The optical response of a material can be
described by expanding the polarization P(t) as a power series of the electric field strength
E(t). For simplicity we represent the vector fields P and E by scalar quantities,
P (t ) = P (1) (t ) + P (2) (t ) + P (3) (t ) + " ,

P(q) = χ (q) E q

(3.13)
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The second-order polarization P(2) is always larger than the third-order polarization P(3) if the
electric field is smaller than the critical field
Ec =
(2)

(3)

χ (2)
χ (3)

(3.14)
5

2

2

If we now substitute Ȥ = 230 pm/V and Ȥ = 10 pm /V (this value corresponds to the
third-order nonlinear organic molecule DDMEBT [55, 102] which has previously been used
for frequency conversion in SOI slot waveguides [55] and has one of the highest Kerr nonlin9
earities at 1.5 ȝm [103]), we find that the critical electric field is Ec = 2.3 10 V/m.
For the hypothetical case of a plane wave in vacuum, this field corresponds to an (enor2
16
mous) intensity of I = İ0 c |E| = 1.4 10 W/m2, or 140 W on an area of 100×100 nm2. Since
(2)
practical devices operate at intensities significantly smaller than the latter [77], Ȥ wave(3)
guides will be more efficient than their Ȥ counterparts.

4 SiliconϣOrganic Hybrid (SOH) PhaseϣShifters
with Liquid Crystal Cladding
4.1 Abstract
The work presented is this chapter extends the SOH modulator technology to other materials.
The combination of a silicon slot waveguide with a liquid crystal is explored here for the first
time both theoretically and experimentally. The result is a phase-shifter with
Vʌ L = 0.085 Vmm and nW-power consumption – the smallest values ever reported for silicon
photonics. For a device length of 1.7 mm, a drive voltage of 5 V leads to a 35 ʌ phase shift.
This chapter is based on the following publications:

Liquid Crystal Phase Shifter on the SOH Platform
with Ultra-Low Power Consumption
Luca Alloatti, Joerg Pfeifle, Jorge Mendez, Wolfgang Freude, Juerg Leuthold,
Christian Koos
Optical Fiber Communication Conference (OFC'12), Paper OTu1I.5, Los Angeles
(CA), USA, March 2012
The same experimental data is published also in Optics Express, Vol. 20, Issue 14,
pp. 15359-15376, July 2012
Copyright © 2012 The Optical Society

4.2 Introduction
Phase shifters are essential for a large variety of applications in silicon photonics such as optical matrix switches, polarization controllers [104], tunable filters [105, 106], and delayinterferometers, e. g., in fast Fourier transformers [107]. To enable dense integration, phase
shifters must be compact, power-efficient, and tuning voltages should be below 1 V.
Thermal phase shifters exploit the high thermo-optic coefficient of silicon by heating silicon nanowires with a constant current flow. These devices enable phase shifts of few ʌ [104,
105], however, their viability is limited by their power dissipation and the associated limitations in integration density.
Liquid crystals offer the potential of maintaining a phase shift with negligible power consumption [108-111], but at present, low phase shifting efficiencies lead to long devices or high
driving voltages.
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In this paper we demonstrate a phase-shifter with a record voltage-length product of
Vπ L = 0.085 Vmm – a 50-fold improvement compared to the present state of the art. This is
obtained by combining liquid crystals with slot-waveguides within the silicon-organic hybrid
platform [46].

4.3 Design and Fabrication
Liquid-crystals are highly birefringent materials, which can reorient under the influence of an
electric field. This makes them ideal candidates for electro-optic applications. Strip-loaded
slot waveguides enable efficient interaction of the guided light with a functional cladding, and
at the same time allow generating high modulating electric field strengths [3]. The combination of these advantages is expected to lead to highly-efficient phase shifters with purely capacitive input impedances and therefore ultra-low power consumption.

Fig. 20. Strip-loaded slot waveguide. (a) Cross-section of the optical waveguide. The optical active
region is connected to the metal electrodes by thin silicon strips (strip load). The color code represents the electric field magnitude of the optical mode; the light is concentrated inside the slot. Also
indicated is the lumped equivalent circuit of the device. The slot is represented by a capacitance
and the strip-load by a resistance. (b) Sketch of the waveguide. The liquid crystal is assumed to
cover the waveguide homogeneously, and to entirely fill the slot. The nominal rail and slot widths
of the waveguide are 120 nm and 240 nm, respectively. (c) The chemical and molecular structure
of our nematic liquid crystal.

Fig. 20 depicts the strip-loaded slot waveguide used in the experiment. The external voltage is applied to the metallic electrodes located at a sufficient distance from the optical slot
waveguide. The applied voltage drops entirely across the 120 nm wide slot, creating a strong
electric field which can reorient the director of the liquid crystal deposited in the slot. The
resistive silicon strips together with the capacitive slot act as an RC-circuit, whose time constant is negligible because of the slight doping of the silicon strips [3]. The phase shifter region is 1.7 mm long and has been fabricated entirely in a silicon fab, see Ref. [3] for a detailed description.
The liquid crystal we chose is the nematic crystal 1-(trans-4-Hexylcyclohexyl)-4isothiocyanatobenzene distributed by Sigma-Aldrich (linear formula CH3(CH2)5
C6H10C6H4NCS, product number 366854). This material is liquid at room temperature, and its
molecules are asymmetric as can be seen from Fig. 20(c). A small amount of it was dropcasted on the waveguide in normal atmosphere. Because of their asymmetry the molecules
possess a permanent dipole moment which is responsible of the mechanical reorientation under the influence of an external electric field.
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4.4 Device Characterization
Since the DUT consists of a single phase shifter, we mounted the device inside one arm of a
fiber-based Mach-Zehnder interferometer as sketched in Fig. 21. The interference pattern is
recorded on an oscilloscope and the phase shift was derived from it. The optical insertion loss
is measured with a photodetector placed after a 3 dB directional coupler at the output of the
device. The voltage of a function generator is applied to the chips by micro-needles. The
measurement results are depicted in Fig. 22.

Fig. 21. Measurement setup. Light from a 1550 nm laser source is split by a 3 dB directional coupler. One part is launched in the DUT by grating couplers. At the output of the chip the optical
power is monitored by an additional 3 dB coupler and a photodiode (PDpower). Light coming from
the DUT interferes with light from the second arm of the Mach-Zehnder interferometer. The interference pattern is recorded with a balanced photodetector and reveals the effective phase shift.

4.5 Results
The phase shift generated by the liquid crystal is a nonlinear function of the applied voltage.
In Fig. 22(a) we report the phase shift as a function of time when a triangular signal having
5 V amplitude is applied to the chip. When the voltage crosses the zero line, the phase shift
reaches a minimum. The phase is symmetric with respect to positive and negative voltages,
consistently with the geometrical symmetry of the device. The maximum phase shift obtained
in this case is about 35 ʌ § 101 rad, and the maximum differential phase shift equals
20 ʌ rad/V. For the 1.7 mm long device this corresponds to a voltage-length product of
Vʌ L = 0.085 Vmm. This value is by far the lowest recorded on a silicon chip with liquid crystal cladding, polymer cladding, or for a pn-junction [3, 37].
If a DC bias voltage is superimposed to the AC signal, the phase responds approximately
linearly to the applied voltage; this is shown in Fig. 22(b) for a DC potential of 8 V and an AC
amplitude of 1 V. Additionally, we observed a voltage-dependent insertion loss (blue curve in
Fig. 22), which is attributed to the light scattering occurring at the liquid crystal domain
boundaries [112, 113].
The resistance of the device depends on the applied voltage, and varies between 1.7 G
for 1V bias, 280 M for 5 V bias, and 3 M for 10 V bias. The ground and signal metallic
electrodes of the device have an area of 0.12 mm2. An even higher resistance is expected
when using smaller electrodes, and shorter devices. By operating the device at 5 V DC the
electrical power consumption of our device is 90 nW. This value is about six orders of magnitude smaller than the power consumption of thermal silicon phase shifters.
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Fig. 22. Phase response of the DUT. (a) When applying a 100 Hz triangular signal with an amplitude of 5 V (red curve), the phase shift responds nonlinearly to the voltage (black curve). The
maximum phase shift achieved in this case is 35 ʌ § 101 rad. The maximum differential phase
shift equals 20 ʌ rad/V, which is equivalent for the 1.7 mm long device to a voltage-length product
Vʌ L = 0.085 Vmm. (b) Response of the DUT when a 1 V amplitude triangular signal is added to
an 8 V DC bias. The differential phase shift in this case is 8 ʌ rad/V. The blue curves represent the
variation of the optical loss for different liquid-crystal orientations. The rapidly-varying oscillations superimposed to the loss signal are attributed to Fabry-Perot resonances due to input and
output reflections of the waveguide, when the optical length is varied by the modulation. Additional noise is attributed to the mechanical vibrations of the measurement setup.

Because of the high phase shifting efficiency, a device length of 100 ȝm is sufficient for
most applications. In this case a π-shift could be obtained with a voltage swing smaller than
1 V and the voltage-dependent loss would be smaller than 0.3 dB. The typical propagation
loss in a 100 ȝm long slot-waveguide is 0.15 dB [55]; and by adding the liquid crystal this
value rises by 1.6 dB. We expect that a systematic study of the liquid crystals available on the
market will lead to significant smaller propagation losses [112].

4.6 Conclusions
We showed for the first time that liquid crystals can be combined with a silicon slot waveguide. We demonstrated a record voltage-length product of Vπ L = 0.085 Vmm, and we
proved that phase shifters with a power consumption in the nW range are feasible.
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4.7 AC Driving Signal
This section is based on the following publication:

Silicon-organic hybrid devices
L. Alloatti, D. Korn, J. Pfeifle, R. Palmer, S. Koeber, M. Baier, R. Schmogrow, S.
Diebold, P. Pahl, T. Zwick, H. Yu, W. Bogaerts, R. Baets, M. Fournier, J. M. Fedeli, R.
Dinu, C. Koos, W. Freude, J. Leuthold
SPIE Photonics West (OPTO-SPIE'13), San Francisco (CA), USA, paper 8629-24;
Feb. 2-7, 2013, [invited]
Copyright © 2013 SPIE
As we have seen in Section 4.4, in our first experiments the liquid crystal was driven with a
DC field and suffered from ion drift. We recently solved this problem by using the commercially available liquid crystal E7 and the same waveguide as described in Section 4.3. By
modulating the envelope of a 100 kHz square wave, the voltage-length product could be decreased by an additional factor two, Fig. 23. The alternating voltage prevents ion migration.
This technology is commonly used in LC displays.

Fig. 23. Liquid crystal phase shifter. Phase-shift, applied voltage and excess optical loss vs. time.
The envelope of a 100 kHz square wave is modulated with a triangular function having frequency
100 Hz. The maximum electrical amplitude is 4V. The maximum phase shift achieved is about
80 ʌ. The device length is 1.7 mm.

5 Optical Absorption in Silicon due
to Charge Inversion/Accumulation
L. Alloatti, M. Lauermann, C. Sürgers, C. Koos, W. Freude, J. Leuthold
Accepted for publication in APL
Copyright © 2013 American Institute of Physics

5.1 Abstract
We determine the optical losses in gate-induced charge accumulation/inversion layers at a
Si/SiO2 interface. Comparison between gate-induced charge layers and ion-implanted thin
silicon films having an identical sheet resistance show that optical losses can be significantly
lower for gate-induced layers. For a given sheet resistance, holes produce higher optical loss
than electrons. Measurements have been performed at Ȝ = 1550 nm.

5.2 Introduction
Small optical losses are essential for silicon photonics devices. However, for keeping RC time
constants low and bandwidths high [4, 24, 27], an increasing number of components, like
high-speed electro-optic modulators [18, 68] or photodetectors, require highly conductive
electrodes, which in turn create high free-carrier absorption (FCA).
Even though there are several methods to increase the conductivity (1 / ȡ) of a semiconductor, so far only doping has been considered in silicon photonics. For thin conductive films
the sheet resistance Rs = ȡ / d is the relevant number when the film thickness d is given; the
resistance of a sheet of length L and width w then is R = Rs L / w. However, while the optical
loss via free-carrier absorption increases linearly with the doping level [59], the conductivity
grows less than linearly [114, 115], mainly because of electron-impurity scattering [58]. This
confronts designers with a trade-off problem between device speed and insertion loss, properties which both are of primary technological importance [18, 26, 116]. A method for improving the conductivity of silicon structures without an undue increase of optical loss would
therefore be highly desirable.
A possible solution for minimizing optical losses while maintaining a high electrical conductivity has recently been suggested [3]. In this publication the bandwidth of a silicon-based
modulator has been dramatically increased by exploiting an electron accumulation layer induced by a gate voltage. The optical loss created by such an accumulation layer was very
small. To the best of our knowledge however, the optical loss caused by inversion/accumulation layers in silicon has never been measured systematically.

52

Optical Absorption in Silicon due to Charge Inversion/Accumulation

Fig. 24. Cross-section of the silicon chip used for optical loss vs. gate field measurements. The
waveguide is located on top of a low-refractive index substrate (SiO2). The optical quasi-TE00
mode is mainly confined in the upper lowly-doped (ideally intrinsic) silicon layer, and extends
slightly into the silicon-dioxide substrate and into the 0.8 μm thick PMMA cladding. A gate voltage (Vgate) is applied between the silicon substrate and the grounded photonic layer. In the example
shown in the picture, the gate voltage is positive, so that a hole charge layer (marked in red) is
formed at the interface between gate and oxide, while an electron layer (marked in blue) is formed
between the waveguide and the oxide. This electron layer reduces the sheet resistance in the photonic silicon layer, but also increases the optical losses. The rib height is hrib = 220 nm, the strip
height is hstrip = 150 nm, the rib width is w = 700 nm, and the silicon-oxide thickness is
dSiO2 = 2 μ m.

In this work we measure for the first time the optical absorption caused by electron and
hole charge accumulation layers at a silicon/silicon dioxide interface. For equal charge carrier
concentrations as a result from either impurity doping, or from free carriers e.g. accumulated
under the influence of an applied electric field, the optical losses are comparable in both cases. However, due to impurity scattering, the electrical conductivity is smaller for doped layers.
Thus, for the same conductivities, the concentration of impurity-generated charges must be
higher leading to a higher optical loss. By comparing our measurements with published data
for doped layers, we show that the optical power attenuation coefficient for field-induced free
carriers and given sheet resistance can be up to 3.5 times smaller.
The chapter is organized as follows: First, we determine the optical loss in a rib waveguide when a gate voltage is applied. Second, we derive a model for describing such losses.
Finally, we compare these losses to published data for ion implantation.

5.3 Results
For determining the optical loss of conductive sheets as a function of gate fields, we record
the optical transmission of rib waveguides structured on a silicon-on-insulator (SOI) wafer
from Soitec, Fig. 24. We measure the transmission as a function of the gate voltage Vgate applied to the silicon substrate (the photonic layer is electrically grounded). The fundamental
quasi-TE00 mode of the waveguide is strongly confined to the photonic layer, Fig. 24. The
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mode couples to external fibers by standard gratings (see supplemental information for more
details). If the gate field across the silicon dioxide Egate = Vgate/dSiO2 is positive (negative), an
electron (hole) layer is formed at the Si/SiO2 boundary inside the photonic layer, Fig. 24.
These charges then lower the sheet resistance of the photonic layer but will also increase the
optical losses. Subsequently, we will measure and discuss these losses.
The optical transmission losses have been measured for different waveguide lengths (1, 3
and 10 mm) and the excess optical loss for free-carrier absorption has been extracted, black
curve in Fig. 25. As expected, the optical loss increases for large positive or large negative
gate fields. The minimum optical loss occurs at Egate = −0.018 V/nm instead at Egate = 0 or at a
slightly positive gate field, as one would expect since silicon has a residual p-type doping, see
supplemental information. This could be attributed to the presence of the PMMA cladding,
but also residual impurities could play a role.

Fig. 25. Measured excess optical loss of a rib waveguide as a function of the applied gate field
(black line). For large positive (negative) gate fields, an electron (hole) layer forms in the photonic
layer, and the optical loss increases. The red curve shows the calculated losses according to Eqs.
(5.1),(5.2) and (5.3), which were empirically derived by Soref [47, 59] from doping measurements.
The blue curve represents our measurements in a linear worst-case approximation.

We now compare the measured loss data in Fig. 25 as induced by applying a gate field
with losses predicted due to free carrier absorption with doping. For this we follow Soref [47,
G
59]. According to Soref the optical power attenuation coefficient at position r due to free
carriers increases linearly with the concentration Ne and Nh of electrons and holes
respectively,
G
G
G
(5.1)
α (r ) = Ce N e (r ) + Ch N h (r ).
In the case that the free carriers stem from impurity ionization only, the loss constants Ce
and Ch in Eq. (5.1) have been empirically determined [47, 59] at the wavelength Ȝ = 1550 nm,

Ce(ion ) = 8.5 ×10−22 m 2 ,
(ion )
h

C

= 6.0 ×10

−22

2

m.

(5.2)
(5.3)

54

Optical Absorption in Silicon due to Charge Inversion/Accumulation

In contrast to Soref, here the free-carrier concentration in the lowly-doped (ideally intrinsic) photonic layer depends on the gate field. If charges are injected in intrinsic silicon by applying a field, different constants might apply. Because these injected carriers do not experience impurity scattering [58], optical losses could be smaller. On the other hand, when charges are injected by a gate voltage, charge densities close to 1020 cm-3 can appear in the vicinity
of the Si/SiO2 interface – a concentration regime where electron-electron scattering cannot be
neglected [58]. Additionally, also the roughness of the Si/SiO2 interface might play a role
[117]. Therefore it is not clear a priori whether Soref’s constants overestimate or underestimate the actual loss.
For calculating the waveguide attenuation coefficient Įwg of the quasi-TE00 mode using
Eq. (5.1), we first define in a Cartesian coordinate (x, y, z)- system (Fig. 24) the electric field
components in the corresponding directions denoted by n = (1, 2, 3), and separate a dimensionless complex amplitude A(z) from the modal field n ( x, y ). A monochromatic wave propagating along the z-direction with propagation constant k and an angular frequency Ȧ is described by

En ( x, y, z , t ) = A( z )n ( x, y ) ei ( kz −ωt ) + cc,
H n ( x, y, z, t ) = A( z )

n

( x, y ) e

i ( kz −ωt )

+ cc.

(5.4)
(5.5)

In the slowly-varying amplitude approximation it can be shown [30] that the waveguide
attenuation coefficient α wg = − (1/ | A( z ) |2 ) ∂ | A( z ) |2 / ∂z is given by (vacuum speed of light c,

vacuum permittivity 0 )

α wg =

0 c

³ dxdy ( 1

2 − 2

³
1)

dxdy n( x, y )α ( x, y ) ( 12 + 22 − 32 ) ,

(5.6)

where n(x,y) and Į(x,y) are the local refractive index and the local attenuation coefficient
Eq. (5.1), respectively. We notice that the last negative sign in Eq. (5.6) is due to the fact that
if 1,2 ( x, y ) is chosen to be real, the quantity 3 ( x, y ) will be imaginary.
Next, we substitute Eq. (5.1) in Eq. (5.6). Since the charge distribution varies only along
y, the local power attenuation coefficient Į(x,y) = Į(y) does not depend on x (see coordinate
system in Fig. 24). For the gate voltages considered in this work, our simulations show (see
supplemental information) that the electron and hole densities do not exceed 1020 cm-3. This
means that the variation of the silicon refractive index is less than 0.3 % [59]; we therefore
assume that the refractive index is constant, n(x,y) = 3.48. If we further assume that Į(y) is
large only in a thin silicon layer in the vicinity of the Si/SiO2 interface at y = 0, the electric
field n ( x, y ) can be considered constant with respect to y, and the integral in (5.6) becomes

α wg = Ce ( h )σ e ( h ) Γ ,

(5.7)

where Ce(h) represents the constant Ce for positive gate voltages or the constant Ch for negative
voltages, and ıe(h) = ıe(h)(Vgate) is the corresponding two-dimensional voltage-dependent carrier density (unit m−2)
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(5.8)

If the silicon is intrinsic and the charge layer thickness is much smaller than the oxide thickness (as in our case), the two-dimensional carrier densities for electrons and holes (ıe = ı for
Vgate > 0, ıh = ı for Vgate < 0) can be approximated by

( qd ) ,

σ = 0SiO Vgate

(5.9)

SiO 2

2

where SiO2 = 3.8 is the static relative permittivity of silicon dioxide, and q is the elementary
charge [33].
The so-called optical interaction factor Γ of the waveguide (unit m−1) is defined as
Γ = 0 cnSi

³ dx (  + 
³ dxdy ( 
2
1

2
2

1

− 32 ) | y =0+
2

− 2

1

)

.

(5.10)

For evaluating the interaction factor, we perform a numerical integration of the mode field. To
this end, the optical mode is computed with commercially available software [28], and we
find Γ = 2.63μ m -1 .
)
Using the constants Ce(ion
( h ) determined by Soref, Eqs. (5.2) and (5.3), we obtain the red
curve in Fig. 25, which was shifted by the experimentally observed offset −0.018 V/nm as
discussed before. The constants as used by Soref therefore underestimate the actual optical
loss in the inversion/accumulation layer. If Soref’s model should be applied nonetheless, its
constants must be adjusted. In Fig. 25 the blue straight lines are a better approximation to the
measurements and represent an upper loss limit. The corresponding loss constants are

Ce(upper) = 1.4 Ce(ion ) ,

(5.11)

Ch(upper) = 1.8 Ch(ion ) .

(5.12)

We therefore conclude that optical loss due to an inversion/accumulation layer can be empirically described by Eq. (5.1) only if the coefficients Ce ( h ) become field-dependent. For gate
fields in the range from −0.25 V/nm to 0.25 V/nm, we find that the coefficients Ce ( h ) lie between the values determined by Soref, Eqs. (5.2) and (5.3), and those given in Eqs. (5.11) and
(5.12).
The assumption made in deriving Eqs. (5.7) to (5.9), namely that the charge layer is infinitesimally thin, is true only approximately. However, numerical simulations based on industry’s standard software ATLAS show that more than 50% of the total charge in intrinsic
silicon is located within the first 5 nm from the interface (gate fields larger than 0.1 V/nm or
smaller than −0.1 V/nm). If in this range of gate fields we replace the simulated charge distribution by a delta-shaped distribution as is assumed in Eq. (5.9), the calculated waveguide
attenuation coefficient would differ by less than 5 %, so we adopt the simpler approach
Eqs. (5.7) to (5.9).
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Now that we have measured the losses for a given gate field, we are also interested in the
sheet conductance for a given gate field. Although several models exist for calculating the
sheet resistance of accumulation/inversion layers in silicon [117, 118], we feel the need to
measure this quantity for a sample belonging to the same SOI wafer as used for the optical
loss measurements. To this end, a 2 mm × 2 mm square has been etched into a 220 nm thick
photonic layer. The chip has been placed in a high-vacuum chamber for avoiding contamination of the surface, and to reduce the risk of electrical breakdown (see supplemental information for more details). The resistance is measured by a standard four-point procedure
[119], the result of which is shown in Fig. 26. For the highest gate field, Egate = 0.25 V/nm, we
measure a sheet resistance of 2.91 kȍ/sq. This value corresponds, using Eq. (5.9), to an effective electron mobility μe,eff = 1 / (qıRs) = 394 cm2/V/s, a factor 3.63 smaller than the intrinsic
electron mobility μe = 1430 cm2/V/s. For the gate field Egate = −0.25 V/nm we obtain a sheet
resistance of 10.8 kȍ/sq. We observe that the sheet resistance in inversion/accumulation layers on thermally oxidized silicon (as in our SOI) is a sensitive function of surface roughness
and Coulomb scattering with fixed oxide charges [117]. Effective mobilities larger than the
one we found are possible [117], leading to potentially higher sheet conductances and lower
optical losses for the same gate fields.

Fig. 26. Sheet conductance (inverse of sheet resistance) vs. gate field. The sample used consists of
a 220 nm thick silicon belonging to an SOI wafer identical to the one used for the optical loss
measurements. The measurements were performed in vacuum. The 2 mm × 2 mm silicon square as
used for the four-point measurement is shown in the inset (the octagons are used for contacting the
chip and connect the vertices of the square with 50 μm wide silicon strips). A current I is forced to
flow across two adiacent vertices and the voltages V1 and V2 are measured on the other vertices.
The sheet resistance is calculated as Rs = 4.5324 (V2 − V1 ) / I [119].

Finally, we compare optical losses of gate induced sheet layers with losses of ionimplanted layers for a given sheet resistance by using published data on conductivity and optical loss in doped silicon.
In order to get rid of any influence from the waveguide geometry (see interaction factor
in Eq. (5.6)), we investigate an optical mode propagating along a doped silicon slab having a
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thickness d in a lossless background material with the same (real) refractive index nSi = 3.48
as silicon. The optical mode is assumed to have dimensions much larger than the slab thickness d, Fig. 27(a).
We start looking at the attenuation coefficient α e ( h ) (d , Rs ) in n-doped (p-doped) silicon
slabs of thickness d with a sheet resistance Rs ,e ( h ) . The sheet resistance
μ ,
Rs ,e ( h ) = (q μe ( h ) N e ( h ) d ) −1 depends on the electron (hole) mobility e(h) the electron (hole) density N e ( h ) and the slab thickness d. From tabulated data [120] we extract the required ion concentration (for both n or p impurity type) for a given sheet resistance. We then assume that the
ion concentration equals the free-carrier density N e ( h ) (100 % impurity ionization, see supplemental information). The attenuation coefficient α e ( h ) (d , Rs ) is then given by Eq. (5.7).
Since the interaction factor Γ depends from the particular optical mode, we set here arbitrarily Γ = 1μ m -1 . It is found that the losses depend on the sheet thickness d, Fig. 27(b,c). This is
because high impurity concentrations in silicon degrade the carrier mobility. For example, if
the slab thickness is decreased, by a factor of ten, the ion concentration must be increased by
more than a factor of ten for keeping the same sheet resistance Rs. And in fact, a sheet resistance of, e.g., 3 kȍ/sq can be obtained in a 1000 nm thick slab with an n-type ion concentration of 1.84 × 1016 cm-3, as well as with a concentration of 6.03 × 1017 cm-3 (32 times larger) in a 100 nm thick slab, or a concentration of 2.2 × 1019 cm-3 (an additional factor 36 larger)
in a 10 nm thick slab. For an ion concentration of 2.2 × 1019 cm-3, the electron mobility has
decreased by a factor 15 of its intrinsic value μe = 1430 cm2/V/s.
In the limit of large slab thickness, the attenuation coefficient α e ( h ) (d , Rs ) converges to a
finite limit which depends on the electron (hole) intrinsic mobility (μe = 1430 cm2/V/s and
μh = 495 cm2/V/s) as well as on the loss constants Eqs. (5.2) and (5.3). We denote this limit
with α e ( h ) (∞, Rs ) . The ratio α h (∞, Rs ) / α e (∞, Rs ) equals

α h (∞, Rs ) / α e (∞, Rs ) = Ch(ion ) / Ce(ion ) × μe / μh = 2.04.

(5.13)

Since this value is larger than one, we recover the well-known result that for moderate
doping levels and a fixed sheet resistance holes produce more optical loss than electrons.
Next, we derive the attenuation coefficient α e ( h ) (d , Rs ) in the case of a gate-induced conductive sheet with a sheet resistance Rs . Since accumulation and inversion layers are a few nanometers thick only, the optical losses for layers thicker than, e. g., 5 nm must be independent
of the slab thickness. For a given sheet resistance we derive the required gate voltage from the
experimental data plotted in Fig. 26. The gate field in turn determines the optical losses according to the data in Fig. 1. The results are plotted in Fig. 27(b,c). We see that optical losses
are independent of the slab thickness as stated above. Additionally, according to Fig. 27, holes
produce more optical loss than electrons as is the case for ion implantation. But most importantly, one may observe that for thin slabs and for the same sheet resistance smaller optical
loss can be obtained by injecting electrons with a gate voltage instead of using ion implantation.
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Fig. 27. Optical power attenuation coefficient of a mode (a) propagating along a silicon slab vs.
slab thickness for a constant sheet resistance Rs, (b) for n-doping and an electron gate-induced layer and (c) for p-doping or gate-induced hole layers. The differently coloured lines represent different sheet resistances (legend) of the slab waveguide. If the carrier mobility in silicon would not
depend on the doping levels, the curves for ion-implantation would be constant lines. The sheet resistance of gate-induced layers does not depend on the thickness of the silicon slab. For electrons,
smaller optical losses can be obtained with gate-induced charge layers, especially for small thicknesses.

In conclusion, we have measured for the first time optical loss of inversion/accumulation
layers in silicon, and loss coefficients have been determined. We find that the optical losses of
thin sheet layers are smaller when the resistance is reduced by an inversion/accumulation layers rather than by doping silicon slabs.
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5.4 Supplemental information
A. Waveguide fabrication and passivation.
The substrate used is a 10 × 14 mm standard photonic SOI chip purchased from SOITEC having a 220 nm thick device layer, and a buried-oxide (BOX) thickness of 2 μm. The silicon is
specified as p-type with a residual impurity concentration of N A ≈ 10−15 cm -3 with a (100)
crystal orientation. For avoiding electrical breakdown when applying high gate voltages, the
220 nm thick silicon in the first 1 mm from the chip’s edges was removed by SF6 reactive-ion
etching (RIE) using a resist mask (ma-N 1410 available at micro resist technology GmbH).
After rinsing with acetone, isopropanol and deionized water, the chip was cleaned with oxygen plasma and placed on a hotplate for 5 min at 150 °C for water desorption. The adhesion
promoter Ti-prime (available from MicroChemicals GmbH), was spin coated at 4000 rpm for
30 s, acceleration 1000 rpm/s. The adhesion promoter was activated on a hotplate at 120 °C
for 2 min. This transforms the organic molecules containing titanium in a non-closed atomic
layer of TiO2. The negative-tone resist ma-N 2401 (available from micro resist technology
GmbH) was spin coated at 3000 rpm for 30 s, acceleration 3000 rpm/s, for achieving a nominal resist thickness of 100 nm. The chip was exposed to e-beam lithography on a JEOL system with 50 keV energy, 70 μC/cm2 dose and 4 nm step size. Waveguides were fabricated
along the [110] direction. The resist was subsequently developed for 12 s in Dev-525 (available at MicroChem GmbH) and rinsed in deionized (DI) water. The chip was subsequently
immersed for 2 s in 1 % hydrofluoric acid (HF) for removing the thin TiO2 layer (which is
highly resistant against SF6 etching) and rinsed in DI water. Within few minutes the chip was
inserted in the reactive-ion etching chamber for avoiding the formation of native oxide. Reactive-ion etching (RIE) of silicon was made for 7 s in a Sentec Etchlab 200 RIE with SF6 at a
pressure of 0.1 Pa, gas flow 5 sccm, RF power 500 W. This resulted in 70 nm etch depth,
based on the etch rate determined immediately before by etching the back-side of an identical
SOI chip for two hours, and measuring the thickness difference with a micrometer; an etch
rate of 10.0 nm/s was determined. The residual resist was removed with acetone. Subsequently, the sample was carefully cleaned for removing surface contaminations. To this end the chip
was immersed for 20 s in 1 % hydrofluoric acid (HF), and rinsed in ultraclean water (part-pertrillion grade from Carl Roth, ROTIPURAN Ultra). The chip was then cleaned for 15 min in
standard cleaning 1 (SC1) solution [121] at 75 ºC, rinsed twice in ultraclean water, immersed
10 min in standard cleaning 2 (SC2) solution [121] and rinsed again in ultraclean water; all
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chemical used during SC1 and SC2 (H2O, NH4OH, H2O2, HCl were of part-per-trillion grade
from Carl Roth, ROTIPURAN Ultra). The chip was then placed 10 min on a hotplate at
150oC for water desorption before it was finally spin-coated at 4000 rpm with a 0.8 μm thick
layer of resist (PMMA 950 k in anisole, AR-P 672.08 available from Allresist). The resist was
baked on a hotplate at 180 C for 5 min and finally tested. The resist cladding protects the optical waveguide from dust during the optical measurement, has a known refractive index
(n = 1.48), and can be easily scratched with a needle for creating an electrical contact with the
silicon photonic layer. The final device is schematically depicted in Fig. 1.
B. Measurement details.
As optical source we used amplified spontaneous emission (ASE) from an erbium doped fibre
amplifier (EDFA) filtered with 1 nm bandwidth around the wavelength of 1550 nm. This way
any artifacts in the optical transmission deriving from multiple reflections at the grating couplers and waveguides terminations could be avoided. The gate voltage was ramped several
times from −500 V to +500 V and vice versa with 1 V steps every 0.2 s, such that any possible
hysteresis could be monitored and excluded.
For the sheet resistance measurement the four contacts were silicided with nickel for
guaranteeing a good electrical contact with the inversion/accumulation layer across the
220 nm thick silicon. To this end, the sample was covered with a stainless-steel mask having
four holes at contact locations, and heated to 600 ºC in 10−2 mbar Ar atmosphere. A layer of
1 nm of Ni was sputtered, then the sample was cooled to 400 ºC, and 400 nm of Ni were sputtered for creating a mono nickel silicide; finally the sample was cooled and measured under
vacuum and at room temperature with a Lake Shore 370 AC resistance bridge.
C. Impurity ionization percentage.
In calculating the data for Fig. 27(b,c), 100 % impurity ionization was assumed. This assumption is justified by the fact that Eqs. (5.1), (5.2) and (5.3) were derived from data reporting
optical loss for given impurity concentrations, and assuming 100 % impurity ionization [59].
Additionally, it has been shown that the ionization of phosphorous donors is indeed close to
100 % for the entire impurity density range from 1015 cm-3 to 1020 cm-3. The ionization reaches a minimum, but remains still larger than 90 %, close to an impurity concentration of
1018 cm-3 [122] [123].

6 Summary and Outlook
In this thesis two types of phase shifters have been built and tested experimentally. Both of
them established new records in silicon photonics, the first one in terms of speed, and the second one in terms of driving voltage and power consumption. A third type of device has been
proposed for achieving three-wave mixing on the silicon-organic hybrid (SOH) platform; this
is the first time that such a device has been proposed for the SOH platform.
All these devices can be further developed. In the following an outlook on further improvements is given.

High-Speed Silicon-Organic Hybrid Modulator: A modulator based on a silicon slotwaveguide and a second-order nonlinear cladding has been fabricated and tested. The 3 dB
bandwidth surpasses – the first time for an integrated device – the psychological threshold of
100 GHz, opening the way to novel applications like radio-over-fiber. The modulation efficiency of VʌL = 11.2 Vmm is similar or in most cases smaller than for other high-speed modulators demonstrated in silicon so far.

The high device bandwidth has been obtained thanks to a gate voltage which diminished
the RC time-constant well below 3 ps, without introducing significant optical loss. The use of
such a gate voltage in an integrated optical device has been proposed here for the first time.
In the prototypes tested in this thesis, the gate voltage is applied across the 2 μm substrate; therefore the required electric-field strengths require voltages up to 400 V. The gate
voltage can be diminished in future devices, as explained in Chapter 2, by using thin oxide,
and doped polysilicon gates. Although the deposition of a gate-insulator and a gate is a standard process for certain types of CMOS processes, this has never been made so far in combination with optical waveguides, requiring to reconsider the process-flows.
Additionally, the driving voltage strongly depends from the nonlinearity achieved in the
nanoslot. This depends mainly from the nonlinear material used, and from the poling process.
It was evident from several experiments that the DC-nonlinearity appears higher than the nonlinearity measured at frequencies of 1 GHz or higher. Unfortunately, most –if not all- the values reported in the literature describe the nonlinearity in the low-frequency limit. The nonlinearity reached in this thesis for modulating frequencies larger than 1 GHz is the highest value
ever reported in silicon-organic hybrid slot waveguides, but is still smaller than the value
specified by the producer. It remains therefore to clarify if the poling procedure can be further
optimized, or if this discrepancy is simply due to the frequency-dependent characteristic of
the nonlinear material.
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Second-order nonlinear silicon-organic hybrid waveguide: Based on numerical simulations and dispersion-engineering, a novel waveguide structure for phase-matched threewave mixing has been analyzed. This is the first time that such a device has been proposed
within the silicon-organic hybrid (SOH) platform. The nonlinear conversion efficiency predicted by using conventional nonlinear organic materials is one of the highest values that can
be found in the literature. Such a device still remains to be experimentally tested, and might
lead to the cheapest and most efficient method for generating and amplifying mid-IR wavelengths.

Liquid Crystal Phase Shifter on the SOH Platform with Ultra-Low Power Consumption: A silicon phase shifter with a record-low VʌL = 0.085 Vmm and power consumption in the nW range has been demonstrated. The bandwidth of the device is limited to few
ms; which is enough for a number of low-speed applications such as optical matrix switches,
polarization controllers, tunable filters and delay-interferometers. The device has been operated under normal atmosphere for time of the characterization. For obtaining a useful product,
suited packages for containing the liquid-crystal remain to be built.

Appendix
Recipe for inϣHouse Fabrication of Silicon Rib Waveguides
The rib waveguides used in this thesis for determining the optical absorption of inversion/accumulation layers have been fabricated in-house. Here we report on the process flow.
The substrate used is a 10 × 14 mm SOI chip having a device layer 220 nm thick and a BOX
thickness of 2 μm.
The chip was processed as follows:
Sample preparation:

•

5-30 s acetone (ACE) rinse for removing organic residues (e.g. resist).

•

5 s isopropanol (ISO) rinse for removing acetone residues.

•

5 s deionized (DI) rinse for removing isopropanol and possible particles. Higher
water resistivity indicates lower ion concentration, and a stronger repulsive force
between particles of the same material due to a stronger zeta potential.

•

Nitrogen blow for removing remaining amounts of water and particles floating in
it.

•

30 s oxygen plasma.

•

5 min hotplate at 150 °C for water desorption.

Spin coating

•

Spin coating of the adhesion promoter Ti-prime (available from MicroChemicals
GmbH), 4000 rpm, acceleration 1000 rpm/s, 30 s.

•

Hotplate 120 °C for 2 min (1 mm thick, initially cold, aluminum plate under the
chips) for activation of the Ti-prime. This transforms the organic molecules containing titanium in a non-closed atomic layer of TiO2.

•

Spin coating of the negative-tone resist ma-N 2401 (available from micro resist
technology GmbH), 3000 rpm, 3000 rpm/s, 30 s. Nominal thickness: 100 nm.

Lithography

• e-beam lithography on a JEOL system, with 70 μC/cm2 dose and 4 nm step
size.
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Development

•

12s in developer Dev-525 (available at micro chem GmbH). This value differs
from what is specified in the datasheet; we attribute the discrepancy to a smaller
focus size of our e-beam lithography system.

•

30 s immersion in a first beaker DI water.
30 s immersion in a second beaker DI water (stopper).

Removal of the TiO2 layer

•

2s in 25 % HF. This will remove the titanium oxide formed after activation of the
adhesion promoter Ti-prime. This layer is highly resistant against SF6 etching.
According to the producer (private communication), even 1 s in 1 % HF would
suffice.

•

Rinse in DI water.

•

The following reactive-ion etching step must be performed immediately afterwards for avoiding the formation of SiO2.

Reactive-ion etching (RIE)

• 7 s in a Sentec Etchlab 200 RIE, SF6, pressure 0.1 Pa, gas flow 5 sccm, RF
power 500 W. This resulted in 70 nm etch depth. The low pressure is chosen for
achieving a long gas mean free path length for higher kinetic energy of the ions
(mean free path larger than the electrode separation). The RF power was chosen
high for the same reason. This way a significant physical etching, as opposed to
chemical etching, can rapidly remove any remaining contamination on the silicon
surface without delaying the beginning of the silicon etch. The etch rate was determined immediately before by etching the back-side of an identical SOI chip for
2 h, and measuring the thickness difference with a micrometer. An etch rate of
10.0 nm/s was determined.
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Fabrication of Electrodes
The silver electrodes of the 100 GHz modulator described in Section 2.3 have been deposited
in house by means of a lift-off process on SOI chips structured by LETI. In this section we
summarize the processing steps. After having determined the desired geometry by numerical
simulations [28], the design was written in gds format by means of the Python-based package
IPKISS [124]. The structure was written on a soda lime antireflection-coated 3×3×0.06 inch
chromium mask by Compugraphics Jena GmbH (former ML&C) with 200 nm CD-tolerance
and 100 nm write grid. The samples used had a size of 12×12 mm and contained four identical reticles. The large sample size was chosen in order to minimize the effects of a thick resist
layer forming at the chip’s edges by spin coating (edge bead).
The samples were processed as follows:
Sample preparation:

•

5-30 s acetone (ACE) rinse for removing organic residues (e.g. resist).

•

5 s isopropanol (ISO) rinse for removing acetone residues.

•

5 s deionized (DI) rinse for removing isopropanol and eventual particles.

•

Nitrogen blow for removing remaining amounts of water and particles floating in
it.

•

30 s oxygen plasma.

•

5 min hotplate at 150 °C for water desorption.

Spin coating

•

Spin coating of the adhesion promoter Ti-prime (available from MicroChemicals
GmbH), 4000 rpm, acceleration 1000 rpm/s, 30 s.

•

Hotplate 120 °C for 2 min (1 mm thick, initially cold, aluminum plate under the
chips) for activation of the Ti-prime. This transforms the organic molecules containing titanium in a non-closed atomic layer of TiO2.

•

Spin coating of the negative-tone resist ma-N 1410 (available from micro resist
technology GmbH), 3000 rpm, 3000 rpm/s, 30 s followed by 6000 rpm,
3000 rpm/s, 2 s for reduction of the edge bead. Nominal thickness: 1 μm. The maN 1410 resist strongly absorbs UV light, resulting in a less intense illumination at
the bottom of the resist layer, and consequently to non-vertical sidewalls which
are ideal for lift-off.
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Lithography

•

Lithography for 47 s at 7.5 mW/cm2 (dose of 350 mJ/cm2). Wavelength 365 nm.

Development

•

15 s immersion in buffered hydrofluoric acid (BHF) for removing the estimated
10 nm thick thermal oxide layer produced during fabrication (SiO2 etch rate:
2 nm/s). This step is necessary for guaranteeing an ohmic contact between metal
electrodes and silicon.

•

30 s immersion in a first beaker DI water.

•

30 s immersion in a second beaker DI water (stopper).

Metallization

•

e-beam evaporation of 5 nm chromium. Sample must lie perfectly perpendicular
to the source. Metal-source to sample distance used: 30 cm, vacuum level:
10-6 mBar.

•

e-beam evaporation of 400 nm of silver (purity 99.99 %, silver slugs from SigmaAldrich).

Lift-off

•

24 h bath in acetone. Chips must be placed face down, e.g. on concave Petri
plates (Uhrglassschalen).

•

Removal of remaining metal using a gentle jet of acetone (a Pasteur pipette can
be used for this). Use of ultrasound should be absolutely avoided for preventing
scratches on the final structure.
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Vias for Contacting Accumulation/Inversion Layers at
Temperatures close to 0 °K
Since silicon is a semiconductor, the intrinsic carrier concentration diminishes dramatically
with decreasing temperature. Even if silicon would become a perfect insulator only at 0 °K,
when the temperature approaches the absolute zero, 1 mm2 films as thin as 220 nm acquires a
resistance so high that a four-point resistance measurement becomes impossible. To circumvent this problem, we fabricated nickel silicide (NiSi) contacts in the 220 nm thick silicon
layer of our samples. Nickel silicide indeed is metallic [125], and therefore remains conductive even at 0 °K.
The recipe used is derived from [126] and is given below:
•

A stainless steel mask having 1.5 mm holes at the desired position is fixed
0.1 mm above the silicon surface.

•

The sample is placed in a vacuum chamber with argon pressure of approximately
10-2 mbar.

•

The sample is heated to 600 °C.

•

1 nm of Ni is sputtered on the sample. This should crack the native oxide on the
silicon surface.

•

The sample is cooled to 400 °C.

•

400 nm of Ni are sputtered in 30 min. Mono nickel silicide is formed.

•

The sample is cooled to room temperature.

Samples created in such a way maintained electrical contact with the inversion/accumulation layers formed at the Si/SiO 2 interface even at temperatures as low as
40 mK, Fig. 28.

Fig. 28. Photograph of an SOI chip with four NiSi contacts in the 220 nm thick device silicon layer. The silicon dioxide is visible where the silicon has been etched (darker region).
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Impedance and Propagation Loss from a
Vector Network Analyzer (VNA) Measurement
In this section we present the algorithm used for extracting the impedance and the propagation
loss of an electrical waveguide, such as the coplanar line of an electro-optic modulator. The
model used is based on transmission line model, where currents and electrical potentials at
every position of the line are well defined. This is however an approximation, which is valid
only in the low-frequency limit. Indeed, when a fast varying magnetic field B is present, the
third Maxwell equation rotE = -dB/dt, shows that the electrical integral along a closed line is
generally different from zero. At the frequencies and the device-sizes involved, only an integration of Maxwell equations, by means of a numerical solver for example, can provide exact
solutions. The following treatment however still provides a good insight to the problem.
The model considered here is shown in Fig. 29. The device under test (DUT) have unknown impedance ZDUT and Ȗ = -iȕ+Į/2 where ȕ is the propagation constant and Į is the
propagation loss (both real). The device length L is assumed to be known.

e-ȖL
V1+
V1Z0

V3+
V3-

V2+
V2ZDUT
Reference
Plane

V4+
V4Z0
Reference
Plane

Fig. 29. Transmission line model. A device having impedance ZDUT, and length L is connected on
two sides with lines having impedance Z0 (for example the standard 50 ȍ). The Z0 lines represent
the cable of the VNA, which is calibrated on the reference planes. Sinusoidal waves propagating
from left to right have a voltage amplitude Vi+ at the positions i = 1, 2, 3, 4. Waves propagating in
the opposite direction are indicated with Vi-. When the waves in the DUT propagate from left to
right they acquire an amplitude e-Ȗ, where Ȗ is a complex number.

On the left reference plane in Fig. 29, equating voltage and current on the left side to the
values on the right side gives

V1+ + V1− = V2+ + V2−
°
1
®1
+
−
(V2+ − V2− ) .
° Z (V1 − V1 ) = Z
DUT
¯ 0
The latter equations can be rewritten in matrix form:

(A.1)

Appendix
§ V2+ ·
1 § Z 0 + Z DUT
¨ −¸=
¨
© V2 ¹ 2 Z 0 © Z 0 − Z DUT

Z 0 − Z DUT · § V1+ ·
§ V1+ ·
¸ ¨ − ¸ ≡ M 21 ¨ − ¸
Z 0 + Z DUT ¹ © V1 ¹
© V1 ¹
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(A.2)

The propagation across the DUT can be described by:
§ V3+ · § e −γ L
¨ −¸=¨
© V3 ¹ © 0

§V + ·
0 · § V2+ ·
≡ M 32 ¨ 2− ¸
γL ¸¨ − ¸
e ¹ © V2 ¹
© V2 ¹

(A.3)

Finally the relationship between the amplitudes on the second reference plane can be written
analogously to Eq. (A.2):
§ V4+ ·
1 § Z DUT + Z 0
¨ −¸=
¨
Z
2
V
DUT © Z DUT − Z 0
© 4 ¹

Z DUT − Z 0 · § V3+ ·
§ V3+ ·
¸ ¨ − ¸ ≡ M 43 ¨ − ¸ .
Z DUT + Z 0 ¹ © V3 ¹
© V3 ¹

(A.4)

It follows immediately:
§ V4+ ·
§ V1+ ·
¨ − ¸ = M 43 M 32 M 21 ¨ − ¸ .
© V4 ¹
© V1 ¹

(A.5)

The transmission coefficient T (from right to left) and the reflection coefficient R can be obtained by setting V1+ = 0 in the latter equation:
T≡

(1 − Γ2 ) e−γ L
4Z DUT Z 0
V1−
=
=
V4− eγ L ( Z 0 + Z DUT )2 − e−γ L ( Z 0 − Z DUT )2 1 − Γ 2 e−2γ L

(A.6)

R≡

2
Γ (1 − e −2γ L )
( Z02 − Z DUT
)( e−γ L − e+γ L )
V4+
=
=
2
2
V4− eγ L ( Z 0 + Z DUT ) − e −γ L ( Z 0 − Z DUT )
1 − Γ 2 e −2γ L

(A.7)

Z DUT − Z 0
Z DUT + Z 0

(A.8)

where:

Γ≡

γ ≡ −i β +

α
2

.

(A.9)

Equations (A.6) and (A.9) can be inverted, allowing to calculate Γ and γ in terms of T
and R:

Γ=

1 + R 2 − T 2 − −4T 2 + ( R 2 − T 2 − 1)2
2R

e−γ L =

1 − R 2 + T 2 − −4T 2 + ( R 2 − T 2 − 1) 2
2T

(A.10)

(A.11)

The device impedance, propagation constant and propagation loss can be extracted using Eqs.
(A.10) and (A.11) from the S-parameters which can be measured with a Vector Network Analyzer (VNA).
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Matlab Code for Numerical Integration of MIS Equations
The code below was used for integrating Eq. (1.53) when a gate voltage is applied on the substrate of an SOI wafer. The code calculates for a given voltage the electric field at the Si/SiO2
interface (silicon side), Eq. is solved numerically Eq. (1.53) providing the surface potential.
This value defines the boundary conditions for the differential equation (1.53), which is integrated numerically.

clear all;
close all;
% Constants for the MIS model:
ni = 1.02e10; % Intrinsic carriers concentration of Si. 1/cm3
ni = ni * 1e6; % Intrinsic carriers concentration of Si. 1/m3
q = 1.6e-19; % elementary charge. Coulomb
kB = 1.38e-23; % m2 kg/s2/k
T = 300; % temperature in K.
eps0 = 8.85e-12; %Free space permittivity, F/m.
eps_Si = 11.7; % Relative permittivity, Silicon.
eps_BOX = 3.8; % Relative permittivity, BOX.
d_BOX = 2e-6; % thickness BOX in m.
x_max_integration = 200e-9; %m.
% Wafer type, bulk ion concentration:
****** PARAMETERS *******
n0 = 1e15; % Equilibrium electron density. 1/cm3
n0 = n0 * 1e6; % Equilibrium electron density. 1/m3
p0 = ni^2/n0; % Equilibrium hole density. 1/m3
%
beta = q/kB/T;
% Defining the function relating electric field and potential psi:
E = @(psi, n0) sign(psi).* (2.*kB.*T.*n0./eps0./eps_Si).^0.5 ...
.* ( (exp(beta.*psi) - beta.*psi - 1) ...
+ (ni./n0)^2 .* (exp(-beta.*psi) + beta.*psi - 1) ).^0.5;
%
% Given and E_desired, finding psi which creates it.
i_gate = 1; % index of gate voltage.
for V_gate = cat(2,-500:10:-10 , 10:10:500) % list of gate voltages.
E_BOX = V_gate/d_BOX;
E_Si = E_BOX*eps_BOX/eps_Si;
E_desired =E_Si;
to_be_zero = @(psi, n0) E(psi, n0) - E_desired;
psi_old = 0.1*sign(E_desired); % initial value.
d_psi = 0.01; % initial step.
while ( d_psi > 1e-15 ) % Using Newton's method to find the root.
D_to_be_zero = ( to_be_zero(psi_old + d_psi, n0) ...
- to_be_zero(psi_old - d_psi, n0) )/(2*d_psi); % Derivative
of the function "to_be_zero".
psi_new = psi_old - 0.01*to_be_zero(psi_old, n0)/D_to_be_zero;
d_psi = abs(psi_new - psi_old)/100; % making sure the step is small enough.
psi_old = psi_new;
end
psi_s = psi_new; % Potential on the surface.
E(psi_s, n0)
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if ( E(psi_s, n0) - E_desired )/E_desired < 0.01 % Check that the electric
field obtained is within 1% accuracy.
OK = 1
else
ERROR =1
end
ns = n0 * exp(beta*psi_s); % surface density of electrons
ps = ni^2/n0 * exp(-beta*psi_s); % surface density of holes
% Integrating the potential psi from the surface to the bulk. i.e. from
% left to right, from x = 0 to x = infty.
x = 0; % in m.
psi_old = psi_s; % surface potential as initial value
i_x = 1; % index of position x.
while(x < x_max_integration)
d_x = 1e-4* abs( psi_old / E(psi_old,n0) );
psi_new = psi_old -E(psi_old, n0) * d_x;
x = x + d_x;
n = n0 * exp(beta*psi_new); % 1/m3
p = ni^2/n0 * exp(-beta*psi_new); % 1/m3
out_x(i_x, i_gate) =
out_psi(i_x, i_gate)
out_n(i_x, i_gate) =
out_p(i_x, i_gate) =
psi_old = psi_new;
i_x = i_x + 1;

x;
= psi_new;
n; % 1/m3
p; % 1/m3

end
i_gate = i_gate +1;
end % end loop on i_gate.
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Sellmeier Equations for Crystalline
Silicon and Silicon Dioxide
In this appendix we report the dispersion equations used to model both the silicon and the
silicon-dioxide of the device we fabricated. In all devices described in this thesis, silicon-oninsulator wafers produced by SOITEC have been used. The silicon constituting the optical
waveguides (device layer) is crystalline, and the buried silicon-oxide (BOX) is thermallygrown oxide on a crystalline silicon wafer. For the device silicon layer, we assume that the
dispersion of bulk silicon applies (neglecting for example possible mechanical tensions present in this layer). We use therefore the following equation which is valid up to 0.1 % in the
wavelength range 1.12 - 588 μm [93]
nSi ( λ ) = 3.41906 +

0.123172

λ 2 − 0.028

+

0.0265456

( λ 2 − 0.028)

2

− 2.66511× 10−8 λ 2 + 5.45852 × 10−14 λ 4

(A.12)

where Ȝ is expressed in μm.
The dispersion of thermally-grown oxide on crystalline silicon has been studied by Herzinger et al. by ellipsometry [92] in the range 0.75 - 6.5 eV (1653 - 191 nm). In the measured
range, it was found a variation of less than 1 % from the values calculated with the Sellmeier
equations published by Palik for glaseous SiO2 [93]. Additionally, a corrected Sellmeier equation was provided. However, since its validity range does not cover the mid-IR wavelengths,
and because the correction introduced is very small, we use the equation of Malitson [127]
which is valid in the range 0.21 - 3.71 μm:
nSiO2 ( λ ) = 1 +

0.6961663 λ 2
0.4079426 λ 2
0.8974794 λ 2
+ 2
+ 2
2
2
2
λ − 0.0684043 λ − 0.1162414 λ − 9.8961612

(A.13)

where Ȝ is expressed in μm. A table of refractive index values is given in the following section.
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Refractive Indices of Si and SiO2
For the reader’s convenience we report here a conversion table between different common
units used to measure the photon’s energy in the mid-IR and near-IR range, together with the
refractive indices of the silicon and the silicon-dioxide described in the previous section.
Vacuum
Wavelength [μm]
0.500
0.600
0.700
0.800
0.900
1.000
1.100
1.200
1.300
1.400
1.500
1.550
1.600
1.700
1.800
1.900
2.000
2.100
2.200
2.300
2.400
2.500
2.600
2.700
2.800
2.900
3.000
3.100
3.200
3.300
3.400
3.500
3.600
3.700
3.800
3.900
4.000
4.200
4.400
4.600
4.800
5.000
5.500
6.000
6.500
7.000
7.500
8.000
10.000
12.000
14.000
16.000
18.000
20.000

Vacuum
Wavenumber [1/cm]
20000.00
16666.67
14285.71
12500.00
11111.11
10000.00
9090.91
8333.33
7692.31
7142.86
6666.67
6451.61
6250.00
5882.35
5555.56
5263.16
5000.00
4761.90
4545.45
4347.83
4166.67
4000.00
3846.15
3703.70
3571.43
3448.28
3333.33
3225.81
3125.00
3030.30
2941.18
2857.14
2777.78
2702.70
2631.58
2564.10
2500.00
2380.95
2272.73
2173.91
2083.33
2000.00
1818.18
1666.67
1538.46
1428.57
1333.33
1250.00
1000.00
833.33
714.29
625.00
555.56
500.00

Frequency
[THz]
600.00
500.00
428.57
375.00
333.33
300.00
272.73
250.00
230.77
214.29
200.00
193.55
187.50
176.47
166.67
157.89
150.00
142.86
136.36
130.43
125.00
120.00
115.38
111.11
107.14
103.45
100.00
96.77
93.75
90.91
88.24
85.71
83.33
81.08
78.95
76.92
75.00
71.43
68.18
65.22
62.50
60.00
54.55
50.00
46.15
42.86
40.00
37.50
30.00
25.00
21.43
18.75
16.67
15.00

Energy
[eV]
2.479
2.066
1.771
1.550
1.377
1.240
1.127
1.033
0.954
0.886
0.826
0.800
0.775
0.729
0.689
0.652
0.620
0.590
0.564
0.539
0.517
0.496
0.477
0.459
0.443
0.427
0.413
0.400
0.387
0.376
0.365
0.354
0.344
0.335
0.326
0.318
0.310
0.295
0.282
0.270
0.258
0.248
0.225
0.207
0.191
0.177
0.165
0.155
0.124
0.103
0.089
0.077
0.069
0.062

Refractive
Index Si

3.5423
3.5196
3.5028
3.4899
3.4799
3.4756
3.4718
3.4653
3.4600
3.4555
3.4518
3.4486
3.4458
3.4434
3.4414
3.4395
3.4379
3.4365
3.4353
3.4341
3.4331
3.4322
3.4314
3.4306
3.4299
3.4293
3.4287
3.4282
3.4277
3.4273
3.4269
3.4261
3.4255
3.4249
3.4245
3.4240
3.4232
3.4225
3.4220
3.4216
3.4213
3.4210
3.4203
3.4199
3.4197
3.4195
3.4194
3.4194

Refractive
Index SiO2
1.4623
1.4580
1.4553
1.4533
1.4518
1.4504
1.4492
1.4481
1.4469
1.4458
1.4446
1.4440
1.4434
1.4422
1.4409
1.4395
1.4381
1.4366
1.4350
1.4334
1.4316
1.4298
1.4279
1.4259
1.4238
1.4216
1.4192
1.4168
1.4143
1.4116
1.4088
1.4059
1.4028
1.3996

Table of Symbols
Calligraphic Symbols
gate gate field, unit V/m, Section 1.3.2.

i+ ( − ) i-th component of the electric field of a mode propagating in the positive (negative)
direction, unit V/m, Eq. (1.25).
+(−)
i

i-th component of the magnetic field of a mode propagating in the positive (negative)
direction, unit A/m, Eq. (1.26).

Latin Symbols
A(ȣ)

mode amplitude, dimensionless, Eq. (1.25).

cc.

complex conjugate.

c

speed of light, unit m/s, Eq. (1.43).

Di

i-th component of the displacement field, unit C/m2, Eq. (1.1).

E

electric field, unit V/m, Eq. (1.23).

EF

Fermi energy, unit J, Eq. (1.46).

Ec(v)

conduction (valence) band edge, unit J, Section 1.3.

H

magnetic field, unit A/m, Eq. (1.23).

J

electrical source, unit C/(sm2), Eq. (1.23).

kB

Boltzmann constant, unit J/K, Eq. (1.46).

M

magnetic source, unit V/m2, Eq. (1.23).

NA

acceptor density, unit 1/m3, Eq. (1.51).

ND

donor density, unit 1/m3, Eq. (1.51).

Ne

electron density, unit 1/m3, Eq. (1.51).

Nh

hole density, unit 1/m3, Eq. (1.51).

neff

mode effective index, dimensionless, Eq. (3.1).

Pi

i-th component of the electrical polarization density, units C/m2, Eq. (1.30).

q

elementary charge, unit C, Eq. (1.51).

rijk

electro-optic tensor, unit m/V, Eq. (1.5).

rij

electro-optic matrix, unit m/V, Eq. (1.15).

76

Table of Symbols

Rs

sheet resistance, unit /sq, Chapter 5.

R

resistance, unit , Chapter 5.

R

reflection coefficient, dimensionless, Eq. (A.7).

T

transmission coefficient, dimensionless, Eq. (A.6).

T

temperature, unit K, Eq. (1.46).

Vʌ

half-wavelength voltage, unit V, Eq. (1.21).

Vgate

gate voltage, unit V, Eq. (1.54).

Z0

reference line impedance, unit , Eq. (A.1).

ZDUT

reference of the device-under-test, unit , Eq. (A.1).

Greek Symbols
Įwg

waveguide attenuation coefficient, unit 1/m, Eq. (1.44).

Į

local attenuation coefficient, unit 1/m, Eq. (5.1).

ȕ

mode propagation constant, unit 1/m, Eq. (1.39).

ȕTPA

two-photon absorption coefficient, unit m/W, Section 3.5.

ī

electro-optic interaction factor, dimensionless, Eq. (1.20).

İ0

free-space permittivity, unit C/(Vm), Eq. (1.1).

İij

permittivity tensor, dimensionless, Eq. (1.1).

İs

full scalar permittivity, unit C/(Vm), Eq. (1.40).

Șij

impermeability tensor, dimensionless, Eq. (1.2).

Ș

normalized conversion efficiency, unit 1/(Wm2), Eq. (3.12).

Ȝ0

free-space wavelength, unit m, Eq. (1.21).

ȡ

electrical resistivity, unit m, Chapter 5.

Ȥ(n)

n-th order susceptibility tensor, unit (m/V)(n-1), Eq. (1.30).

ȥ

electric potential, unit V, Eq. (1.48).

Ȧ

angular frequency, unit 1/s, Eq. (1.22).
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