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Introduction

Traffic in data communication networks has seen continuous growth over
many decades. Taking the example of transport networks we observe a
growth rate of about 60% per year in capacity. The increase in traffic is
supported by various technologies but mainly driven by application re-
lated to social media, moving images, internet of things etc. An important
contender for future increase of fiber optical network capacity is optical
signal processing. Work on optical signal processing has developed over
many decades, but only recently the integration platforms for optical sig-
nal processing have attracted increased attention. Nevertheless many non-
linear platforms for integrated optical signal processing are incompatible
with the two major platforms for photonic and photonic-electronic inte-
gration which are indium phosphide and silicon. The platforms’ maturity
is an issue, because the main drivers behind the technological progress
of the integrated photonic platforms are the common optical network ap-
plications such as coherent transmission, low cost optical links for data
centers or switches. There is consensus that future growth of Internet will
require photonic and photonic-electronic integration. Therefore it would
be desirable to make use of the major platforms for nonlinear optical signal
processing.

The work presented in this thesis was performed in the framework of a
larger research project concerning the nonlinear optical signal processing
on the silicon-on-insulator platform. Within this project different concepts
were developed by several partners. Among others the particular projects
focused on the following key issues: crystalline silicon, amorphous silicon
and electro-optical polymers nonlinearity.

This thesis reports on the optical properties and numerical simulations of
the silicon-on-insulator waveguide for continuous-wave four wave mix-
ing. Moreover, it discusses the process of design, fabrication and character-
ization of samples. The purpose of the research activities was to construct
an appropriate silicon waveguide supporting the FWM at the wavelengths
around 1550 nm. The CW FWM can be used for the amplification of the
signal, phase conjugation and wavelength conversion. Moreover, it can be
useful for applications such as optical sampling, channel demultiplexing,
pulse generation and high speed optical switching [1].

First of all the choice of silicon as a nonlinear optical material platform is
motivated. Next the optical properties of the applied materials were set. It
was a preparatory stage to establish the optical properties of silicon nano-
rib waveguide with lateral p-i-n diode. The mode field and an effective
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index of the silicon waveguide were determined with the optical simula-
tions. Next, the dispersion of the waveguide was calculated considering
different materials covering the waveguide. The problem of the free car-
riers accumulating in the waveguide rib was identified. According to the
research of other authors in the past the p-i-n junction was proposed as an
appropriate solution to this problem. The electrical simulations allowed to
adapt the diode presented in the literature to the chosen waveguide geom-
etry. The simulation of the nonlinear optical effects defined the direction
of the design process. Next, the samples were fabricated in the BICMOS
pilot line at IHP GmbH.

Following the design and the fabrication process, the properties of the con-
structed waveguides with the lateral p-i-n diode were characterized. At
first the linear loss of the waveguide was measured together with the loss
and the bandwidth of the grating couplers. The latter were used for the in-
and out-coupling light from the optical fiber to the waveguide. The optical
loss from the free carriers was observed in the waveguide even for the low
power of the light. This effect was also subject to the research within this
project being the subject of this thesis.

Once the samples were optically and opto-electrically characterized, it was
researched whether the constructed silicon with the lateral p-i-n diode can
be used in the fiber optic communication system. In the first experiment
session the wavelength conversion efficiency and the quality of the con-
verted signal were tested. In the second experiment session it was investi-
gated if, the phase of the differential phase shift keying Differential Phase
Shift Keying (DPSK) signal can be regenerated, using the waveguide de-
veloped in this research project.

The research project was founded by Deutsche Forschung Gemeinschaft
(DFG) and was realized in cooperation between Technische Universitaet
Berlin (TUB) and Institute for High Performance Microelectronics (IHP) in
Frankfurt(Oder) within the Joint Lab Silicon Photonics. The first character-
ization measurements were conducted with the support of the Fraunhofer
Heinrich Herz Institut Fraunhofer Heinrich Herz Institute (HHI). The sec-
ond characterization session was performed at the Danske Tekniske Uni-
versitet (DTU). Also there it was checked if the constructed silicon wave-
guides can be used in the fiber optic telecommunication system around
the wavelength 1550 nm.

Number of people contributed to the work conducted in this research
project. Mahmoud Jazayerifar and Gianino Dziallas created the tool for




the simulations of the FWM in the silicon waveguide. Benjamin Wohlfeil
simulated the influence of the p and n doped regions on the optical loss
of the silicon waveguide using JCM Wave software. The samples fab-
rication process at Innovation for High Performance Institute IHP was
coordinated by David Stolarek. The Fraunhofer Heinrich Herz Institute
supported the first measurement session with the necessary experimental
hardware. The measurements performed at DTU were a joint experimen-
tal effort where the most of work was done by Francesco Da Ros, Dragana
Vukovic, Christophe Peucheret and the author of this thesis.

In the thesis there are six chapters. Chapter 1 introduces the necessary
background theory used in the design of structures. It starts with the com-
parison of the silicon material with the other possible nonlinear material
platforms. Next the theoretical background is introduced for the following
effects: the self phase modulation, cross phase modulation and four-wave
mixing in silicon waveguide. Then we investigate optical properties of ma-
terials used in waveguide fabrication process with special attention given
to dispersion and excess loss.

In chapter 2 the numerical simulations are described. At first the models
of the optical properties of applied materials were discussed. Then the
simulations of the following effects in a silicon waveguide are explained:
mode profile, dispersion, linear and nonlinear loss, dispersion and CW
four wavemixing. Later the electrical properties of a p-i-n diode lateral to
the waveguide are discussed.

Chapter 3 presents realization and measurements of the silicon nano-rib p-
i-n waveguide. The characterization of the samples covers linear loss mea-
surements, power dependent loss measurements, current-voltage char-
acteristics of the p-i-n diode, determination of Two Photon Absorption
(TPA), FWM conversion efficiency, PSA that will be used in chapter 4 for
realization of phase regeneration.

The fourth chapter 4 discusses advanced measurements of the feasibility
of the p-i-n nano-rib waveguide for system applications. In this part of
the thesis wavelength conversion of the 40 Gbps signal shall be demon-
strated with a negligible power penalty of 0.2 dB due to applied 20V re-
verse bias voltage. The second system measurement utilized FWM based
phase sensitive amplification of p-i-n silicon nano-rib waveguide, in order
to dynamically regenerate 10 Gbps differential phase shift keying (DPSK)
signal.

Chapter 5 reports on the state of the art in the CW FWM conversion effi-
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ciency, and showing the achievements of this research. The different ap-
proaches to avoid the free carriers absorption problem are discussed there
as well.

In the sixth chapter the conclusions of the research project are summarized
and recommendations for the future are outlined.




Background theory

The optical waveguides need to fulfill certain requirements to support
four-wave mixing (FWM). At first in this chapter it will be discussed why
silicon was chosen as a nonlinear material platform. The number of pa-
rameters will be introduced in order to compare the chosen Silicon On
Insulator (SOI) platform with the other major platforms used for the same
purpose. Moreover, the relevant properties of the silicon material and the
waveguide structure shall be introduced. The silicon (Si) material was se-
lected as the most appropriate for this research project. Furthermore, in
this chapter, it is explained how to achieve the enhancement of the FWM
by adjusting waveguide geometry. Electrical and optical approaches are
used separately since, at the time of preparation of this thesis, there was
no available software to model both at once.

Reason for the choice of silicon

Many material platforms were examined for the nonlinear optical effcts.
Table 1.1 presents a selection of the so called x® material platforms. It was
examined which of them can be applied to obtain the optical Kerr effect
around 1550 nm. Below, the material parameters relevant for the choice of
the nonlinear platform are briefly discussed. A more detailed explanation
of these quantities will be performed later in the thesis. The integration of
photonic devices requires a light confinement on a sub-micron area. This
can be realized only with the high real linear refractive index ni e, thus
creating the structures with high refractive index contrast (). The real part
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of the nonlinear refractive index ny, known as well as Kerr coefficient, tells
how much the refractive index of the medium changes with the optical in-
tensity of the propagating light. The nonlinear coefficient v results from
both: the linear refractive index and the nonlinear refractive index. The
higher are nires and ny, the higher can be . Vital parameters of the non-
linear optical material are the optical loss parameters oy, and Srpa. In ta-
ble 1.1, the an is the reported in the literature state-of-the-art linear loss of
the realized nonlinear wave-guiding structures. The two photon absorp-
tion Brpa, is a TPA coefficient related to the intensity of the guided light.
The two photon absorption results from the simultaneous absorption of
two photons by the material with the exitation of the atom or the molecule
to the higher energy level [2]. In silicon it results in a generation of an
electron-hole pair. The detrimental influence of the Free Carrier Absorp-
tion (FCA) is also presented in the table 1.1. In other materials, included
in table 1.1 the Brpa and FCA are negligible.

The obvious solution in the case of a fiber optic system would be apply-
ing a silica (silicon dioxide (S5iO)) waveguide. With the advantages of
the high coupling efficiency and the low linear propagation loss, the SiO,
material could be easily incorporated in a fiber optic system. However,
these waveguides have a large cross-section due to the low refractive in-
dex. Moreover, the low Kerr coefficient (1) requires a structure with the
length of several hundred meters, in order to exhibit high nonlinear effect.
Shorter structures can be achieved when using a material with a higher
refractive index like called Hydex [19, 20]. Waveguides made of this ma-
terial perform with a low linear and nonlinear loss. At the same time Hy-
dex have ten times larger n; nonlinearity than SiO,. Due to its proprietary
composition, the material is relatively little reported in the literature. A sil-
icon nitride (silicon nitride (Si3sN4)) material is another material platform
known for the nonlinear optical effects. It performs with the higher njea
and n than in Hydex and can be used to produce a low loss waveguide.
However a Si3Ny waveguide still needs to be relatively long to provide an
efficient nonlinear interaction.

Another step in the minimization of the nonlinear waveguide dimensions
and increase in nonlinear parameters might be possible with arsenic sul-
fide (As2S;3). The material enabling further decrease in the length of the
nonlinear structures is amorphous silicon (a-5Si). Its high ng and high n,
allows for a strong light confinement in the small waveguide cross-section,
and thus short structures. However, the nonlinear interaction efficiency
in this material is affected by a high ay;, and (TPA). Moreover the TPA in-
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duces free carrier absorption (FCA) in amorphous silcon. Furthermore, the
amorphous silicon material tends to change its properties with time and
temperature as well [3]. Some polymers (e.g. DDMEBT) or III-V semi-
conductor materials could be used, since they have high n, coefficient.
These two sets of materials give high flexibility in design of properties
by change in chemical composition [4-7]. For the aluminum gallium ar-
senide (AlyGaj_xAs) a broadband, TPA-free FWM was obtained with a
wavelength conversion efficiency of -9 dB [7] as well as a bandwidth of
750 nm. Nevertheless, fabrication of this kind of materials for nonlinear
functionality might be challenging. Moreover, the integration of polymer
based or III-V nonlinear waveguide on one of the two above mentioned
platforms introduces additional complexity and thus cost. The last but not
least important challenge is providing the material stable over time and
able to withstand high powers.

The above mentioned materials proved to be highly efficient nonlinear ma-
terials, however, most of them are either not stable for a long period of
time (e.g «-Si) or difficult to fabricate aside electronic devices (e.g. As,Ss).
Another issue to be addressed, while thinking about realization of com-
ponents is the reliability of the material platform. These problems can be
overcome by a choice of crystalline silicon (c-Si) material. Very high real
refractive index nj . and relatively high n, coefficient combined with a
highly reliable technology make c-Si a competitive nonlinear optical mate-
rial. The disadvantage of this material though remains its relatively high
Brra and thus the presence of the free carrier absorption FCA.

1.1 Relevant properties of silicon material

There are several reasons for increasing interest in integrated photonics on
SOI during the last few decades. The very large scale of integration (VLSI)
complementary metal-oxide-semiconductor (CMOS) technology was de-
veloped on c-Si platform gave rise to the high interest in silicon photonic
circuits development. In this section the material properties of c-Si that are
relevant for the subject of this thesis will be introduced. They are summa-
rized in the table 1.2 after [11,16-20,24,25].

The dielectric constant (relative permittivity) es; is the ratio between per-
mittivities of the silicon and the vacuum. The energy gap (E;) of sili-




CHAPTER 1. BACKGROUND THEORY

"2 g 7 Qjj BTPAH
Material m x10™ 11 M x10™ FCA
m?/wy WL LB feml g
. 0.2 x .
SiO; [8] 1.47 0.026 0.011 10-7 Negligible No
?y_de}‘ 15-1.9 0.12 0.23-0.25 0.05 Negligible ~ No
SizNy [11] 2.0 0.26 1.4 0.5 Negligible No
A5 237 3 1.7-99 <0.25 <0.001 No
oS 347 24-145 300 <1 0.4-09  Decrease
[11,16-20] possible
a-Si[21,22] 3.6 13 770 4 0.392 Present
a-5i [3] 36 21 1200 45 0.25 Present
Alxcfai*XAs n/a 145 81.6 0.74 Negligible ~ No
Al‘]-zﬁ"’“-”AS 334 19.8 521 6 Negligible ~ No
DD[M}]EBT 1.8 20 n/a n/a Negligible No
Ab17GamAs 53 26 660 14 Negligible ~ No

[6,7]

Table 1.1: Properties of potential CMOS compatible material platforms for effi-
cient wavelength conversion around 1.55 pm wavelength.

con provides information about the photon energy needed to create an
electron-hole pair in the material. This quantity defines wavelength ranges
for single- and multi-photon absorption, which will be discussed later in
this section. The indirect type of the energy gap prevents radiative recom-
bination of electron-hole pairs in c-Si. Intrinsic carrier concentration (IN;)
can be used for an estimation of the lowest possible optical loss in silicon.
Drift mobility of electrons (i) and holes (u1,) are used to calculate the car-
rier transport dependence on the applied electric field. Saturation velocity
(Vsat) determines the fastest drift speed of charge carriers in the presence
of the high electric field [24]. Excessive electric field applied to the silicon
material can result in a high current flowing through the material (break-
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Property Value Unit
Dielectric constant eg; 11.9 -
Energy gap Eg 112 eV
Energy gap type indirect -
Intrinsic carriers concentration N; 9.65 x 10° cm ™
Drift mobility of electrons jie 1.450 cm?/(V - cm)
Drift mobility of holes pp 500 cm?/(V - cm)
Saturation velocity viar 1 x 107 cm/s
Breakdown field &sp 2585 x10° V/cm
Minority carrier lifetime ~1x107? s
Index of refraction ng; * 3.47 -

Kerr coefficient np * 24 —-145x 10718 m?/W
Two photon absorption coefficient Srpa * 04—-09x10™1 m/W
Material dispersion coefficient Ds; * —0.875 ps/(nm - m)
Optical intensity damage threshold liamage * 1-4 GWwW/ cm?

Note: All properties at room temperature; * Values for A=1550 nm
Table 1.2: Selected properties of crystalline silicon material [11,16-20,24,25].

down). In the extreme case it can lead to the damage of the material. An-
other reason for the material destruction can be excessive light intensity.
The limit is given by the optical intensity damage threshold(Iamage) [25].
Minority carrier lifetime represents the lifetime of carriers in the bulk Si
without an applied electric field. Index of refraction ng; represents a real
part of Si refractive index at 1550 nm wavelength. Material dispersion
(Ds;) represents the group velocity dispersion in the bulk silicon material.
The real part of the nonlinear refractive index n, known as well as Kerr co-
efficient, tells how much the refractive index of the medium changes with
the optical intensity of the propagating light. Similarly, the Srpa informs
about the change in the optical loss with the change of intensity of the light
passing through the bulk material.
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1.2 Propagation of light wave in silicon

Propagation of light in dielectrics is in general described by Maxwell’s
equations. Considering a homogeneous medium and an electromagnetic
wave propagating in it, the Maxwell’s equations can be used to derive the
wave equation [1,26]:

1 &°E o*P

E+ -5 = —po—>

VXV X +c281f2 Mg

where E is the electric field , P is the electric polarization, o is the vacuum
permeability and ¢ represent the speed of light in vacuum.

1.1)

1.2.1 Electrical susceptibility and polarization

The theoretical analysis of an interaction of light with the cristalline sili-
con has already been thoroughly performed in [26-29]. The electromag-
netic wave propagating through the material causes the displacement of
the bound electrical charges D, proportional to the electric field E(r, t) and
the electric polarization of the medium P [27,30]:

D=€0€51‘E=60(1 +X)EEP+EUE (12)
with vacuum permittivity eo, relative silicon permittivity es; and electric
field E. The electric polarization P(r, t), induced by the electric field, where
r and t are the position and the time respectively. The electric polarization
P can be generally expressed by the power series of the electric field [27,

]:
P=D — cE=cox" - E+x® : EE+x®:EEE +...) (1.3)

with the ith-order susceptibility x* expressed by (i+1)th-rank tensor and
the electric field E (r, t). From the equation (1.3), the two components of
the polarization, the linear P; and the nonlinear Py [27,28] can be ex-
tracted:

P. =coxV - E (1.4)

Pxr = €0 (x@ : EE + x*:EEE + > (1.5)

10
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The linear part of the susceptibility x, which in general is complex, gov-
erns effects such as dispersion and linear absorption or amplification. The
linear complex refractive index ny = 1N eas + iN1imag is related to first order
susceptibility by [31,32]:

m?=1+x") (1.6)

and thus
Nijeal — Miimag = 1+ Re(x") 17)
211 imag M1 real = lm(X(l)) (1.8)

Silicon is an anisotropic and dispersive material and hence the xV is a ten-
sor, where each component is the function of a wavelength. Additionally,
silicon is a centrosymmetric material, and thus the second order suscepti-
bility vanishes (x® = 0) [27]. The lowest order nonlinearity in Si becomes
then the third order nonlinearity. Therefore, the nonlinear polarization can
be defined as follows:

Par =~ coxVE (1.9)

The assumptions of the following calculations are set below (as in [27]).
Firstly, only the Kerr effect and the TPA contribution to the nonlinear po-
larization is taken into account. Moreover, it is considered that the light is
monochromatic and linearly polarized. Thus isotropic approximation can
be used. The Kerr and TPA effects have a response time of tens of fem-
toseconds, providing effectively instantaneous response to electric field
variation. These effects are commonly described by a nonlinear refrac-
tive index n, and two photon absorption coefficient Brpa, that are related
to nonlinear susceptibility x? [271:

3 3
————Re(x%) (1.10)

n =
450 cm real

3w 3
—Im(x%) (1.11)

2
ZEoC nlreal

ﬁ TPA =

where the x(ff} is given, for the crystal orientations, which are relevant for
the research project (100), (110) and (111) by [27,30]:

11



CHAPTER 1. BACKGROUND THEORY

3)(100
X = X (1.12)
o _ 1 @ ®
Xeff = E(Xllll +3X112 (1.13)
ey _ 1 @ ®
Xeff = g(Xml +6X7120 (1.14)

Lin et al. in [30], proved experimentally that proportionality x\%,, =
2.36)(?1)22 occurs in the range of wavelengths from 1.2 to 2.4 pum. This
leads to simplified form of the formulas (1.13) and (1.14):

XM = 1.1356x 3, (1.15)

XM = 1.1808x %), (1.16)
The formulas (1.15) and (1.16) suggest that the preferred direction for the
best nonlinear optical Kerr interaction would be (111). In practice, how-
ever, the commonly available SOI substrates are perpendicular to the crys-
tal direction (001) and the waveguiding structures are fabricated mostly
along the crystal direction [110]. Orientation of the waveguide in respect
to the crystal directions is shown in figure 2.5).

1.2.2 Propagation of light in silicon waveguide

D
o ~ Nel
Dwg N
Dt \fm ‘
™~ Nsub

Figure 1.1: Silicon nano-rib waveguide cross-section used in optical simulations

To enhance the nonlinear optical effect, it is necessary to confine the light
on the small cross-section. The cross-section concerned is depicted in fig-
ure 1.1 with Dy, Dy, Dwg being areas of the cladding, the substrate (here

12
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itisjust a layer under the waveguide) and the waveguide respectively. The
total area D;o; contains all these areas. The materials have the refractive in-
dices n¢, nwg and ng, correspondingly. For the sake of further simplifica-
tion in calculations the change in P due to the propagating wave is treated
as a small perturbation. Moreover, we assume, that the linearly polarized,
quasi-monochromatic optical field maintains its polarization during prop-
agation along the medium (along the z direction). Under these conditions,
the optical field can be separated in the transverse component and the lon-
gitudinal components. Then it can be decomposed in the slowly varying
envelope and the fast oscilating term at the frequency wo [1,26]:

E = X7E(X, v, H)A (z, t) P07« (1.17)

where X is a unity polarization vector, Fg(x,y, t) is a vectorial electric
transverse field distribution of the waveguide mode, A (z, t) is the slowly
varying amplitude, and S(wo) is a mode propagation constant dependent
on the frequency wo. The slowly varying amplitude is defined so that
|A (z, )| is the average optical power. Similarly the magnetic field can
be expressed as follows [33]:

H = §.Zu(x, y, DA (z, t) P02t (1.18)

where .Zy(x,y, t) is a vectorial magnetic field distribution in the trans-
verse plane of the waveguide. The functions Zg(x,y, t) and Fu(x,y,t)
were calculated numerically with the full- vector mode solver developed
by Fallahkhair et al. in Matlab environment and described in [34]. Results
of the calculations are presented in the part considering the design of the
structure.

As the susceptibility x is a function of w, the refractive index nj reas (or its
equivalent nqs in media with the limited transverse dimensions) and 3 de-
pend on the optical frequency. Following the references [1,27] the disper-
sion in the waveguide can be accounted for by the Taylor series expansion
of the 3 around the center frequency wy as follows:

Blw) = lee;u% = Bo + Pr(w — wo) + %Bz(w —wo)’ + ... (1.19)

where:
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Bm = (ﬁ> (m=1,2,..) (1.20)

dwm

the 81 and 3, are by definition expressed as follows [1]:

B = 1 _ s _ 1 (nlreal _HU%) , (1.21)
Vg c c dw
1 d i rea dn f
Br= < (2 dlw L +w d;;al) (1.22)

where v, and ng are the group velocity and the group index respectively.
Physically v, represents the velocity of the optical pulse propagation while
B2 is a group velocity dispersion responsible for the pulse broadening. For
convenient comparison with the commonly used terms in fiber optics, fur-
ther in the thesis, the dispersion coefficient will be defined as in [1]:

podB _ 2mc,  AdNim

Tdx TN c dx

(1.23)

1.2.3 Nonlinear Schrodinger equation (NLSE) and nonlinear co-
efficient

In order to investigate the change of the amplitude A (z, t) along the wa-
veguide, the following Nonlinear Schrodinger Equation (NLSE) can be de-
rived from the wave equation (1.1) [26]:

N
0A _ Qiin Z ~(n+1) B 0" CUARA L
E = — 5 A+ ( (71) F% A+ Z’Y|A| A+ lkOAnFCDA+

n=1
Aarca BTPA | 4 12
— A — Al'A
2 2Ac ‘ ‘

(1.24)
where 3, is n-th order dispersion term and - is the nonlinear coefficient

defined as:

_ konz
At

(1.25)
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1.2. PROPAGATION OF LIGHT WAVE IN SILICON

the ko = w/c is the wave number, Anpcp and Acapca are the change of the
refractive index and the excess loss due to the presence of the free carriers
(section 1.2.4). The effective area (Acs) is described more precisely later in
the thesis (section 1.2.5). Here the CW operation is considered, away from
the zero group velocity dispersion wavelength. Additionally the frame of
reference moving at the the group velocity is used as in [1]:

T=t— Bz (1.26)
Hence the equation (1.24) can be simplified as follows:

0A _ a;,-nA .BZ 82A nlrealikOAnFCD

—=- P22 viy|APA A
0z 2 ! 2 Ot? * 17| | * Neffreal * (1.27)
_ MrealDarca ,  Brea IAPA
2Neff real 2Aeff

where Nefrear Tepresents a real part of a effective refractive index of the
waveguide.

1.2.4 Absorption and dispersion from free carriers and genera-
tion of free carriers by two photon absorption

The free electrons and holes with densities Ne and Nj, (both represented in
cm ), respectively, cause the change in the loss and refractive index. Con-
sidering wavelengths of around 1550 nm the loss change Aarca (given in
cm ™) and the refractive index change Anrcp can be calculated according
to the empirical formulas [27,29,35]:

Angcp = — (8.8 107*N. +85 - Nh°~8) x 1078 (1.28)

Aarca = (85 Ne +6.0- Np) x 107" (1.29)

In the TPA process, two photons simultaneously absorbed by silicon create
a pair of free carriers. The number of photons taking part in this interaction
is proportional to the square of power P* = |A|* and the probablity of
TPA is governed by Srpa such that the average free carrier generation [36,

]
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cm’ Brra 4
CV‘TPA |:T:| = m|A| (130)

Moreover, it is assumed that the densities of electrons and holes generated
by TPA are equal (Ne = N = N). Furthermore the recombination of free
carriers is governed by an effective carrier lifetime 7.4 (Eq. 1.31). This
quantity is defined as the time necessary for the free carriers concentration
N (in cm™®) to decrease by 1/e [38]. Then the steady state free carriers
density (dN/dt) = 0 can be expressed along the propagation direction as
N(z) = Grpa - Tes. In order to calculate the loss resulting from the TPA
induced excess FCA in CW operation, the corresponding loss coefficient is
taken:

AocpcA [Cmil] = (85 -N +6.0- N) X 10718 = OFCA * N = OFCA GTPA'Teff
(1.31)
with
orcalem?®] =145 x 1077 - (wr/w)? (1.32)

Accordingly the influence of electrons and holes on the refractive index
change was evaluated. Nevertheless, it was assumed that the impact of
the holes on the refractive index change Angcp is 5 times the influence of
electrons, such that [29]:

Angcp = — (6 .88 10—41\7) % 107 = gpep X N = opcnGreaterr (1.33)

with
orcplem’] = =53 x 1072 - (w, /w)? (1.34)

1.2.5 Effective area

In this thesis only the waveguide nonlinearity is considered, which is de-
termined by properties of c-Si material. The nonlinearity of the surround-
ing material was neglected as it is two orders of magnitude smaller and
the most of the light travels in the waveguide. In the optical calculations
performed in the thesis the nonlinear coefficient v was applied as in the
equation (1.25). To calculate «y the effective area parameter A.; must be
determined. The effective area shall be understood as the relation of the
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1.2. PROPAGATION OF LIGHT WAVE IN SILICON

power transported in the waveguide cross-section to the effective inten-
sity. The effective intensity is by definition the intensity of the plane wave
propagating in the bulk homogeneous medium with the optical properties
of the waveguide material [33]. Assuming the orthogonality of the trans-
verse mode fields the effective area can be defined as follows [33]:

2
it [ o Re L505,9) % Fialx, 307} - dxdy

Acir =
7 Tng? fwag | ZE(x, y)|* dxdy

(1.35)

where the .Zg(x,y) and Zg(x,y) are the vectorial electric and magnetic
mode profiles respectively, as given in formulas (1.17) and (1.18).

1.2.6 Self phase modulation

The optical wave, propagating through the medium, causes a change in
the index of refraction proportional to its power P and the Kerr coeffi-
cient. However, for the high powers the detrimental influence of TPA
gains importance. Therefore, by neglecting the influence of the free car-
riers Anrcp, Aarca and the dispersion 3, the equation (1.27) is simplified
to [39]:

0A _ Qlin

A caza  Prea 42
= A +irAPA |APA (1.36)

2Ac¢

where |A|* = P. Due to the Self Phase Modulation (SPM) the output power
P (Lwg) and the nonlinear phase shift ¢spy) (Lwg) take the form as in the
equations below [40,41]:

P (O) . e~ %lin ng
1+ 5P (0) Lest

YAt Brra >
Lye) = 1 1+ P(0) L,
dsemy (Lwg) Bron n < A (0) Legt

P (ng) =
(1.37)

The effective length is the length of the waveguide on which the linear loss
of the pump can be considered negligible:

_ *Ufljang
Log= L2 (1.38)

Qlin
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1.2.7 Cross phase modulation

When the two optical waves, with amplitudes A, A;, propagate in the
waveguide with Kerr nonlinearity the effect of the Cross Phase Mod-
ulation (XPM) can be observed. If A, > Aj, the contribution of the
weak wave amplitude A; to the following effects: SPM, the XPM and
the free carriers generation, can be ignored. The propagation of the
stronger wave is described as in equation (1.36), and the evolution of
the A, is [40]:

0A Qlin . 5TPA
TZP =75 Ap +W|AP|2AP |A | Ap

(1.39)
861425 _ O4111114 +1’7|Ap| A — BTPA |Ap| A,

Analogically, the analytic solution for power and phase terms was estab-
lished [40]:

Py (0) - ek

Pp (Lwg) = =5 57—
P ( g) 1+ ﬁTPA P (0) Let'f (1 40)
’YAeff ﬁTPA )
LW 1 P 0 Le
Gpoxeny (Lwg) = Brea ( Aett p O) Lo
Py (0) - e~ “inlws
Py (ng) = 1+ Brap_ (0L ’
( Far 1 0) eff) (1.41)

YAt Brra
s Lw =2 In({1+
dsoxenn (Lug) Brra ( At

P, (0) Le[f>

It is important to note that the power of the signal (P;) is inverse propor-
tional to the square of the input pump power P, (0). At the same time the
phase shift of the signal ¢sxpm) (Lwg) due to XPM (¢sxpm)) is doubled in
comparison to the phase shift of the pump (¢p(xrum)).

1.2.8 Four-wave mixing

The availability of the very fast Kerr effect enables four wave mixing on
the SOI platform and thus the possibility of a wavelength conversion,
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1.2. PROPAGATION OF LIGHT WAVE IN SILICON

parametric amplification and signal regeneration [42—45]. These nonlinear
effects arises from the third order optical nonlinearity in silicon. Propa-
gation of two strong optical pump waves and one signal wave through
the Kerr medium introduces a nondegenerate FWM, by which a fourth
wave called idler is created. The three input waves,generate nine new
waves [26]. Nevertheless, only four waves are considered since the other
eight are substantially weaker in the case of waveguides with normal dis-
persion. Therefore, the present (most general) analysis focuses only on the
interaction of the four strongest waves as shown in figure 1.2(a). In ad-
dition, two degenerate variants of FWM are analyzed in this thesis. They
are the pump degenerate variant (figure 1.2(b)) and the signal degenerate
variant(figure 1.2(c)). In the first one a single pump wave induces the
nonlinear polarization response of the medium thus creating conditions to
convert the signal to the idler wave. The signal degenerate variant appears
when two pump waves and the single signal in the middle are used, while
the signal and the idler are at the same frequency.

P (a) P (b) P (c)

R 0

Ws Wp1 Wp2 W; [ Ws Wp1 Wi ) Wp1 W5 Wp2

Figure 1.2: Four wave mixing scheme in variants: (a) nondegenerate, (b)pump
degenerate, (c) signal degenerate

For the following analysis, it is assumed that [1,29,46]:

A=AP1+Ap2+A5+A1' (142)

where the amplitude of the first strong pump wave is A1, the second
strong pump wave is Ap, the weak signal wave is As and the idler
wave(converted signal wave) is A; (|As|, |Ai| < |Api|, |Ap2|). Further, the
equation (1.42) is inserted to the equation (1.27). Next the equation (1.27)
is separated into a set of the coupled equations to describe the evolution
of each of the four waves amplitudes over the waveguide length:
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0Ap1 Qin . Brra 2 2
9y =~ 2 ARt = 5 |Ap[ +2 DY Al | Ap+

m=p2,s,i

. * iABz . A
+21’yp1Ap2AsAj€AB — <11<OAHFCD + O;FCA) Ap1

(1.43)

aApZ QJin , 5TPA 2 2

9z == 2 AP2+(1’7p27 2Aeff) |AP2| +2m=PZl“|Am| Apr+
. « —iABz . AOCFCA
+21’yp2AP1A5A1‘€ — lkoAHFCD+ 5 Apz

(1.44)

0As _ ouin . Brra 2 2

5, = As+(17372Aeff) AsP+2 > Al ) At

m=pl,p2,i (145)
. * —iABz . A
+21’ysAp1Ap2Aj e Abz _ (lkoAnFCD + o;FCA ) A

JAi _ aun , . Brra
9z = 2 At ga

) [ 1A +2 > Al | At
m=plp2s (1.46)

. * —iABz . A
+21’YiAp1Ap2Ase Abz _ (lkoAnFCD + o;FCA> Ai

In the general case of the FWM process in a silicon waveguide, all the
waves contribute to the generation of the free carriers and thus to the in-
crease of the loss coefficient Aagrca. However, the contribution of the weak
signal and the idler is neglected in the further calculations. The density of
the free carriers generated by TPA process is then simplified to [36]:

Brra Teft 2
eh=————-(P P 1.47
Ne Zhl/Aefr’z( b1+ Ppo) (147)

and allows to calculate Aarca and Angcp according to equations 1.29 and
1.28 respectively. The physics of FWM can be explained by the condi-
tions: the energy conservation and the momentum conservation (phase-
matching condition) [47]. For the FWM described by the equations (1.43-
1.46) these conditions can be expressed by the equations below:
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1.2. PROPAGATION OF LIGHT WAVE IN SILICON

Wi = Wpl + Wp2 — Ws (1.48)
AR =Bp1+Pp2—Pi —Bs =0 (1.49)
In section 3.3.6 the discussion will be limited to the pump degenerate ver-

sion of FWM, where wp1 = wp2 = wp, while the phase matching condition
and the energy conservation condition are simplified to:

AB=2Bp —Bi—Bs=0 (1.50)
Aw =wp —ws =wj — wp (1.51)
wi = 2wp — Ws (1.52)

The SPM and XPM cause the nonlinear phase shift. In the case of the single
strong pump this nonlinear phase shift must be taken into account and
haence the phase matching condition (1.50) changes into [27]:

Aky =27P, — AB (1.53)

where P, is the power of the pump in the medium and the linear phase
difference is:

AB = —B(Aw)’ — ém(Aw)“ (1.54)

where n.g is the effective refractive index. Moreover, 5, and (34 are calcu-
lated at the pump wavelength. Phase matching, required by momentum
conservation in equation (1.53) can be provided by the waveguide disper-
sion engineering. Silicon material dispersion needs compensation by the
proper waveguide dimensions design to obtain the broadband operation
and gain. As presented by Osgood et al. in [27], neglecting TPA, FCA and
agin, the formula for the conversion efficiency defined as a ratio between
output idler power P;(Luwg) to input signal Ps(0) becomes:

_ PiLug) [Py . 2
nor = Pq(o) = |:? sinh (gLWg):| ’ (155)

where
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2
g= \/ VPp8 — (%ﬂ) (1.56)

represents the parametric gain and Ly is the length of interaction in this
ideal case. If Ag = 2P, then equation (1.55) is reduced to:

oL, max = Sinhz ('Ypp ng) (157)

In [27, 48] authors used the definition of wavelength conversion band-
width when |Ak;Lwg| < 7. Under the assumption of the small gain limit
when 2vP,Ly; < , the wavelength conversion bandwidth can be ex-
pressed as:

47
ﬂZ ng

BWFWM ~ (158)

where f3; is the group velocity dispersion coefficient. These formulas give
a good estimation of the maximum possible FWM wavelength conversion
efficiency in the silicon waveguide.

1.2.9 Four wave mixing simulation model

The four wave mixing in the silicon waveguide is approximated by the
first order nonlinear Schrédinger equation (described in section 1.2.3). It
provids a good agreement to the measurement results available in the lit-
erature [27,28,42,43]. For the FWM simulations, the model introduced
by Jazayerifar and Dziallas et al. in [28,46] is used. The method matches
well with other models developed by the research groups working in the
field [27,49-51]. The nonlinear Schrédinger equation (NLSE) (equation
(1.27)) with the sum amplitude from the equation (1.42) is solved numeri-
cally using the Fourier split step method [1,26,28]. This methods relies on
the assumption that the linear and nonlinear effects can be treated sep-
arately, if sufficiently small propagation distance is taken into account.
Therefore, dividing the waveguide in small segments of the length Az,
the amplitude evolution can be approximated by:
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1.2. PROPAGATION OF LIGHT WAVE IN SILICON

A(z+ Az, t) = Az, 1) (e%Azﬁem’ e%Azﬁ) (1.59)

where the differential operators are defined by:

D=-i22% _ 1.
"2or " 2 (1.60)
<. . A
N=—iyAP - fz’*‘ |A — ikoAnpep — % (1.61)
eff

where 3, is a group velocity dispersion defined in equation (1.22), aji, is
linear loss coefficient of the waveguide. The ~ is nonlinear coefficient de-
fined as in equation (1.25), Srpa is TPA coefficient introduced in equation
(1.11). The terms Aagpca and Anpcp were calculated with the formulas
(1.31) and (1.33). The numerical simulations were performed in the Mat-
lab environment. The steps using Fast Fourier Transform (fft) and Inverse
Fast Fourier Transform (ifft) within one Az step were realized in the fol-
lowing order [28]:

. B
A (z N %AZ, t) —ifft {ffi’ (A(z, 1)) - e(/%wz_%aun)-%Az} (1.62)

A (z + %Az, t) = A(z+ %Az, t)- eI = 3o —ikolnren —3 Aarca) (1 63)

. 1 (iﬁwzfla. )-lAz
A (z + Az, t) = ifft {fft (A(z + EAZ, t)) . (e 2 2%hin )2 )} (1.64)

where the w is a vector consisting of all the frequencies taken into account
for the nonlinear propagation simulations.

The graphical interpretation of the implementation of the symetric split
step Fourier method is presented in figure 1.3. The symmetric split step
Fourier transform method was used to design structures as well as for
better understanding of the obtained measurement results and finally to
optimize waveguide structures.
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Figure 1.3: Visual representation for the sequence of calculations performed
within the symmetric split step Fourier transform method
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Numerical simulations of the SOI waveguide
for CW four wave mixing

Designing samples for the nonlinear interaction will be presented in this
chapter including different aspects of the structures optimization. This
chapter contains detailed information about the models, parameters and
properties of the materials used in the design process. It will start with
the optical properties of the applied materials, which were necessary for
the sample fabrication. Each property will be explained using an appro-
priate model. Then the linear optical properties of the waveguide such as
a linear loss and dispersion shall be introduced. The further analysis will
contain placing doped regions aside the waveguide and its consequence
for the waveguide loss. Later results of the power dependent loss simu-
lations will be presented. Moreover, the possibility of increasing recombi-
nation rate e.g. shortening the effective free carriers lifetime (7o) will be
analyzed.

2.1 Optical properties approximation of applied materials

2.1.1 Linear absorption of bulk Si

The key material feature, as regards the propagation of an optical signal is
certainly the linear absorption (known as well as a single-photon absorp-
tion [2]). The linear optical loss of c-Si has been expected to be low for the
optical wavelengths longer then 1200 nm due to its relatively high, indi-
rect energy gap Eg = 1.12 eV [35,52]. Indeed in 2013 optical absorption as
low as 2 - 10~° dB/cm was measured at 1550 nm wavelength by Degallaix
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et al. in a high resistivity c-Si substrate (impurity concentration N = 10'h)
cm~? [53]. The free carriers absorption (FCA) mechanism, researched by
Soref and Bennet in the highly doped Si substrates [35], was then con-
firmed for the samples with the low impurity concentration as well. The
formula (see equation (1.29)) developed in [35] allows to estimate the ex-
cess absorption coefficient resulting from the free carriers, knowing the im-
purity concentration N (for acceptors) and/or Np(for donors). From the

10*
108+

10% ¢

AO‘FC [dB/cm]
=X

100+
107" ¢ — AN
—ANe
10'2 L L L L
10'° 106 10" 108 10" 1020

AN [cm™®]

Figure 2.1: Loss coefficient from free carriers at 1550 nm wavelength, assuming
uniform carriers distribution

formula (1.29) one can calculate the free carriers absorption in SOI sub-

strate knowing the impurity doping concentration corresponding to the

free carriers concentration Ne and Nj. Considering commonly used SOI

substrate with the boron (B) doped top silicon layer, where the impurity

concentration is Nx = 10" e¢m 3, one shall take into account excess mate-
rial optical loss from FCA of:

dB| _ —18 2 9 -3

OFCA _dB [C;:| =434- (85 -10 cm” -9.65-10cm ™ "+

(2.1)

dB ]

6-10"8cm? - 10%ecm3) = 0.026 {7
cm
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This shows that the pure silicon loss is about three orders of magnitude
lower than the excess loss introduced by the impurity. Figure 2.1 depicts
the relation between the carrier concentration (impurity concentration)
and the excess loss. The results obtained in this short analysis and cited
references suggest, that the major fraction of the optical loss in bulk Si can
be attributed to the free carriers coming from impurities.

2.1.2 Two photon absorption and free carriers absorption in-
duced by two-photon absorption

Exposing silicon Si to the high intensity light with hc/E; < A < hc/Eg
enables an effect known as two photon absorption TPA. Two photons, that
in sum have energy higher then E;, are absorbed simultaneously by the
semiconductor material and create a free electron-hole pair. This effect
is orders of magnitude weaker then the linear absorption and therefore
becomes pronounced for the high light intensities ( e.g. in Si over 0.1 - 10°
W/cm? at A = 1550nm). The loss due to TPA and TPA induced FCA was
calculated from the corresponding formulas defined in the section 1.2.4.
The value of Brpa = 0.56- 107" cm /W was obtained from the measurement
reported later in the thesis in section 3.3.5.

2.1.3 Material dispersion of silicon, silicon nitride and silicon
oxide

Simulation of the integrated, silicon based photonic structures requires
taking into account dispersion of silicon and surrounding materials. In the
following numerical calculations, we use the relation of the real part of the
refractive index of Si versus wavelength A given by the equation [27,54]:

B B, - \?
ngi(A) = A+/\—;+/\22_)\%

2.2)

where A = g5 (A — o0) = 11.6858, A1 = 1.1071 um, B; = 0.939816 ,umz,
B, = 8.10461 - 10~2. The blue curve in figure 2.2 shows this relation, while
the red one depicts the chromatic dispersion coefficient (D) according to
the formula (1.23) [55]:

Two other materials, used in the available technology for fabrication of the
photonic integrated structures were silicon oxide (SiO,) and silicon nitride
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Figure 2.2: Refractive index ns; and material dispersion coefficient of Si versus
wavelength A.

(SisNy). Both these dielectrics influence the wave-guiding properties of
the investigated structures. Figures 2.3 and 2.4 show the refractive indices
and dispersion coefficients of these materials. The refractive index of SiO,
was calculated with the Sellmeier formula published by Malitson et al.

[56]:

Bi-X B A B3\
I‘lsjoz()\) = \/A + /\2 — )\% + )\2 — )\% + )\2 — )\% (23)

where A = 1, B; =0.6961663, B, = 0.4079426, B; = 0.8974794, A1 =
0.0684043 pm, A = 0.1162414 pm, A3 = 9.896161 pm.

For the silicon nitride (Si3sNy) the dependence of the real part of the re-
fractive index nsjzns on the wavelength was calculated with the formula
provided by Levy in [57]:

Bi-X BN B3-A2 By X\
nSj3N4()\) = \/A + + + + (24)
AN 22 2N

where A = 2.3577, B;=3.392, B,=-1.769, Bs=5 - 1075, B, = 7.0599, \;=0.169
pm, \2=0.175 im, \3=0.310 pm, X4=20.321 pm.

In the table 2.1 below the coefficients for the above described approxima-
tions are summarized.
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Figure 2.3: Refractive index nsio, and material dispersion coefficient of SiO, ver-
sus wavelength A.
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Figure 2.4: Refractive index nsjsns and material dispersion coefficient Dsizna of
Si3Ny versus wavelength .

The values reported in this section are consistent with the results obtained

in the ellipsometry measurements for the particular materials used during
fabrication of the waveguides.

2.2 Optical properties of silicon nano-rib waveguide with
lateral p-i-n diode

Several waveguide geometries were considered on the SOI platform with
the aim to provide a high light confinement, and thus enhancing the op-
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comodel | sifr,s Si0s [56] | SisNs [57]
A 11.6858 1 2.3577
B 0.939816 pm?> 0.6961663 3.392
B 8.10461 - 1073 0.4079426 -1.769
B; - 0.8974794 5.107°
By - - 7.0599
M 1.1071 pm 0.0684043 ym | 0.169 um
A2 - 0.1162414 pm | 0.175 pum
A3 - 9.896161 um | 0.310um
A - - 20.321pum

Table 2.1: Coefficients used in the approximation of the materials’ dispersion

tical Kerr effect [27,33,42,43,48,58,59]. Therefore, a sub-micron dimen-
sion stripe of silicon surrounded by low refractive index material like air
or SiO; was used to guide the light to analyze the nonlinear optical ef-
fects [48,60]. These experiments showed the detrimental influence of TPA
and TPA induced FCA, apart from the enhancement in the nonlinear coef-
ficient 7. To overcome the limitation due to the FCA the free carrier den-
sity in the wave-guiding area shall be suppressed. In order to fulfill the
requirements of small A.# and the low free carriers density it was decided
to produce the sub-micron size nano-rib waveguide assisted by the lateral
p-i-n diode [58].

2.21 Structure of the modeled waveguide

The commonly used SOI wafer consists of a silicon substrate with SiO,
with a few micrometers thickness (typically from 1 to 3 um) and a Si layer
on the top (typically 220 nm thick). The waveguide is created by forming
of a stripe pattern in the top silicon layer. Later it can be covered by an-
other material. The considered structures were covered with both SiO, and
SisNy. Before the final choice of the dimensions of the waveguide for fab-
rication with a lateral p-i-n diode, different variants of a sub-micrometer
single mode silicon rib waveguide were investigated.

Figure 2.5 depicts the general scheme of the waveguide considered for the
evaluation. Next to the waveguide p- and n-doped regions were created.
They provide connection of the bias voltage to induce an electric field in
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[170]

Figure 2.5: Silicon nano-rib waveguide with lateral p-i-n diode, schematic view
showing cladding and metal contacts

the intrinsic region of the waveguide rib (marked with i). The doping re-
gions need to be placed far enough from the waveguide not to contribute
to the propagation loss but close enough to provide sufficient bias effi-
ciency.

2.2.2 Mode of the silicon nano-rib waveguide

Using the values of the refractive indexes of Si, SiO, and SizNy(see 2.1.3),
and setting the wavelength to A=1550 nm, the mode profiles were calcu-
lated. For this purpose a full-vector finite difference mode solver is ap-
plied, as described by A.B. Fallahkhair and T.E.Murphy [34]. The mode
profiles were calculated with the simple one material cladding (see 1.1)
that was either air (nu; = 1), SiO; or SizNa.

In figure 2.6 the strongest components of the resulting quasi-TE mode
are depicted, where the major electric field component is parallel to the
x direction. These field components profiles were used to determine the
nonlinear effective area (Acs) according to the equation (1.35). Due to the
higher effective nonlinearity of the waveguide xé}fl o (equation (1.15)) for
the quasi-TE polarized wave, only the quasi-TE mode was further inves-
tigated in the present thesis. The mode profiles and the effective indexes
were used to calculate the dispersion coefficients (D) and the nonlinear
effective areas (Aef) of different waveguides.
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Figure 2.6: Results of the TE mode calculation for the quasi-TE mode in the silicon
nano-rib waveguide with top and bottom SiO; cladding.

2.2.3 Dispersion in silicon nano-rib waveguides

The analysis of dispersion in various sub-micron nano-rib waveguides
covers the C-band (1530-1565 nm) and the major part of the L-band (1565-
1625 nm) of the fiber optic telecommunication spectrum. The optical dis-
persion of the waveguide results from its core material, shape and dimen-
sions. The importance of the surrounding cladding material dispersion
grows with the decrease in the waveguide dimensions. In the nano-rib wa-
veguide also the slab region height plays an important role. The full-vector
finite difference mode solver ( see subsection 2.2.2), allowed to calculate
the waveguide dispersion dependence on its dimensions and the cover-
ing cladding materials. The waveguide with an air cladding serves as a
reference, giving the highest refractive index contrast and thus the high-
est confinement. Here neither the materials nor structures with nj e, < 1
were considered. The dispersion change is shown by plotting dispersion
coefficient (D) for different cases. The calculated dispersion may subtly
differ from the absolute real values since they do not take into account a
strain introduced by the cladding layers. However, the presented trend
correlates well with the experiments of the dispersion in Si waveguides to
be shown in the section 3.3.2.

The analysis of the Si nano-rib waveguide (figure 2.5) dispersion started
with the air cladding (n.;r = 1), examining the sole influence of the struc-
ture cross-section dimensions. At first, the effective indices nes for dif-
ferent wavelengths (\) were calculated with the mode solver, including
the models of the material dispersion presented in the section 2.1.3. Then
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using the equations (1.19)-(1.23), the values of f;, 5> and D were deter-
mined. Figures 2.7-2.10 show the influence of the waveguide width (W)
on its dispersion. Keeping the height Hy,y = 220 nm and the slab thickness
swg = 50 nm, even with the air top cladding, it can be observed that chang-
ing W,z does not lead to anomalous dispersion (D > 0 pm/(nm - m)). To
obtain the dispersion coefficient D(A = 1550 nm) = 0 in the waveguide,
with the sy = 50 nm and H,z = 220 nm, would require W, = 550 nm.
For the anomalous dispersion to occur, the waveguide height (Hywg) needs
to increase (figure 2.11). The other of parameters that can be adjusted is
the slab thickness (swg). Its impact on D is depicted in figure 2.12. In
order to obtain the anomalous dispersion in the nano-rib waveguide, a
certain balance between the waveguide slab and the rib height needs to
be maintained. Examined variation suggests that, obtaining the anoma-
lous dispersion around 1550 nm wavelength in the Si nano-rib waveguide
with air cladding is possible for the ribs higher than 220 nm or for the slab
thinner than 50 nm.

Next, a Si3Ny material is considered, as a top cladding of the waveguide.
Depositing a layer of the silicon nitride pushes the dispersion further to-
wards normal regime at the wavelengths around 1550 nm. This effect
is depicted in figure 2.13. Although obtaining anomalous dispersion in
Si nano-waveguide up to Hwg = 400 nm height is possible with SizN,
cladding, as demonstrated by Osgood et al. in [27], it would require the
slab height sw; ~ 0. The latter is, however, inconvenient since the slab is
needed as a sink for electrons and holes. Therefore, if the Si3Ny cladding
is used in the production, it shall be removed from the guiding area. With
a subtle modification of the fabrication process the SizN4 layer can be sub-
stituted by silicon dioxide (S5iOz). The figures 2.14 visualize the result of
the cladding change.

The dispersion coefficient shifted towards positive values for the wave-
guide width of 500 nm, rib heights over 300 nm and slab heights below
100 nm. The SiO; cladding allows more freedom in design of the wave-
guides for the optical nonlinear interaction.

From the analysis presented in this section it can be concluded that the
covering material should have a refractive index as low as possible. In or-
der to realize the active removal of electrons and holes from the nonlinear
waveguide, the cladding is necessary. This aspect will be discussed later
in the section 2.4. Since the SiO; cladding permits anomalous dispersion,
and thus broadband operation, it shall be used instead of SizNy4 layer on

33



CHAPTER 2. NUMERICAL SIMULATIONS OF THE SOI
WAVEGUIDE FOR CW FOUR WAVE MIXING

2.7[
+ng=450nm
5 260 +ng=500nm
'8 W +ng=550nm
= oul——W._ =600nm
W L S wg
£ 25 W =650nm
= wg
[
c
2.4
1.5 1.55 1.6 1.65

Wavelength [1:m]

Figure 2.7: Effective index neg versus A,
(Air-cladded waveguide *)

0.8
s +ng=450nm
S —=W_ =500nm
2 0.6 w9
1SS ——W_ =550nm
w wg
= —s—W_ =600nm
= 04 wg
£ W, =650nm
o
8 v

202
« bo

15 1.55 1.6 1.65

Wavelength [p:m]

Figure 2.9: Second order dispersion (3,

versus A, (Air-cladded waveguide *)

x108
1.4
+ng=450nm
% 138 +ng=500nm
€ +ng=550nm
o —e—W, _=600nm
= 1.36 o
= W_ =650nm
£ 200060 00600660 wg
L,
o 1.34 poccccccceccocesecse
1.5 1.55 1.6 1.65

Wavelength [1m]

Figure 2.8: First order dispersion ]
versus A, (Air-cladded waveguide *)

T 8 +ng=450nm
'é —=— W, =500nm
E - +ng=550nm
%_0'3 +ng=600ﬂm
€ ngzesonm
=-0.4

2

—=-0.5

o

-0.6 -
1.5 1.55 1.6 1.65

Wavelength [1:m]

Figure 2.10: D versus A, (Air-cladded
waveguide )

* quantities calculated for quasi TE-mode in the waveguide with dimensions
Hyg = 220 nm, swg = 50 nm and various Wyg.

the waveguide.

2.2.4 Linear loss sources in a nano-rib waveguide with lateral

p-i-n diode

Linear and nonlinear absorption mechanisms in the bulk Si material was
already discussed in subsections 1.2.4 and 2.1.1. However, in the real sub-
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Figure 2.13: Quasi-TE mode dispersion coefficient at 1550 nm wavelength versus
slab height for different waveguide rib heights and W=500nm with SizNj cladding

micron waveguide as depicted in figure 2.5, the other sources of loss need
to be taken into account as well. The loss can result from scattering cen-
ters introduced by material imperfection or ion implantation. Moreover,
the fabrication process can introduce the surface roughness on the top
and sidewalls of the rib waveguide. In the waveguide with a lateral p-
i-n diode special attention needs to be given to the absorption coming
from the doped regions placed on the side of the waveguide. Too close
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Figure 2.14: Quasi-TE mode dispersion coefficient D at 1550 nm wavelength
versus slab height s for different H, and W=500nm with SiO; cladding

placed doped regions overlap with the waveguide mode and thus lead
to excessive absorption. To quantify this effect, the simulations with the
commercially available JCMwave mode solver were performed by Ben-
jamin Wohlfeil. The software was chosen due to higher flexibility and
clarity in the definition of the custom waveguide structures than the one
used in subsection 2.2.2. The slab thickness (swg), waveguide width (W)
and height (Hwg) were set to 50 nm, 500 nm and 220 nm respectively.
The p- and n-doped regions separated by a distance w; were placed sym-
metrically (figure 2.5) on each side of the waveguide. The separations w;
from 0.6 to 2.4 um were analyzed for the equal doping concentrations
(Ne = N = N) in the range from 3 - 10V to 10® em~3. The calcula-
tions were performed for the wavelength A = 1550nm. The free carrier
loss in the doping regions was calculated as described in 2.1.1, and was
used to determine the complex refractive indices of the doped regions.
The latter were inserted in the structure definition. The values inserted
into the JCM Wave software, allowed calculation of the complex effective
refractive index (nes) of the waveguide with a given profile. The software
used finite-element method to solve Maxwell’s equations for the defined
cross-section of the waveguide. The excess loss coefficient caused by both
doping regions was extracted using the following relation:

4
Acipin = 7” - Im (Defr) (2.5)

The aim was to avoid additional loss due to p- and n-doped regions. Si-
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multaneously the lateral p-i-n diode, under reverse bias, shall provide
an efficient carrier removal from the waveguide area.

3 7
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Figure 2.15: Excess loss from doping regions Aowpin for a waveguide with SiO,
cladding and Wy = 500 nm, Hyg = 220 nm (a) dependent on N and w;
with swg = 50 nm and (b) dependent on slab thickness(s) with various N and
wi =12 um

Figure 2.15(a) present the dependence of the excess loss from the doping
regions (Aapin) Versus the doped ions concentration (IN) and the distance
between the doping regions (w;). It was observed that, in the case of the
small doping e.g N ~ 10" cm™3, even the separation w; = 1 pm would
only subtly contribute to the waveguide loss. Results show that lowering
doping concentration allows for the closer placing of the doped areas in
respect to the rib. At the same time the dependence of the loss on the slab
height was examined. Figure 2.15(b) presents the calculations performed
for the waveguide height Hyg = 220 nm and width Wy, = 500 nm. The
increase in the slab height sy, causes a change in the mode field. Hence,
the overlap between propagating mode and the doped regions rises, and
thus the excess loss Aapin increases. The strength of this effect however
depends on the doping concentration.

2.2.,5 Simulation of power dependent loss in silicon nano-rib
waveguides

As was already introduced in the subsection 1.2.4, the high intensity
light-wave with the wavelength around the 1550 nm, propagating in
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a silicon waveguide, induces the free carriers generation via TPA phe-
nomenon. The average density of free carriers in the waveguide cross-
section can be calculated then with the equation (1.30) [29]. The change
in the optical power P along the waveguide propagation direction z, due
to TPA and TPA induced FCA can be described using the following for-
mula [29]:

dP(z)

G = —om - P~ G0

Acr

P?(2) — DAapcaP(2) (2.6)

where aj;, is the linear loss coefficient, Brpa is the TPA coefficient, Aarca
is expressed as in equation (1.31).

Numerical calculations were performed to investigate the sole influence
of linear loss, TPA and TPA induced FCA. The calculations considered the
waveguide height H,,; = 220 nm, width W,,; = 500 nm and slab thickness
Swg =50 nm (A = 0.1 um?). The TPA coefficient Brps Was assumed to
be 5.6 - 107"%m /W in all the calculations. The value of Brps is the result
of the measurement referred to in subsection 3.3.5). The calculations were
performed applying the method introduced in subsection 1.2.9, consider-
ing the single wave propagating through the waveguide with the input
power P(0).

Here the total insertion loss of the waveguide is defined as:

IL [dB] =10 - Iogio <P12£0) ) ) (2.7)
wg

were the optical power P is given in Watts. At first (figure 2.16), the im-
pact of TPA (7. = Ops, blue curve) on IL was investigated. Then TPA
induced FCA with 7. up to 3 ns was examined as a function of the input
power (P (0)). The free carrier lifetime 7.4, as short as 50 ps with the in-
put power P (0) = 30 dBm causes substantial loss increase. At this input
power the 3 ns free carrier lifetime results for this power in over 10 dB
excess loss. The 7. of 3 ns is commonly assumed for the case of the sub-
micron silicon waveguides without a lateral p-i-n diode. The high TPA
induced FCA could have been a reason to consider different material plat-
forms or a pulsed operation with the low repetition rate to benefit from
nonlinear optical effects.

Secondly the impact of the linear loss on IL was examined. Here the power
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higher then 4 W (36 dBm) incoupled to the waveguide was not consid-
ered, since the optical intensity damage threshold of the silicon material
Liamage =1 — 4GW/ cm? [25]. With the effective area Aeg ~ 107° cm? the
intensity reaches 4 GW/cm? in the waveguide core. Figure 2.17 depicts
the impact of the different values of the linear loss coefficient aj, on the
insertion loss in the 4 cm long sample. Lower increase in the nonlinear loss
from TPA and FCA, results from the high linear attenuation of the pump.
The impact of both carrier lifetime and TPA on IL is depicted in figure2.18
for & = 0dB/cm and two waveguide lengths 1 and 4 cm. This picture
shows the insertion loss generated by only TPA as well as by both FCA
and TPA mechanisms.

Figure 2.19 presents the evolution of the IL along the waveguide for the
different input power levels (P(0)). The increase of the input power causes
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the increase of the generation rate. When the input power is high enough
to generate the free carriers faster than they can be removed from the guid-
ing area, the accumulation of the free carriers starts, thus increasing IL.
Therefore in the next section an optimization of the p-i-n diode scheme,
to sweep out the free carriers from the waveguide area will be performed.
The model presented in this section was used later to fit the experimental
data in the subsection 3.3.5.

2.3 Simulations of CW four wave mixing in SOI wave-
guide

Using the software described in section 1.2.9 the simulations of the continuous-
wave (CW) four wave mixing (FWM) in the waveguides were performed.

In this section the discussion is limited to the pump degenerated FWM ef-
fect (see figures 2.21 and 2.20). In figure 2.20 the typical spectrum obtained
from the simulation tool was plotted. Figure 2.21 presents the waveguide
and spectra before and after conversion.

—Output P(O)
20 i -- Input ’

0 i
e MoL
nu_;;
-20

4%%40 1541 1542 1543 1544 1545
Wavelength [nm]

Power [dBm]

Figure 2.20: Input and output spec-  Figure 2.21: Scheme of nri determina-
trum with the nor. and nrr. tion.

For the clarity of the description and discussion of the results, two defi-
nitions of FWM wavelength conversion efficiency need to be introduced.
Both of them are widely used in the literature describing FWM interaction
in the silicon waveguide [27,29,49,61].

The first definition is given by the formula (also in 1.2.8):
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Pi (Lug)

P. (0) @8)

oL =

where the output power of the idler P; (Lyg) is compared to the input
signal power P (0). This conversion efficiency definition is widely used
in theoretical analysis and incorporates the loss and gain properties of the
medium [27,29]. However, for the sake of measurements some authors
used the more convenient approach [42,62]:

o = L 2.9)

where P; (Lyg) and Ps (Lwg) are signal and the idler at the output of the
measured sample. The formula (2.9) simplifies the necessary measurement
setup and introduces less uncertainty in the evaluation of the results. Mea-
suring and comparing signal and idler powers at the output allows for a
straightforward determination of the conversion efficiency as shown in
figure 2.21. The method to calculate nrr was plotted in figure 2.21. For the
purpose of replication of the signal guided at one wavelength it is enough
to know the ratio between the signal and the idler at the output. However,
if the four wave mixing gain properties shall be evaluated, the noy shall
be applied. The other quantity used to evaluate the strength of the FWM
effect is the nonlinear signal transmission which will be referred to as the
gain, defined as follows:

Px (Lug)
G P.(0) (2.10)
In general the wavelength conversion efficiency depends on the following
factors: pump power, waveguide dispersion, linear and nonlinear loss.
The results presented below were obtained for the waveguide dimensions
Wyg = 500 nm, Hyg = 220 nm and swg = 50 nm (Aeff =0.1 ,umz). In this
analysis, the value of the material dispersion coefficient D = —1.6ps/nm -
m is used. This coincides with the results in the figure 2.13. The lin-
ear loss of 1 dB/cm was taken into account. The TPA coefficient Brpa =
5.6-107'° cm/W as in section 3.3.5. Below the effect of the pump power
on the conversion efficiency was evaluated. The pump and signal wave-
lengths were fixed at 1552.5 nm and 1550 nm respectively, thus detuning
0\ = 2.5 nm. The input pump power P, (0) was scanned in the range from
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10 to 30 dBm and the dispersion coefficient D = —2 ps/nm-m. These
wavelengths of pump and signal disable the positive gain or the conver-

sion efficiency nor. On the other hand ;. can reach very high values as
was confirmed experimentally in [61].
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Figure 2.22: Conversion efficiency nor ~ Figure 2.23: Conversion efficiency nrr
versus Pp(0) for various carrier life- versus Pp(0) for various carrier life-
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Figure 2.24: Gain G versus Pp(0) for ~ Figure 2.25: G, mor and mnrp versus
various carrier lifetimes Teg Py (0) for carrier lifetime Te=20ps

In figures 2.22-2.25 the conversion efficiency 7oz, 7. and the gain G are
presented as a function of the input power P,(0). The values were calcu-
lated for the linear loss coefficient aji, = 1 dB/cm and waveguide length
of 4 cm. The first three figures represent simulations of each single quan-
tity for free carrier lifetimes 7o of 0, 20, 200 and 2000 ps. The fourth one
depicts nor, nrr and G for the effective carrier lifetime 7o = 20 ps.

Below in this section the prospective of enhancing the CW FWM wave-
length conversion at 1550 nm wavelength is discussed. During the propa-
gation of the light the nonlinear phase change can be compensated by an
anomalous dispersion of the waveguide. This compensation results in the
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FWM gain (G) at the wavelength detuned from the pump wavelength by
a few nano-meters. With the increase of the waveguide length the peaks
of gain are positioned closer to the pump wavelength. Following the in-
troduction in 1.2.8 the CW FWM model (see 1.2.9) is used to draw the per-
spective of increasing of both the wavelength conversion efficiency and
the gain.
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Figure 2.26: Gain versus wavelength for anomalous(solid) and normal(dashed)
dispersion of 1ps/nm - m for free carriers effective lifetime of Ter = 60ps and
linear loss o = 0.5dB /cm, Lyg = 4.48 cm, Aeir = 0.1 um?.(Input power P, (0)
in dBm)

As shown in section 3.3.2, extending the waveguide rib height to 400 nm
and using the silicon oxide cladding, results in the anomalous disper-
sion of D = 1ps/(nm-m). Provided that the linear loss & = 1 dB/cm
can be maintained or lowered to 0.5 dB, the gain can be positive. In the
present analysis, the CW FWM was simulated considering the nonlin-
ear parameter v = 280 1/[(W - m)] and TPA coefficient Srpa = 0.56 -
10~ [m/W]. From this simulation it can be concluded that the positive
gain is achieved only in the case of the anomalous dispersion. Figure 2.26
illustrates how the change of the dispersion from normal to anomalous
affects the gain.

Figure 2.27 presents the gain versus the wavelength of the signal for the
pump wavelength 1551.6 nm. With realistic assumptions (e.g. in,,81ra)
a gain of around 8 dB may be obtained. Taking into account the possi-
ble reduction in the coupling loss of the grating coupler to 1 dB/coupler
as in [63], the silicon waveguide may perform an external gain up to
6 dB.
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Figure 2.27: Gain versus wavelength at different pump power Py (0) and the two
waveguide lengths 2.25 (dashed)and 4.48 cm (solid), oujn = 0.5dB/cm, Ter =
60ps.
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Figure 2.28: Gain versus wavelength for free carriers effective lifetime Teg of 60
and 130 ps and linear loss of 0.5 and 1dB/cm.

Additionally, the CW FWM gain varies with the waveguide loss coefficient
agin and the effective free carrier lifetime (7.¢). In this analysis, two real-
istic values of 7.4 and three values of o, were considered. These values
were obtained by fitting the measured wavelength conversion efficiency
reported later in section 3.3.5. Figure 2.28 presents the change in the gain
of the 4.48 cm long waveguide with the varying loss coefficient aj;, and
the free carrier lifetime 7.¢.
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2.4 Reduction of free carrier lifetime

Many research groups examined the optical nonlinear effects around
1550 nm wavelength in silicon waveguides and faced the problem of
accumulating carriers in the waveguide [22,29,37,48,64,65]. Accumulated
carriers provoke the increase of the insertion loss (see 1.2.4), and detrimen-
taly influence the efficiency of the nonlinear optical effects. Two concepts
were developed to prevent the free electrons and holes from staying in the
waveguide region. In the first concept the free carrier lifetime in the wave-
guide region decreases due to the implantation of different ions that serve
as recombination centers. The results obtained with the implantation of
helium He ions by Liu and Tsang [66], demonstrated a decrease of the
effective carriers lifetime (7.¢) from 100 ns to 1.9 ns with an increase of the
linear loss (~ 0.3dB/cm) due to the limited implant dose of 10'?cm 2. The
rib waveguide used in the experiment was 4 ym wide with an effective
area of 6.2 um>. Experiments with smaller waveguides and other ions,
e.g. gold (Au) [67], Ar [68], O [69,70] or Si [71], usually led to a higher
increase of loss due to doping. Decreasing the effective free carrier lifetime
with these techniques and thus diminishing FCA, increased substantially
the propagation loss due to the scattering from imperfections caused by
implanted ions. This severe decrease in transmission through the doped
waveguides made the devices in most of the cases inefficient and hence
another solution had to be found.

Wog
p—

5.

Figure 2.29: Schematic view of the silicon rib waveguide used gold doping exper-
iment.

Part of this research project was Au doping of the waveguide with the
width Wy = 1.5 um, height Hyg = 1.5 pum and the slab height sy =
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0.7 pm. For this purpose the commercially available Au spin-on-dopant
was used. After spinning of the Au spin-on-dopant layer on top of the
sample, the samples have been heated up to 800°C in the diffusion oven to
promote diffusion of the Au ions into silicon. Four temperatures (500°C,
600°C, 700°C and 800°C) and two different diffusion times (10 minutes
at 500°C, 700°C and 20 minutes at 800°C) were applied. Experiment-
ing with parameters mentioned above it was expected to achieve differ-
ent concentrations of gold in the silicon guiding layer. It must be noticed
that gold saturating solubility levels are strongly dependent on the diffu-
sion temperature. Figure 2.30 shows the results of the experiment. There
is a clear disadvantage coming from the additional scattering loss (Aain)
even though the carrier lifetime 7.4+ decreased five times. Following these
results, the possibility of an improvement in the loss figure was examined.
Since no better value of the loss was obtained. the carrier lifetime modifi-
cation by Au.
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Figure 2.30: Excess linear loss Ao and effective free carrier lifetime Teg in the
1.5 um Au doped silicon rib waveguide versus diffusion temperature.

The active carrier removal was proposed as a solution, as it does not imply
an increase of the loss while decreasing the carrier lifetime. In this method
a reverse biased lateral p-i-n diode placed along the waveguide removes
free carriers from the waveguide region. This solution was proposed by
Rong et al. [64,72,73], who constructed the first all-silicon Raman laser,
and demonstrated the most efficient four wave mixing observed in silcon
rib waveguides until that time. Later Turner-Foster et al. proved exper-
imentally that the effective carrier lifetime as short as 12 ps in a silicon
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nano-rib waveguide can be obtained [38]. At the same time the electrical
simulations were made within this research and the design rules for non-
linear p-i-n assisted nano-rib waveguide were published [74]. The method
will be described in the section 2.5.

2.5 Electric simulations of free carrier lifetime in wave-
guide with lateral p-i-n diode

In this section the well-established electronic device modeling techniques
are used to analyze the free carrier lifetime reduction in the waveguide
structures with a lateral p-i-n diode. The analysis covers the dependence
of the carrier lifetime on the waveguide geometry, the intrinsic region
width and the carrier screening effects. Some of the material discussed
in this section was already presented in [74]. A vital part of the study
were the carriers lifetime simulations in the waveguide structure with the
commercially available Sentaurus Workbench software developed for the
electronic device modeling [75]. The electronic device modeling using a
commercial software was already applied to free carrier lifetime studies
in p-i-n waveguide structures [36]. In a prior work, however, the authors
focused their research on larger silicon waveguides (above 0.5um silicon
thickness) and obtained the free carrier lifetimes for the smallest structure
in the order of hundreds of picoseconds. In [36], the smallest considered
separation between doping regions was w; = 2.25 um. The dependence of
the free carrier lifetime on the sole etch depth of the rib was not taken into
account. The following section shows how the rib etch depth influences
the performance of nano-rib waveguides. In [64] the authors confirmed
experimentally the effectiveness of the p-i-n structures for the reduction
of the free carrier lifetime in silicon waveguides and demonstrated a CW
Raman laser on a SOI platform. Later, the free carrier lifetime in a smaller
nano-rib waveguide (Hyg = 295 nm, Wy, = 660 nm, swg = 40 nm) was
studied experimentally and published by Turner-Foster et al. [38], result-
ing in 7.4 = 12ps. Other work focused on the modeling of the longitudinal
carrier transport [76].

This analysis is based on the two-dimensional simulations of the trans-
verse carrier transport in the waveguide with lateral p-i-n diode. A nu-
merical finite element method for carrier recombination and transport in
silicon was used to obtain the free carriers density (N, Nj,) and velocity
(Ve,vn) across the waveguide cross-section. Since the software is multi-
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Figure 2.32: Bias connection scheme
for p-i-n assisted waveguide and free
carriers generation profile

Figure 2.31: Scheme of the waveguide
with marked doping regions

purpose, containing a big number of implemented electrical models and
numerical algorithms, the models recommended by the user guide were
included in the calculations of the free carriers transport and diffusion [75].
The default values of the material parameters were provided by the simu-
lation platform and used in the present analysis. Single photon absorption
model incorporated in the software was used to simulate the free carri-
ers generation in the waveguide region, since the TPA was not available in
the software. Hence it was possible to definine the generation profile in the
waveguide region. The generation of the carriers by single photon absorp-
tion was set to be equal to the expected from TPA in the real structure Grpa
(equation(1.30)) [36,37]. However, instead of the real mode profile (figure
2.6), the Gaussian distribution of the carriers generation was used with the
comparable size (see figure 2.32. The eliptical Gaussian and the mode pro-
file were matched to have the same full-width at half maximum in either
width and height. When the reverse bias voltage is applied to the p-i-n
structure, the carrier transport mechanism dominates over recombination
and diffusion mechanisms [36]. Electron and hole velocities obtained in
the simulations were used to calculate the effective carrier lifetime accord-
ing to the formula [36]:

Wwg (1 1
Teff = Tg (V— + V—h) (2.11)

where W, is the waveguide width, and v, v; are the velocity of electrons
and holes respectively. For the calculation of free carrier absorption the
equation (1.29) was used. The above stated approximations may result in
a deviation from the real situation. Nevertheless, the free carrier lifetimes
obtained this way match to the order of magnitude of the experimental
results reported by Turner-Foster et al. [38]. On the other hand in the de-
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sign procedure it was more important to define trends than to establish
accurate absolute values of the effective free carrier lifetime.

This research concerns the waveguide (figure 2.31) with the fixed width
(Wwg) and height (Hwg). Three slab height values (swg) were examined
to quantify its impact on the carrier lifetime (7e¢). The different values of
the doping regions separation (w;) and reverse bias voltage (Upi,s) Were
also checked. The chosen optical power (P) range was between the value
where the considerable TPA starts and the middle of the optical damage
threshold reported in the table 1.2. The summary of the electrical simula-
tions parameters is given in the table 2.2.

Parameter Value Unit
Waveguide width Wy, 500 nm
Waveguide height Hyg 220 nm

Waveguide slab height sy, 50,100,150 nm
Doping regions separation w; | 1.0to 2.4 pm

Bias voltage Upias -35to0 0 A\
Optical power P 71033 dBm
Wavelength A 1550 nm

Table 2.2: Values of input parameters used in the electric simulations of the carrier
density and transport by Sentaurus Device software [75]

In the first simulations the electric field distribution in the waveguide
cross-section was examined with the carriers generation corresponding
to the low light power (P = 5mW) and without reverse bias voltage
(Upias = 0V). Two slab heights (swg) of 50 and 150 nm were consid-
ered.

Results are presented in figure 2.33(a). Clearly higher electrons velocity
(ve) was obtained for the slab height sy, = 150 nm. It can be attributed
to the better penetration of the waveguide rib by the applied electric field
(Epbias). The effect of applying 25 V reverse bias voltage (Upi.s) to both
structures is visualized in Figure 2.33(b). Under the low power conditions
the carriers velocity saturated at vs, in both structures. When increasing
the optical power to 1 W, we observed a drop of the electrons velocity in
the waveguide region (figure 2.34). The reason for this is the screening of
the electric field by free carriers accumulated in the waveguide rib. In the
waveguide with s,z = 150 nm the effect is less pronounced.

The further analysis focused on the influence of the applied reverse bias
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Figure 2.33: Electron drift velocity across the waveguides crossection for slab
heights swg of 50 nm and 150 nm.(a) P=5mW, Upjss=0V (b) P=5mW, Upjas=-
25V

voltage on the electrons velocity (ve). The 7ot and Aarca were chosen as
measures of the free carriers sweep efficiency. Two types of waveguides
were considered: with the lateral p-i-n diode and without (simple wave-
guide). The waveguide with the lateral p-i-n diode was examined with
different levels of the reverse bias voltage. Figures 2.35 and 2.36 show the
advantage of using the lateral diode. The simple waveguide, had the fol-
lowing dimensions Wy, = 500nm, Hyg = 220 nm and sy = 50 nm. This
waveguide was compared to the waveguide with the same dimensions
and the lateral p-i-n diode with w; = 1.2 um. The black line (figure 2.35)
represents the dependence of Aarca on the incoupled optical power(P) in
the waveguide without p-i-n diode. A significant growth of the Aarca is
observed already at P = 21dBm.

The built-in electric field (red line, 0V bias) introduced solely by the dop-
ing regions sweeps the free carriers away. Therefore, the Aarca-rise shifts
towards 25 dBm. However, above this power the free carriers generated
by TPA accumulate and screen the electric field. In a sub-micrometer pho-
tonic wire waveguide, FCA appears for even lower power level, thus low-
ering the FWM wavelength conversion efficiency at CW operation [48].
The reverse biased p-i-n diode lateral to the waveguide can push the car-
rier screening limit towards the power beyond 30dBm(green line) (Figure
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Figure 2.34: Electron drift velocity decrease, due to carriers screening, across the
waveguide crossection for slab heights swg of 50 nm(left) and 150 nm(right),
power P =1 W and bias Upjas = =25 V.
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2.36). Nonetheless, the reverse Uy, is limited by the breakdown voltage
as expressed below:

Vip = &Bp - Wi (2.12)

where &p = 2.5 10°V /cm is the breakdown field of silicon and w; is the
width of the intrinsic region [24]. The breakdown voltage of the structures
analyzed in this work varies from 20 V to 40 V. The shortest carrier life-
time shown in figure 2.36 results from the maximum drift velocity of free
carriers v (for both electrons and holes the same [24]) and can be esti-
mated from:
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1 Ww

—. ~3.107 12 21
2 3-107"%s (2.13)

Teff,min =

where ver = 10°cm /s and W, is the waveguide width. Next, it was ex-
amined how the distance between doping regions w; impacts on the free
carriers removal efficiency. Therefore, the waveguide with the dimensions:
Wy = 500 nm, Hyg = 220 nm, swg = 50 nm was analyzed. The simula-
tions were conducted for three values of w; (1.0 um, 1.2 yum and 2.4 pm)
and the applied bias voltage of 0 V and —20 V.
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Figure 2.38: Free carrier lifetime Te
versus optical power P for w; of 1.0,
1.2 and 2.4 pm and Upiys of 0 and
—-20V.

Figure 2.37: Aarca versus optical
power P for w; of 1.0, 1.2, 2.4 pm and
bias voltage of 0 and —20 V.

For Upias = —20 V and closely placed doping regions (e.q. w; = 1.0 and
1.2 pm) at the power P = 30 dBm it was observed that Aapca decreased
by almost two orders of magnitude compared to the case with Upjps =0 V.
The doping regions separation of 2.4 pm even with the reverse biased
junction also became inefficient.

Further it was simulated how the slab height (sw,) influences the 7.4 and
Aagpca. The parameters concerned were as follows: w;=1.2 um and three
values of syg: 50, 100 and 150 nm. The figures 2.39 and 2.40 show the
results. In the linear mode (bottom dashed lines) there is no significant in-
fluence of the slab height, since the number of generated carriers is small.
The P=1 W generates substantially more carriers. The thinner the slab,
the higher muct be the the reverse bias voltage, in order to remove the free
carriers from the waveguide region. At the Upjss=—30 V there is an indi-
cation of Aarca increase. This effect can be attributed to the fact that, the
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The shallow etch waveguide would be the preferred choice, to achieve
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an efficient carriers sweeping from the waveguide region. It enables the
efficient free carrier removal at high optical powers. However, this wa-
veguide exhibits high normal dispersion as presented in the section 2.2.3,
that results in the very narrow FWM bandwidth. Although absolute val-
ues extracted from the CW measurement reported further in this thesis
3.3.5 differ by one up to two orders of magnitude from the presented here.
This may be caused by the samples imperfections e.g. lower then expected
voltage in the waveguide in the realized structures. Eventually the addi-
tional effects that were not taken into account in the simulations occurred
in the real samples. Although the absolute values of 7.4 may be underesti-
mated, the trends obtained with this method led to the optimization of the
nonlinear waveguide with lateral p-i-n diode.

From the simulation results discussed in chapter 2 it is clear, that a compro-
mise needs to be found between a demand for the anomalous dispersion
and the free carriers sweeping efficiency (7o < 10 ps). The first requires
high (Huwg > 220 nm) and deeply etched waveguide (swg = 50 nm) while
the latter would promote use of the shallow etching (swg ~ 150 nm).
The shallow etching proved also to be an ideal method to keep the wa-
veguide loss very low [52]. This would help in reaching gain, provided
that the anomalous dispersion was obtained. However the shallow etch-
ing of the waveguide determines the high normal dispersion. The broad-
band and highly efficient wavelength conversion (see equations (1.56) and
(1.58)) can be obtained only if the anomalous dispersion regime is pro-
vided. Moreover, the efficient wavelength conversion and the gain can be
obtained only if the linear loss is suppressed (auin < 1dB/cm). It is also
worth mentioning that the cross-section of the waveguide is considerably
smaller then the fiber core. An efficient incoupling scheme must also be
ensured to avoid the loss at the interface fiber-to-waveguide. This issue
will be addressed in the section 3.2.
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The integration of the p-i-n lateral diode along the nano-rib waveguide is
beneficial for the nonlinear optical applications. This was discussed in sec-
tions 1.2.4, 1.2.8 and 2.5. The electrical simulations presented in section 2.5
proved that the smaller the separation is between the doping areas w; the
more efficient is removal of free carriers i.e. the lower the loss from the TPA
induced FCA. In this chapter the fabrication process of the samples is in-
troduced. It is described which challenges stand still on the way towards
the realization of a silicon nano-rib waveguide for the FWM process. In
section 3.1 the design process of the samples shall be presented. Later in
the section 3.2 the fabrication process will be discussed, emphasizing the
challenges in the production and some potential improvements that can
be applied in the future. In section 3.3 the results of the characterization
of the waveguides will be presented. Firstly, the electrical and optoelec-
trical characteristics of the waveguide with p-i-n diode will be measured
in section 3.3.1. The description of the dispersion measurement will be
presented in section 3.3.2. In section 3.3.3 the linear optical characteris-
tics will be determined. The measurement of the dependence of the linear
optical loss on the applied bias voltage will be described in section 3.3.4.
Moreover, it will shown how the p-i-n diode influence the propagation of
the light in the waveguide. Later in section 3.3.5 the measurement of the
power dependent loss originating from TPA and TPA induced FCA will
be reported. The CW four wave mixing measurements are described in
section 3.3.6. In section 3.3.7 the phase sensitive amplification (PSA) for
the wavelengths around 1550 nm will be demonstrated.
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3.1 Samples design

Designing a waveguide for the nonlinear applications, one shall take into
account the constraints of the material platform as well as the available
technology.

[170]

Figure 3.1: Schematic view of silicon nano-rib waveguide with lateral p-i-n diode,
showing bottom SiO», cladding, metal contacts and metal paths at the top of the
structure.

It is recalled that the focus of this research is to verify, whether it is pos-
sible to obtain a substantial enhancement of the CW FWM wavelength
conversion efficiency nrr in the SOI waveguide around the 1550nm wa-
velength. For this purpose it was decided in the design process that the
samples must contain several nano-rib silicon waveguide with and with-
out the lateral p-i-n diode. At first, the height of the rib was set by the
commonly available SOI wafers to 220 nm. As already discussed in section
2.2.3 the waveguide with this height does not show the anomalous disper-
sion, which is normally required to obtain the FWM gain. Nevertheless,
from earlier experiments it was supposed that such design could be effec-
tive and a low linear loss coefficient could be achieved (ay, ~ 1dB/cm).
An effective area of 0.1um? (see 1.2.5) was achieved by setting the wa-
veguide rib width (W) and slab thickness (swg) to 500 nm and 50 nm
respectively. The slab thickness of 50 nm was chosen to obtain the high
confinement and the sufficient electrical contact for an active removal of
free carriers. The waveguides were designed to fit to the process flow for
photonic integrated circuits available at the time at the pilot line of IHP.
The layout design contained two waveguide types. First one was the pas-
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sive waveguides without p-i-n junction carrier removal. The second type
contained p (boron) and n (arsenic) doping regions on the sides with dop-
ing concentrations of Na = 510”7 cm™® and Np = 3 - 10'® cm > respec-
tively. These concentrations were required by the other structures realized
on the same wafer. The other structures are irrelevant for this thesis. Nev-
ertheless, the doping concentrations were suitable also for the free carrier
removal scheme. In order to provide a good electrical contact within the p
and n regions, the highly doped regions were created (N4 = Np = 10%).
Next the cobalt silicide was formed on top of the highly doped areas. The
cobalt silicide regions were electrically connected with the metal lines and
pads via tungsten plugs distributed along them. The designed mask con-
sist of the waveguides without doping regions on the side with lengths Ly
of: 1.52 ¢cm, 1.9 cm, 2.37 cm, 2.87 cm, 4.74 cm. The lengths of the wave-
guides with lateral p-i-n diode were Lyg 1.7 cm, 2.25 cm and 4.48 cm. The
dimensions of the waveguides are summarized in the Table 3.1.

Waveguide Length (L) wi Wy  Hug
type [em] [nm] [nam] [nm]

no p-i-n 1.52,1.9,2.37,2.87,4.74 - 500 220
p-i-n 1.7,2.25,4.48 12 500 220

Table 3.1: Dimensions of the designed waveguides

The design of the p-i-n waveguides must take into account different and
sometimes contradictory requirements. On the one hand the electrical
scheme should be efficient (low 7.4 for a relatively low reverse Upj,s). This
requires a relatively high slab (see section 2.5). On the other hand for the
enhancement of the FWM the anomalous dispersion is necessary and thus
low slab height would be of advantage (see section 2.2.3. Therefore a com-
promising solution had to be found. To fulfill these requirements several
optical and electrical simulations were performed. The simulations per-
formed in section 2.5 suggests that the smaller the distance between dop-
ing regions (w;) the better. How the separation of the doping regions in-
fluences the propagation loss was discussed in section 2.2.4. As result the
minimum possible width of the intrinsic waveguide region was defined
(wi = 1.2 um).
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3.2 Fabrication process

In this section firstly the design and then the manufacturing will be dis-
cussed.

3.2.1 Process design

In this research project the waveguides were fabricated on the 8” silicon-
on-insulator wafer with 220 nm thick top layer with the crystal orientation
[100] (see figure 3.1). The substrate silicon wafer which is 750 um thick is
separated from the top silicon layer by 2 um SiO, layer. The waveguides
were produced along the crystal direction [110]. Apart from the wave-
guide itself structures serving as an interface between the optical fiber and
the waveguide had to be produced. For this purpose the grating couplers
were chosen [77]. Two lithography tools were applied: the Deep Ultra Vio-
let (DUV) scanner and the i-line stepper. The DUV scanner with the wave-
length of 248 nm served to produce the small size structures with low di-
mension tolerance, in particular the waveguides and the grating couplers
(Grating Coupler (GRC))). Less critical areas (e.g. doping regions) were
patterned using the i-line lithography tool with the wavelength 365 nm.
In addition, the etching of the silicon, silicon oxide and nitride layers was
realized with the Inductively Coupled Plasma (ICP) dry etch tools. The
doping areas were created via boron and arsenic ion implantation. The
contacts were fabricated by the deposition and patterning of oxides and
metals. Several adjustments are required in the fabrication process for the
low loss waveguides with sufficient efficiency of the light coupling. The
waveguide lithography was a part of the process which needed an adjust-
ment in the first place. The waveguide roughness needed to be lowered
to minimum. The first step towards this aim was a proper patterning of
the photo-resist (proper setting of the optics and the exposure times in the
DUV lithography tool) to avoid the roughness of the exposed photo-resist.
Next, the dry etching recipes were adjusted (plasma power, acceleration
voltage, gases pressure, temperature, etc.) in the ICP etching tool. This was
necessary to minimize the roughness of the sidewalls of the waveguide,
thus ensuring low optical loss. It must be noted that the realization of the
low loss deep etched waveguides is a key task to obtain the high efficiency
broadband FWM on SOI platform. For the purpose of this research project
the conservative design of the grating coupler was used, with the simu-
lated coupling efficiency of 3 dB. Although the more efficient grating cou-
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pler could be produced, the conservative one proved to be less sensitive
to small changes in the dimensions. For the reliability purpose the coupler
with the high tolerance for the dimension deviation and lower coupling
efficiency was implemented in the design [77]. It needs to be noted that
the grating coupler dimensions determine the coupling efficiency as well
as the wavelengths that can be coupled to the waveguide.

gr A o %5
=t \\ f— “m
dr— IHGRC '

Figure 3.2: Side cross-section scheme of ~ Figure 3.3: SEM picture of the stan-
the fiber grating coupler dard fiber grating coupler

In Figure 3.2 the main parameters defining spectral characteristics and the
coupling efficiency of GRC were presented. In this research project the
height (Hgrc) of the grating coupler ridge and waveguide height (Hwg)
were kept equal. The widths of the grating coupler groove (g) and ridge(r)
were optimized in the lithography exposure step to reach g = r = 315 nm
each. The depth of the grating groove (d) was tuned in dry etching step
to 70 nm. The dry etching step, however, also needed to be tuned to avoid
the excessive roughness and the change in the dimensions of the grating
coupler’s features. The manufactured grating coupler is shown in Figure
3.3. The coupling efficiency of the grating coupler with these dimensions
was expected to reach about —3 dB. The p and n regions were implanted
symmetrically on the sides of the waveguide rib with the separation w; =
1.2 pm. The rest of the technology process was taken from the standard
front end of the line BICMOS realization, which is described later. Figure
3.4 shows the procedure of the wafers processing.
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Figure 3.4: Fabrication procedure of samples

3.2.2 Manufacturing

The manufacturing process was performed at thelHP GmbH pilot line in
Frankfurt(Oder). As the first step in fabrication, the wafers were cleaned
and the alignment marks were patterned and etched. In the following
steps the grating couplers and the waveguides were formed by Deep ul-
tra violet (DUV) 248 nm wavelength photo-lithography and ICP dry etch-
ing. In the next steps each waveguide was covered and the window in
the slab on the side of the waveguide was opened for doping. Boron (B)
and arsenic (As) ions were implanted to create p- and n-doped regions re-
spectively. Both regions were separated by 350 nm from the edge of the
waveguide rib yielding w; = 1.2um. Within the low dose doping regions
the target concentration levels for implanted ions were set for boron to
510" cm ™ and for arsenic 3 - 10"® cm . Further from the waveguide
rib highly concentrated doping regions were placed to create the low resis-
tance contact with the metal pads. On the n-doped side arsenic (As) was
implanted with the concentration of 10*” cm . For p-doped area the same
concentration of B was used. After that cobalt silicide was introduced in
the windows on the highly doped stripes that created conducting interface
to the contact vias. Then the layer of oxide were deposited on the wafers.
In the following step small holes for contact plugs were etched through
the oxide to the silicided areas. They were filled with a metal compound,
planarized to the level of oxide to be covered with a metal layer. In the
last step the metal layer was placed and patterned. As a result the metal
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pads at the top of the sample had a sufficient contact with the buried p-i-n
diode lateral to the waveguide.

Figure 3.5: SEM cross-section of the  Figyre 3.6: SEM cross-section with
waveguide with covering dielectric lay-  contact pads

ers

Figure 3.5 depicts the cross-section of the realized SOI nano-rib waveguide
made with the scanning electron microscope (SEM). The dielectric layers of
100 nm thick SiO; and 90 nm thick SizNy4 can be observed. They can sub-
stantially influence dispersion properties of the nano-rib waveguide (as
shown in section 2.2.3). As it was already calculated and plotted in Figure
2.13, the nitride cladding promotes normal dispersion in the small silicon
nano-rib waveguides with the rib height of 220 nm. Figure 3.6 shows the
waveguide cross-section with the contact vias. Placed on both sides of the
waveguide they connect the slab level with the metal stripes above. The
metal lines are combined with the bigger metal pads. Consequently, by
applying the bias voltage, the free carriers were swept away from the wa-
veguide rib.

Potential improvements could be obtained by reduction of the roughness
of the waveguide sidewalls and optimization of the waveguide geome-
try. A well controlled process for realization of the electrical contacts can
enhance the carrier removal efficiency.

3.3 Characterization of fabricated nonlinear waveguides

This section presents electrical and optical measurements of the fabricated
samples. The measurement setups are described followed by the results.
Firstly, the electrical and opto-eletctrical characteristics of the p-i-n diode
are measured (section 3.3.1). Dispersion measurements examine the pos-
sibility to obtain anomalous dispersion in the nano-rib waveguides with
the lateral p-i-n diode(section 3.3.2). In section 3.3.3 the characteristics of

61



CHAPTER 3. DESIGN, FABRICATION AND CHARACTERIZATION
OF SAMPLES

the linear optical loss versus wavelength are determined. Later, it is ver-
ified if the change in the linear optical loss varies with the change in the
bias voltage applied to the p-i-n diode lateral to the waveguide (section
3.3.4). This provides an additional analysis of the influence of the lateral
p-i-n diode on the wave propagation in the waveguide. The measurement
of the power dependent loss originating from the two-photon absorption
TPA and TPA induced free-carriers absorption FCA is reported in section
3.3.5. Moreover, the CW four wave mixing measurements are described in
section 3.3.6. In section 3.3.7 it was examined if it is possible to obtain the
phase sensitive amplification in the silicon nano-rib waveguide with the
lateral p-i-n diode around 1550 nm wavelength.

3.3.1 Electrical and opto-electrical characterization of wave-
guide based p-i-n diode

In this section the electrical and opto-electrical measurement of the current-
voltage (I-V) characteristics of the p-i-n waveguide diode are presented.
The electrical measurements provide values of the dark current level for
the reverse bias up to 25 V. The opto-electrical measurements confirm the
presence of the free carriers generated by the TPA (as given in eq. 1.30) as
well as the enhancement of the current by the applied voltage.

25 -
Uy,
-5 bias
1076 1.7cm 20F o ov
10 —2.25¢m sl o tov
= 10 —4.48 cm - -15v
< 108 b -18V
.00 E 10}
1070 T st
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Figure 3.7: Electrical characteristics. Figure 3.8: Opto-electrical character-

Dark current (14) versus bias voltage istics for different bias voltage. Diode

(Uias) for the waveguide lengths Ly current Ipin versus incoupled pump

0f 1.7 cm,2.25 cmand 448 cm . power Py(0) for Lwg = 4.48 cm, exper-
imental data (symbols) and quadratic

fit(lines) [78].
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The results were obtained using an electrical wafer probe station available
at the IHP. Scanning the bias voltage in the range from -25 to 1V, the dark
current Iy of the diode was recorded. Figure 3.7 depicts the measured
characteristics for the p-i-n diodes with lengths Ly, of 1.7 cm, 2.25 cm
and 4.48 cm. It was observed that the dark current (I) increased with the
increase of the waveguide’s length from 1.7 cm to 4.48 cm. The highest
value of I for the reverse bias Upj,s = —25 V did not exceed Iy = 20 nA.
This test provided also an information about the quality of the electrical
contact while the diode was biased in the forward direction. Figure 3.8
depicts the characteristics of the current as function of the optical power
incoupled to the waveguide P,(0). The quadratic behavior of the current
(Ipin) confirms the dominant influence of the TPA generated carriers, as
reported in [79].

3.3.2 Dispersion

A Mach-Zehnder Interferometer (MZI) structure was fabricated with a
0.5 mm long delay line in one arm. It was constructed on the same sam-
ples as the waveguides with the lateral p-i-n junction. The purpose of
this structure was to characterize the dispersion of the waveguides. Wa-
veguides with rib heights (Hyg) of 220 nm, 300 nm and 400 nm were
manufactured. The slab height (swg) for the lowest waveguide was 50 nm
and for the other two equal 80 nm. Two improvements were introduced.
Firstly, the height of the waveguide’s rib was increased to 400 nm, in or-
der to obtain an anomalous dispersion. The second improvement was
that in the case of the waveguides which were 300 nm and 400 nm high,
the Si3sNy was substituted by SiO; in the area close to the waveguide rib.
The measurements were performed using the setup depicted in the fig-
ure 3.11. The wavelength of the light incoupled to one input of the MZI
was scanned in the range from 1510 nm to 1610 nm. Moreover, the output
power was recorded at a single output in order to find the minima of the
optical transmission characteristic. As result the free-spectral range was
determined.

Figure 3.9(b) depicts the AXpsg values extracted from the spectral char-
acteristics (figure 3.9(a)) as a function of the wavelength A. The relation
between free-spectral range AArsg and the group index ny is:

AZ

AMpsg - AL (1)

ng(A) =

63



CHAPTER 3. DESIGN, FABRICATION AND CHARACTERIZATION
OF SAMPLES

1
wg=220nm 1.3 swg=E;0 W+ng=220nm
N = * o =
] ng 300nm T 1o M»— 9 ng_220nm
= H,,,=400nm E T e —-H__=300nm
Q g o« % ¥ wg
}:‘ E 11 s =80 nm —H =300nm
] = wg "o
< H =400nm
1 wa
H_ =400nm
wg
0 0.9 ‘
1520 1540 1560 1580 1600 1550 1600 1650
A [nm] A[nm]
(a) (b)

Figure 3.9: Measured transmission spectra (a) and extracted values (points with
dashed lines) of AXpsg with linear fit(solid lines) (b) for MZI with delay line
length AL = 0.5 mm based on silicon nano-rib waveguide with rib heights Hy,g=
220, 300 and 400 nm.

where ) is the central wavelength. The first order dispersion 31, second
order dispersion 3, and dispersion coefficient D were calculated using the
equations (1.21-1.23)

2
41
c 0 ‘\swg= 80 nm
- —H_ =220nm -
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Figure 3.10: (a) Group index ng and (b) dispersion coefficient D, for silicon nano-
rib waveguide with rib heights Hyg of 220 nm, 300 nm and 400 nm, obtained
from measurements.

Figure 3.10 presents the obtained experimental values of ng and D. The
normal material dispersion was successfully compensated with the en-
hancement of the waveguide rib height and substitution of the silicon ni-
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tride cladding with oxide. Figure 3.10 presents a substantial change of the
total dispersion versus wavelength.

The obtained values match those presented as a result of the theoretical re-
search in figure 2.14. As expected, the positive value around D=1 ps/nm -
m was obtained for A = 1550nm when the Hy,; = 400 nm and s,z = 80 nm.
The subtle deviation of the measured D from the expected one may orig-
inate from the difference between the simulated and the real dimensions
of the waveguide rib and the refractive indices of the cladding materi-
als.

3.3.3 Linear loss

A virtual cutback loss measurement method was used to determine the
waveguide loss. It relies on the transmission measurement of the wave-
guides with different lengths. The waveguides were placed on one sam-
ple close to each other. The same quality of the coupling from the fiber
to the waveguides was assumed. The method delivers the average loss
coefficient of the waveguides with the uncertainty from tenth to few dB
per cm [47]. The high uncertainty in the determined loss values arises
from the uncertainty in the fiber-waveguide-fiber coupling and the possi-
ble deviation between the waveguide structures. The measurements were
realized in the scheme depicted in figure 3.11. The (Tunable Laser Source
(TLS)) scanned the wavelength from 1520 nm to 1600 nm. The light po-
larization was optimized with the fiber polarization controller (Fiber Po-
larization Controller (FPC)) for the best incoupling to the Device Under
Test (DUT). The grating couplers as designed allow the coupling of the TE
polarized light. Standard single mode (SMF-8) fiber pigtails, which were
placed on the nano-positioning stages, served the purpose of coupling of
the light to the DUT via the fiber grating couplers. The output power was
measured with the calibrated optical power meter (PWM). The Peltier ele-
ment driven by the Temperature Controller (TEC) enabled the stabilization
of the temperature. The scanning of the reverse bias voltage (DC) was per-
formed, during the measurement of the waveguides with p-i-n junctions.
Further the linear loss coefficient of the waveguide with and without the
lateral p-i-n junction was determined. At the same time the fiber grating
coupler spectral response was measured. Figure 3.12 depicts typical trans-
mission measurement results of p-i-n waveguides. The 1dB bandwidth of
the grating coupler was 15 nm. In Figure 3.13 the procedure of the propa-
gation and coupling loss determination is shown. First the maxima of the
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transmission curves are plotted corresponding to the length of the wave-
guides. Then the linear fit procedure was conducted. The slope of the line
represents a loss of 2.5 dB/cm and 1.8 dB/cm for the waveguides with (at
Ubias = 0V) and without p-i-n junction respectively. The crossing with the
vertical axis (T) at -6.0 dB corresponds to the coupling loss of both in- and
out-coupling grating (3.0 dB/coupler). The higher loss of the p-i-n doped
waveguide shall be explained in more detail in section 3.3.4

PWM

Figure 3.11: Scheme of the linear loss measurement setup with temperature con-
trol and bias voltage supply
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Figure 3.12: Transmission (fiber-chip-  Figure 3.13: Transmission (fiber-chip-
fiber) spectrum of the wavequides with  fiber) of waveguides with p-i-n (sub-
lateral p-i-n junction and without dif- script pin) and without (subscript
ferent lengths Lyg. Wuwg=500 nm, nopin) versus length L.
Hyg=220nm, s,,=50 nm. No voltage

applied.

3.3.4 Linear loss dependence on bias voltage in p-i-n wave-
guides

The measurements described in section 3.3.3 were followed by the tests of
the linear loss dependence on the reverse bias voltage Upi,s. In the wave-
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guide rib region the concentration of the minority free carriers nominally
amounts to 10°cm 2. It was estimated from the resistivity values pro-
vided by the manufacturer of the wafers, and should be negligible for the
waveguide’s propagation loss (see section 2.1.1). Hence, the bulk linear
loss shall not change substantially with the reverse voltage applied to the
p and n regions. A change in the transmission with the reverse bias volt-
age can be caused by two effects. The excess loss can be introduced by
p and n doped regions, if they overlap with the mode of the propagating
wave, as already described in section 2.2. The second reason of the loss in-
crease could be an inappropriate waveguide surface passivation. Thus the
free carriers accumulate at the Si/SiO» interface, which was reported by
Alloati et al. in [80]. The authors discovered that the free carriers at the wa-
veguide surface introduced excess propagation loss as high as 1.8 dB/cm.
In this thesis the result of the characterization of the optical loss of the
waveguides versus the bias voltage of the p-i-n diode did not definitely
determine the origin of the carriers. However, with the increase of the
reverse bias voltage the transmission loss decreased.

—no pin -8

-10 —O0V pin
= S |—10Vpin /
5—12/_/\—20V pin @‘10 ‘ ‘
3_14//\_\730\/ pin - /,
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Figure 3.14: Transmission (fiber-chip- ~ Figure 3.15: Transmission (fiber-chip-

fiber) spectrum for different Vs for  fiber) vs reverse bias voltage for 1.7,

L=4.48 cm. 2.25 and 4.48 cm long p-i-n nano-rib
waveguides at A = 1555 nm.

Figure 3.14 presents the change in the transmission of the 4.48 cm long
waveguide. The transmission was measured over the wavelength range
1530-1570 nm. The lowest values of the transmission on this sample (dif-
ferent sample than measured in fig. 3.12) were observed for the waveguide
without the p-i-n junction. The transmission was higher in the waveguide
with the p-i-n junction, even without the contact to the voltage ("open pin”
curve in figure 3.14). The transmission is increasing with the increase of
the reverse bias voltage up to 20 V. Above 20 V almost no change was ob-
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served. With the 20 V reverse bias voltage all the carriers are swept away
from the waveguide rib region. With the increase to 30 V there is no change
in the loss. Figure 3.15 presents the evolution of the loss with the changing
bias voltage at the wavelength of 1550 nm for the three lengths of wave-
guides. The linear loss values obtained with the cutback method were de-
creased from 1.8 dB/cm to 0.8 dB/cm with the applied voltage of 20 V. The
results obtained with the virtual cutback method were verified by the mea-
surement with the optical frequency domain reflectometer (OFDR) ( model
OBR 5T-50, commercial product of Luna Inc.) [81,82]. The results obtained
by the two methods prove to be consistent with each other. The Optical
Frequency Domain Reflectometry (OFDR) measurement determines the
loss coefficient independently of the incoupling efficiency, provided that
there is at least -125 dBm back-scattered light amplitude from the end of
the measured structure. The biggest advantage of this method over the vir-
tual cutback method is that the loss is measured for the single particular
waveguide.

Reverse bias:
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Figure 3.16: OFDR measurements on the 4.48cm long waveguide for different
bias voltage. Wyg=500 nm, Hyg=220nm, s,=50 nm.

Figure 3.16 confirms the previously determined decrease of the loss coef-
ficient by more than 1 dB. This would suggest the average carriers con-
centration in the waveguide area of N = 3 - 10 em~3. Applying the
reverse bias voltage Upias = 40 V to the structure did not indicate any
breakdown effects and provided the lowest loss for the measured p-i-n
waveguide.
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3.3.5 Power dependent loss due to TPA and FCA

The power dependent loss in a silicon waveguide at the wavelength
around 1550 nm originates from the two photon absorption (TPA) and
the TPA induced free carrier absorption (FCA). Both absorption mech-
anisms have the detrimental impact on the nonlinear optical effects in a
silicon waveguide. Therefore, their influence needs to be tested, quantified
and minimized. The impact of the FCA effect can be treated as negligible
until a certain power level. The results reported later in this section show
these limits.

The experimental results discussed later leading to the determination of
the Srpa were provided by Edgar Krune (TUB). To quantify the TPA high
peak power optical pulses were incoupled to the shallow etched wave-
guides with the length L,z =1 cm, 3 cm and 6 cm. The waveguide width
was Wy, = 700 nm, the height equals H,,; = 220 nm and the slab thick-
ness amounted to swg = 150 nm. The effective area A4 = 0.14 umz, cal-
culated with the JCMWave software, and the measured linear loss oy, =
0.88 dB/cm, were used in the calculations. Here the methodology applied
to the measurement and the result evaluation followed the methodology
of Claps et al. [83]. It was assured that the conditions were similar to those
used by Claps et al. (e.g. pulses not longer than 1 ps, low repetition rate
and optical intensity). To determine the TPA coefficient (8rpa) the follow-
ing formula was used (as in equation (1.37)):

Ppeak (0) . ( Brra L )
p _ ,%inLwg eff
————_=¢ 1+ P ear (0 3.2
Ppeak(LWg) Aeff b k( ) ( )
hence:
ClActf —an
Brea = _71L f{ff@ linLwg (3.3)

where A represents the effective nonlinear area as defined in section 1.2.5
and Leg = ((1 — exp(—auin Lwg))/auin) is the effective length. The coefficient
c1 is the slope of the curve Ppeax(0)/P peak (Lwg) versus P(0)peax, plotted in
figure 3.18. The linear loss coefficient o, was measured in this case by the
virtual cutback method, and Ly is the physical waveguide length.

The measurement setup depicted in figure 3.17 was used to determine the
TPA coefficient Srpa. During the measurement the pulse of 80 fs was gen-
erated by a mode-locked laser with the repetition rate of 100 MHz. The
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MLL
100MHz

Figure 3.17: Measurement setup used to determine Brpa with the mode locked
pulsed pump laser.

pulse was attenuated by the Variable Optical Attenuator (VOA) and prop-
agates in 99% through the 20 dB splitter. Furthermore the polarization
of the signal was adjusted with the FPC to obtain the optimal incoupling
to the waveguide. The pulse incoupled to the waveguide, broadened to
130 fs due to the limited bandwidth of fiber grating couplers. Propagating
through the waveguide, the pulse induced the TPA effect and P(Lwg) was
outcoupled to the power meter PWM2. The temperature of the sample
was stabilized at 25°C with the Peltier element driven by the tempera-
ture controller (TEC). The input power (P(0)) was monitored by the power
meter PWMI1.
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Figure 3.18: Resulting inverse transmission versus input pump peak power
(points). The Brpa from the linear fitting of the data according to formula 3.3.
Waveguide without p-i-n diode.

The ratio of the pulse peak power at the input Ppeax(0) and the output
Ppeax(Lwg) are plotted in figure 3.18 as a function of Ppe.(0). When
fitting the experimentally determined points with the line, the coeffi-
cient ¢1 [1/W] was determined for each of the three waveguide lengths,
with the formula 3.3. The fBrpa for all three waveguides amounts to
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(5.6 +1.0)- 107 em/W.

Moreover, it was determined how the power dependent loss of the wave-
guide with the lateral p-i-n diode in the CW mode varies with the change
of the incoupled power and the reverse bias voltage. The effective car-
rier lifetime (7.¢) was estimated applying the model presented in subsec-
tion 2.2.5 and in [37,38]. The following parameters were used for cal-
culations: the effective nonlinear area A.¢ = O.lpm2 (waveguide with
Wy = 500 nm, Hyg = 220 nm, swg = 50 nm), w; = 1.2 um ), frpa =
5.6-107"° c¢m/W. The coupling efficiency and the waveguide loss of the
sample were characterized with the virtual cutback method. The incou-
pling efficiencies were 4.2 dB/coupler and 3.6 dB/coupler, for 2.25 cm
and 4.48 cm long waveguides respectively. The linear waveguide loss
coefficient, determined without the applied bias voltage, totaled oy, =
2.3 dB/cm for both waveguides. In the following chapter this sample is
referred to as sample 3.
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= * 0V exp = 10 * 0V exp

@ 10 —fit,7_=270ps 2 —fit,7_=330ps
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5 _fit,reff=60ps 5 _fit,reff=140ps
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P(0) [dBm] P(0) [dBm]

(a) Waveguide length Lyg = 2.25 cm. (b) Waveguide length Lyg = 4.48 cm.

Figure 3.19: Continuous wave (CW) output power P(Lyg) versus input power
P(0). Fitting of the model developed in section 1.2.9 to the experimental data.

Figure 3.19 depicts the dependence of the output power on the input
power (at the beginning of the waveguide). It was observed that the lin-
ear loss decreases with the increase of the reverse bias voltage applied to
the sample. Moreover, the increase in the reverse bias voltage results in a
lower saturation of the P(L.) for the higher values of P(0). The vertical
shift of the characteristics with the increase of the reverse bias voltage
(Ubias) originates from the presence of the free carriers in the waveguide
area (as discussed in section 3.3.4). The free carriers are not related to
the TPA and contribute to the linear loss of the waveguide. An electric
field, introduced by the bias voltage, sweeps out the carriers, and thus
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Figure 3.20: Insertion loss (IL) versus input power P(0) (after grating coupler).
Fitting of the developed model in section 1.2.9 to the experimental data.

lowers the waveguide loss. For the higher input power P(0), TPA and
TPA induced FCA cause a power depletion. For 0 V bias voltage the
power depletion results in the saturation of the output power P(Lyyg) at
10 dBm in the shorter waveguide (Lwg = 2.25 cm). In the longer wave-
guide (Lwg = 4.48 cm) the inflection can be observed. For both wave-
guides the carrier lifetime is similar in the case of the junction built-in
field (0 V). However, the input power versus insertion loss characteristic
for the 4.48 cm long waveguide suffers more from the carrier screening
at about 28 dBm. Increasing voltage, as expected, caused the free carrier
lifetime shortening and thus the FCA decrease. Both are depicted in figure
3.20.

When comparing values of 7.¢ = 12 ps as published in [38] and obtained
within this work 7. = 130 ps a few differences shall be mentioned. In [38]
the authors describe the pulsed pump experiment with a pulse length of
9.1 ps, repetition rate of 38 MHz and an average power of 0.5 mW (peak
power 2.9 W). The free carriers screening was avoided by using the low
average power. In the case of the high power CW operation the accumu-
lated free carriers screen the electric field (induced by the applied voltage
Ubias) and thus the effective free carrier lifetime in the waveguide 7o in-
creases. This is clearly visible on the characteristic at the 0 V bias voltage
in figure 3.19(b), that for the high P(0) the P(L.) is not only saturated but
even decreases. There is no clear explanation about the origin of this high
difference. It may result from the imperfections in the biasing structures,
which would be suggested by an increase in the lifetime with the length of
the waveguide. There may be other reasons, that were not taken into ac-
count in the simulations. The CW measurement results presented in this
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section were obtained from only two waveguides, due to the complexity of
the setup and the limited time for the basic characterization. Therefore no
systematic analysis based on a large number of measurements on many
samples was possible. Nevertheless, the results are a good base for the
calculations and the discussion about the particular samples in the follow-
ing sections. The detrimental effect of the free carriers screening can be
moved towards higher input power levels by the use of the waveguides
with the thicker slab (see figure 2.41, 2.42). However, in these waveguides
the bandwidth of the FWM wavelength conversion is limited by the nor-
mal dispersion (as shown in figure 2.14). There is a discrepancy between
the 7.4 determined in the electrical simulations and resulting from the fit-
ting curves of the optical measurement of samples. It may origin from the
fact that the influence of the structure’s length on the bias and the changes
in the waveguide along the structure (tapering waveguide from grating
coupler to the waveguide) were not taken into account there. It shall be
noticed that no direct (pump-probe) measurement of the free carrier life-
time was performed in this work.

3.3.6 Continuous-wave four-wave mixing experiments

This subsection describes in detail the results obtained from the measure-
ments of the CW pump degenerated four wave mixing (FWM) wavelength
conversion efficiency for the wavelengths around 1550 nm(as shown in
figure 1.2(b) and 2.20). For convenience these figures are repeated in this
section.
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Figure 3.21: Input and output spec- Figure 3.22: Scheme of nr1 determina-
trum with the nor and nrr. tion

Part of the results were already published in [43,58, 61]. By default the
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beginning of the waveguide is defined in the position 0 and the end of
the waveguide in the position Ly, as depicted in figure 3.22. This is the
case unless the contrary is explicitly mentioned. Furthermore, the depen-
dence of the wavelength conversion on the following factors was exam-
ined:

o the waveguide length Ly,

o the presence of the lateral p-i-n diode,

o the detuning of the signal from the pump wavelength (A)),
e the reverse bias voltage applied (Upias),

e and the incoupled pump power at the beginning of the waveguide
(Pp(0))-

For this purpose two setups were built and several experiments were per-
formed. Three samples were fabricated in the same production process.
They had the same design and were constructed on the same type of SOI
wafer. These samples were used in the experiments. It must be noted that
the samples are not identical. There may be differences in their properties
such as: waveguide loss, incoupling efficiency and the maximum reverse
bias voltage. These differences may originate from the deviation in the
fabrication process steps. In the first experiment session the samples 1
and 2 were used. The sample 3 was subject to the second measurement
session. Samples 1 and 3 originate from the same wafer, whereas the sam-
ple 2 comes from the another wafer. Each sample contains waveguides
with and without lateral p-i-n junction. The first results were obtained by
measuring the waveguides with and without the lateral p-i-n junction on
sample 1. Some of the grating couplers experienced a spot burning when
exposed to the high intensity laser beam (10° W /cm?). Therefore, for the
next measurements sample 2 was used. The problem of the spot burning
appeared firstly, due to a short, high power pulses generated by an Erbium
Doped Fiber Amplifier (EDFA) during the electrical tuning of the output
power. The other reason was dust or defects laying over or on the top of
the grating coupler area.

The setup of the first measurement is presented in figure 3.23. Two tunable
laser sources (TLS) were used. The first TLS emitted the signal light and
was connected to one arm of the Fiber Optic Coupler (CPL)1. The light
from the second TLS was amplified by EDFA (marked as pump laser in
figure 3.23). The power of the pump was tuned with the mechanical vari-
able optical attenuator (VOA). The pump laser was attached to the second
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Figure 3.23: Scheme of the first setup for CW FWM measurement in Si wave-
guides. Realized in cooperation with Fraunhofer HHI in Berlin

arm of the CPL1. The polarization of both the pump and the signal waves
was optimized, using fiber optic polarization controller (FPC), in order to
obtain quasi-TE mode and thus maximal incoupling through the grating
coupler. The fiber coupler CPL1 combined the 10 dB attenuated signal
and the 1 dB attenuated pump power in the arm guiding to the DUT in-
put. In the second arm of the fiber coupler CPL1 combined were the 10 dB
attenuated pump power and the signal power decreased by 1 dB. Then
the pump and the signal power were further attenuated by the 20 dB at-
tenuator (ATT 20 dB) and were detected by the power meter PWM1. The
output spectrum was attenuated by 10 dB (coupler CPL4) and further by
3 dB (coupler CPL5) and then delivered to the Optical Spectrum Analyzer
(OSA) and the power meter PWM2. The high transmission output of the
CPL4 was connected to the optical termination(OT). It must be underlined,
that the setup did not allow to record neither the input signal power nor
the input spectra. Therefore, the conversion efficiency 7o (as defined in
section 2.3) could not be reliably determined from the measured results.
This measurement setup was used for the very first characterization of the
degenerated CW FWM in the silicon waveguides. Firstly, the wavelength
conversion was measured in waveguides without junction 1.5 cm, 1.9 cm
and 4.74 cm long waveguides, and in p-i-n diode assisted waveguides
with lengths 1.7 cm, 2.25 ¢m and 4.48 cm. The pump and signal wave-
lengths were set to A, = 1552.5;nm and As = 1550; nm respectively. Then
the influence of the reverse bias voltage (Upiss) on the wavelength conver-
sion efficiency nrr (as described in section 2.3) was measured. In the last
experiment of the first measurement session, the wavelength of the signal
wave was detuned from the ), in the range from 1 nm to 11 nm, for the
three pump wavelengths (\,) of 1542 nm, 1552.5 nm and 1562 nm.

Figure 3.24 depicts the change of the output power of the pump P,(Lwg),
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Figure 3.24: Output power of pump, signal and idler for two waveguides: wave-
guide without p-i-n junction and length of 1.7 cm(solid, no pin) and waveguide
with the 0 'V reverse biased lateral p-i-n diode and length 1.52 cm (dashed, with
pin).
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Figure 3.25: Conversion efficiency nrr versus Py (0) for four waveguides: two
waveguides without the p-i-n junction and the lengths of 1.52 cm (circles) and
of 4.74 cm(triangles); two waveguides with the 0 V biased p-i-n diode and the
lengths of 1.7 cm(diamonds) and 4.48 cm(squares).

signal Ps(Lwg) and idler P;(Lwg) in two waveguides. The first one is the
1.52 cm long waveguide without p-i-n junction (referred to as no pin). The
second is the 1.7 cm long waveguide with the p-i-n diode (marked as pin).
To the second waveguide the 0 V bias voltage was applied from the power
supply. An increase in the pump power above 12 dBm, incoupled to the
first waveguide, resulted in the rising nonlinear loss, and thus in the de-
pletion of the pump (P,) and the signal power Ps. The measured output
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idler power (P;) remained constant. The electric field induced solely by
the p-i-n junction caused the shift of the saturation point of the output
pump. For this waveguide the output pump power saturated at the in-
put pump power P,(0) = 21.5 dBm. Figure 3.25 shows the wavelength
conversion efficiency 7.., as a function of the input power, for the doped
waveguide(with p-i-n junction) and undoped waveguides (without p-i-n
junction). Over 10 dB enhancement in 7,1, can be observed, resulting only
from the presence of the lateral p-i-n diode, for the similar waveguides
lengths. The change of the waveguide length (L) does not influence the
conversion efficiency, which indicates that the effective length L.y of the
waveguide is shorter or equals 1.52 cm.
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Figure 3.26: Conversion efficiency .~ Figure 3.27: Conversion efficiency ni.
for Lwg ofl.7 cm, 225 cm and for three pump wavelengths versus sig-
448 cm, Py(0) = 26dBm, A\, = nal detuning AX. Py(0) = 26 dBm,
1552.5nm, \s = 1550nm Liwg =4.48 cm, Upjs =30 V.

Figure 3.26 presents the measurement results of nr; at the incoupled pump
power P,(0) = 26dBm, the wavelength of the pump A, = 1552.5nm and of
the signal As = 1550nm. The increased conversion efficiency was noticed
in this case. For the longest waveguide of Ly = 4.48 cm the saturation of
nrr takes place at the bias voltage Upi,s = —20 V. This effect can be related
to the fact that the maximum possible carriers velocity was obtained and
thus the loss was minimized (see the saturation of the carrier lifetime at
—30 V in figure 2.39).

Figure 3.27 shows how the conversion efficiency n;; varies with the detun-
ing between the pump wavelength and the signal wavelength A\(hereinafter
“detuning’) for three different pump wavelengths. The highest value of the
nrr = —0.7 dB was observed at the pump wavelength A\, = 1542 nm when
the detuning AX = 3 nm. This is to date the highest value of 7 re-
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ported in the silicon waveguides for the wavelengths around 1550 nm.
The conversion efficiency values nrr of 2.5 and 3.3 dB were obtained for
the remaining pump wavelengths of 1552 and 1562 nm, respectively. The
conversion efficiency spectrum is symmetric with respect to the pump wa-
velength. Therefore, only the detuning towards longer wavelengths was
measured. In these measurements it was determined that the 3 dB band-
width of the conversion efficiency amounted to 12 nm. This is confirmed
later in this section.

0 0
10
=20 9 _Ubias= ov
g l:j -20 - 'Ubias= SV
U, =10V
-40 bias
30 U, =20V
1as
1545 1550 1555 1560 10 20 30
A [nm] Pp(O) [dBm]

Figure 3.28:  Output spectrum  Figure 3.29: Dependence of the nii, on
recorded by OSA for the wave- Py(0) for several reverse Ulias values,
guide of length Lwg = 448 cm, X, = 15525 nm, A\s = 1550 nm,
Pp(0) = 26.5dBm, A\p = 1552.5nm, L,; = 448 cm.

Xs = 1550 nm, Upjps = —20 V.

Figure 3.28 shows the output spectrum recorded by an optical spectrum
analyzer (OSA) for the pump power P,(0) = 26.5 dBm. This corresponds
to the pump power of 31 dBm before the grating coupler. In this case
the pump wavelength equaled A\, = 1552.5 nm and the signal wave-
length equaled As = 1550 nm. The conversion efficiency obtained with
the 4.48 cm long p-i-n waveguide reached 7. = —2.16 dB while the re-
verse bias voltage (Upias) reached -20 V. To avoid destruction of the grating
couplers the later measurements were performed for lower powers at the
grating coupler.

The influence of the bias voltage on 7. is depicted in figure 3.29. The
highest increase of the conversion efficiency 7. was observed with the
change of the bias voltage from 0 V to 5 V. It was noted, however, that the
conversion efficiency did not saturate for the applied pump power levels.
This indicates that even a higher pump power could be used.

Furthermore, the 71 values in relation to the incoupled pump power were
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Figure 3.30: Comparison of nyp relation to incoupled pump power Py(0) for
2.25 cm and 4.48 cm long waveguide for three bias voltage levels. A\, =
1552.5nm, As = 1550nm.

compared for two waveguide lengths ( 2.25 cm and 4.48 cm) and for three
bias voltage levels. The pump wavelength equaled 1552.5 and the signal
wavelength amounted to 1550 nm, hence the detuning totals 2.5 nm. The
results of this comparison are depicted in figure 3.30. The conversion ef-
ficiency increases with the length of the waveguide, when a bias voltage
over 15 V is applied. It saturates, however, at the level of -10 dB when
the applied reverse bias voltage is 0 V, independently of the waveguide’s
length. This indicates that the electric field, built in by the doping regions,
is not enough to allow for a removal of the generated free carriers (com-
pare also figure 2.39).

The second setup (figure 3.31) for the nonlinear p-i-n nano-rib waveguides
FWM characterization was built at the Technical University of Denmark
(DTU) in Copenhagen and automated in order to record the conversion ef-
ficiency spectra. In the measurements performed with this setup the pump
power before the grating coupler did not exceed 28 dBm (corresponding
to 23.5 dBm in the waveguide) to prevent the grating coupler from burn-
ing. In this case the temperature could not be controlled with TEC like in
the first setup (figure 3.23). On the other hand the second setup allowed
to record faster the output powers of the pump, the signal and the idler as
well as the input power of the signal and the pump.

As in the first measurement setup (see figure 3.23) also here two tunable
laser sources (TLS) were used and on the signal arm the TLS was followed
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by a fiber polarization controller (FPC). As in the first setup also here the
second input arm delivered a pump wave from a TLS, amplified by an
erbium doped amplifier (EDFA). Nevertheless, here the optical band pass
filter (Optical Band-Pass Filter (OBPF)) attenuated the unwanted part of
EDFA spectrum from the pump wavelength. Then the variable optical at-
tenuator VOA was used to ensure a continuous change of the pump power
without an overshoot of the light power. The (FPC) at the second arm pro-
vides the optimal polarization for a grating coupler of a waveguide. The
two arms are connected via the 10 dB fiber optic coupler (CPL1) and so the
pump wave and the signal wave are combined in one fiber.

TLS CPL1 CPL2 CPL3

X 10dB 20dB

TLS EDFA OBPF VOA

M BB

CPL5

CPL4 348

10dB

Figure 3.31: Second measurement setup for CW FWM measurement in Si wave-
guides. Realized in cooperation with the group at DTU.

The coupler CPL2 tapped off 1% of the light power, which was then then
split by the 3dB-coupler CPL3 to the optical power meter (PWM) and an
optical spectrum analyzer (OSA). Thus the optical power and spectra at
the input of the waveguide is measured. The remaining 99% was routed
to the device under test DUT. The light coupled out from DUT was attenu-
ated by the 10 dB-coupler CPL4 and then split with the 3dB-coupler CPL5
to the optical power meter (PWM) and the (OSA). The output spectrum
from the OSA allowed to measure the conversion efficiency nrr. Measur-
ing the power at the input and the output, gave the value of the total loss of
the sample. In the case of the p-i-n diode assisted waveguide the bias volt-
age from the voltage source was connected with the probe needles. The
setup served also to determine the nonlinear loss of the waveguides.
These results were already reported in section 3.3.5.

At first the FWM wavelength conversion spectra were recorded. The wa-
velength of the pump was set A, = 1552.5 nm. The signal wavelength
As was scanned from 1535 nm to 1570 nm. For each As the value of
the optical power of the idler wave was measured at the wavelength \;.
Using this method the spectra of the wavelength conversion efficiencies
nor and 7. were obtained. The value of the in and outcoupling loss
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acre = —4.5 dB/coupler (estimated from the cut-back measurement) in-
troduced by the grating coupler was subtracted from the measured values
of power. The noticeable difference in the incoupling as compared to the
previous setup may originate from the difference in the applied coupling
assembly. The setup input was calibrated until the fiber facet at the in-
put of DUT and the output was calibrated from the outcoupling fiber facet
with the flat power meter head.

The experiments were performed for the waveguides with the lateral p-i-n
junction having the lengths Ly, of 1.7 cm, 2.25 cm and 4.48 cm. During
the characterization of the waveguides we applied a different reverse bias
voltage and varied the input pump power incoupled into the p-i-n diode
assisted nano-rib waveguides.

—1.7cm PS(O)
1.7cm PS(ng)
—1.7cmP(L )
it wg
- -2.3cm P _(0)
2.3cmP_(L )
s' - wg
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(a) Ubias =0V (b) Ubias =282V

Figure 3.32: Measured power of signal at input Ps(0) and output Ps(Lwg) and
P;i(Lwg) idler versus wavelength of the input signal As for P,(0) = 21.5 dBm.
The input signal was always the same, thus the signal curves overlap.

The measurements of the following quantities were performed: the power
of the signal at the input of the waveguide Ps(0), the power of the signal
at the output of the waveguide Ps(Lwg) of the waveguide, the idler power
at the output of the waveguide P;(Lyg). The values were measured at the
incoupled pump power P,(0) = 21.5 dBm. The values at the reverse bias
voltage Upiss of 0 V and 28.2 V are depicted in figures 3.32(a) and 3.32(b)
respectively. The peak in the middle of the characteristics is caused by in-
complete elimination of the pump power from the output measurement
curves. For the bias voltage equaling 0 V several effects can be observed.
For the same incoupled signal the output signals experience both linear
and nonlinear effects. The highest absolute idler power can be observed
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for the shortest waveguide. For the the longer waveguides the idler power
decreases. However, the distance between the green (power of the signal
at the output) and the corresponding blue curve remains the same for each
waveguide. This results in the same 7rr for all lengths, while the highest
value of nor was observed for the 1.7 cm long waveguide. Increasing the
length of the waveguide Lyg diminishes the bandwidth of the wavelength
conversion. It results from the fact that all three waveguides have a high
normal dispersion due to their dimensions Wi,z = 500 nm, Hyg = 220 nm
and sw; = 50 nm. At the bias voltage of 0 V the shortest waveguide would
be the best choice for the wavelength conversion’s point of view. It is due
to the highest conversion efficiency nor and the widest conversion effi-
ciency bandwidth (BW).

However, the reverse biasing of the p-i-n diode with the 28.2 V volt-
age changes a situation. The longest waveguide (Lwgy = 4.48 cm) emit-
ted 1 dB more maximal idler power than the shortest waveguide (Lyg =
1.7 cm). Despite the highest idler power obtained in the 4.48 cm long
waveguide, the disadvantageous narrow bandwidth remains. The result
shows that for the normal dispersion the FWM wavelength conversion ef-
ficiency bandwidth becomes narrower with the increase of the waveguide
length. This situation would be even more disadvantageous in case of the
shallow etched waveguides with the very low loss [52], since they have
even higher normal dispersion. The very low loss of these waveguides
would predestine them for the nonlinear optical applications. Neverthe-
less, their high normal dispersion and an effective area Ao = 0.14 ,umz,
would limit the bandwidth and the FWM based wavelength conversion
efficiency.

Figure 3.33 depicts the measured values of the 7 (ratio of the output idler
power to output signal power) and the 7 (ratio of the output idler power
to input signal power) for the pump power P,(0) = 21.5 dBm. The mea-
sured conversion efficiency is presented as the function of the wavelength
of the input signal As. The measurements were conducted for the wave-
guide lengths of 1.7 cm, 2.25 cm and 4.48 cm, whereas the bias voltage
was 0 V. For the shortest and the longest waveguides similar values of nrr
were obtained. The nor, (eq. (2.8)), however, shows the loss contribution
of the waveguide. Therefore, the highest conversion efficiency no;, was ob-
tained for the 1.7 cm long waveguide. Applying the 28.2 V bias voltage,
the conversion efficiency values (both 7. and ;1) became the highest in
the longest waveguide. The optical loss due to the free carriers decreased,
which led to an enhancement in 7o by 3.2, 8.9 and 12.6 dB while 5.1 was
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Figure 3.33: Measured conversion efficiency nor (solid) and npr (dashed) versus
wavelength of the input signal A for waveguide lengths 1.7 cm, 2.25 cm, 4.48 cm,
pump wavelength A, =1552 nm and P,, (0) = 21.5dBm, Upjq; = 28.2V .
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Figure 3.34: Measured conversion efficiency nor versus wavelength of the input
signal Xs, for waveguide lengths 1.7 cm, 2.25 cm, 4.48 cm, pump wavelength
Ap=1552 nm and Pp(0) = 21.5dBm, Upjss = 28.2V.

enhanced by 1.48, 4.87, 5.9 dB for the waveguide lengths of 1.7 cm, 2.25 cm
and 4.48 cm respectively. Please compare figure 3.33 with figures 3.34 and
3.35.

The decrease in the FCA increases the FWM conversion efficiency in the
nano-rib waveguide with the lateral p-i-n diode. Three reverse bias volt-
age values Upjps of 0V, 10 V and 20 V were applied to the 4.48 cm long
waveguide, to quantify this effect. The input pump power incoupled to
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Figure 3.35: Measured conversion efficiency n 11 versus wavelength of the input
signal Xs, for waveguide lengths 1.7 cm, 2.25 cm and 4.48 cm, pump wavelength
Ap=1552 nm, and P, (0) = 21.5dBm, Up;e; = 28.2V .
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Figure 3.36: Experimentally determined nrr versus As variable Up,s(symbols)
L = 4.48 cm, pump power Pp(0)=21.5dBm, and corresponding numerically de-
termined characteristics for different free carrier lifetimes (solid curves). (Fit pa-
rameters v = 280 [1/(W - m)], Brpa = 5.6 - 10’10cm/W, Ay = 0.1 pm?,
ajin = 1.2dB/cm)

the waveguide (P, (0)) equaled 21.5 dBm. The output values of the pump
power (Py(Lwg)), the signal power (Ps(Lwg)) and the idler power (P;(Lwg))
were measured versus the signal wavelength (\s) at each of the reverse
bias voltage levels (Upiss). The measurement results were used to calculate
the following quantities: the conversion efficiency nrr (ratio between the
power values of the output idler and the output signal), the conversion
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Figure 3.37: Experimentally determined nor versus As variable Upi,s (symbols) L
= 4.48 cm, pump power Pp(0)=21.5dBm, and corresponding simulated character-
istics for different lifetimes (solid curves). (Fit parameters -y = 280 [1/(W - m)],
Brra=5.610""cm/W, A= 0.1pum?, ajin=1.2 dB/cm, D= —1.9ps/(nm - m)
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Figure 3.38: Measured nonlinear transmission G as a function of As for variable
Ubias (symbols) Ly = 4.48 cm, pump power P, (0)=21.5dBm, and correspond-
ing simulated characteristics for different effective lifetimes Teg (solid curves).
Linear transmission curve (at Upj,s = —20V) was inserted (dashed) to indi-
cate gain. (Fit parameters v = 280 [1/(W - m)], Brpa = 5.6 - 10~ ®em /W,
Ay = 01 pm?, oy = 1.2 dB/cm,D = —19ps/(nm - m))

efficiency nor (ratio between the power values of the output idler and the
input signal) and the gain G (ratio between the power values of the output
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signal and the input signal) . The results of this test are illustrated in the
figures 3.36, 3.37 and 3.38.

The model introduced in section 2.3 was used to generate the fitting
curves. The following parameters were used: the TPA coefficient Brpa =
5.6 - 1071° cm/W, the nonlinear parameter v = 280 (W~!. m™") and the
linear propagation loss auin = 1.2dB/cm. The curves, simulated with the
model, fit to the obtained results, when for the applied reverse bias voltage
levels of 0V, 10 V and 20 V the set effective free carrier lifetime (7o) equals
3500 ps, 270 ps and 130 ps, respectively. For reference the fitting curves
using the effective free carrier lifetime 7.4 = 0 were plotted. The obtained
results indicate the shortening of the free carrier lifetime from 3.5ns at 0 V
bias voltage to 130 ps at 20 V bias voltage (explained in section 3.3.5). This
allows for the nor = —9 dB at the input pump power P,(0) = 21.5 dB.
The excessive loss of about 6 dB is observed when comparing linear trans-
mission (Figure 3.38 dashed curve) curve to the gain (G) at Upi,s = 0 V
bias (Figure 3.38 red diamonds). This propagation loss comes from the
free carriers present in the waveguide rib intrinsically (before TPA occurs)
as well as generated by the high intensity pump wave (due to TPA). The
noticeable on-off gain of more then 1 dB over the linear transmission indi-
cates the compensation of the TPA loss by the gain of the signal. This was
possible by applying the reverse bias voltage of 20 V. The experimentally
achieved gain characteristics fit to the developed model.

As the next, it is shown how the characteristics of the conversion effi-
ciency nrr versus signal wavelength As changes with the increase of the
input pump power P,(0) for the waveguide with L., = 4.48 cm. Two
effects resulting from the increase in P,(0) were observed. Firstly, it was
observed that the increase in the pump power leads to the saturation of the
wavelength conversion efficiency ... The growth of P,(0) by 3 dB from
15.5 dBm to 18.5 dBm resulted in a 6 dB enhancement of the conversion ef-
ficiency 711 and the further doubling of the input power increased the nrr
only by 4 dB. Secondly, it was noticed from figure 3.36, that the bandwidth
gets narrower by 1 nm with the increase of the input power from 14.5 dBm
to 21.5 dBm.

In this section it was shown that the free carriers removal by the reversely
bised p-i-n diode has a beneficial influence on the CW FWM wavelength
conversion efficiency. Decrease in FCA was demonstrated for the low
and high pump power incoupled to the waveguide. Nonlinear losses
were quantified by correlation to the theoretical model. The experimen-
tally obtained value of the two photon absorption coefficient Srpa = 5.6 -
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Figure 3.39: Conversion efficiency nrr versus As for various pump power Pp(0),
length Lyg=4.48 cm, Upias=-28.2 V. Comparison of the experimental data(points)
to the numerically obtained curves (solid line) for the same optical power. (Fit
parameters v = 280 [1/(W - m)], A = 0.1 um?, 7, = 130 ps),
D= —19ps/(nm - m))

10~ "cm /W agrees with the reported by other research groups for the light
polarized along [110] crystal direction [16, 83]. The efficient mechanism of
carriers removal enabled the wavelength conversion efficiency nrr as high
as -0.7 dB in the 4.48 cm long waveguides. This result was obtained at the
input pump power Pp(0) of 26 dBm. The conversion efficiency nor, was
determined in the experiment, in which the input power was limited to
P,(0) = 21.5 dBm. Therefore the highest value of 7o, which was obtained
in the 4.48 long waveguide with p-i-n diode equals -9.5 dB.

3.3.7 Phase sensitive amplification measurement

Following the growing interest in the phase-sensitive all-optical signal
regeneration [34] the phase sensitive amplification experiment was per-
formed in order to evaluate silicon nano-rib waveguide as a potential can-
didate to replace highly nonlinear fiber in the phase regeneration device.
The results presented here were obtained by joint measurement activities
with DTU and were published in [44,45]. The characterization of the phase
sensitive amplification in the silicon waveguides was performed using the
setup depicted in figure 3.40.

A continuous wave signal was emitted at 1549.76 nm by a tunable, narrow
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Figure 3.40: Measurement setup used to determine the phase sensitive gain in
silicon waveguide

linewidth (~ 100 kHz) external cavity laser source (ECL). It was phase
modulated (PM) with a 40-GHz radio frequency (RF) signal with a mod-
ulation index of 4.3 in order to generate an optical frequency comb with
40-GHz line spacing. The modulation index is defined as the ratio of the
peak-to-peak voltage of the driving signal to the half-wave voltage of the
phase modulator multiplied by 7/2. An optical processor was used to se-
lect three neighboring comb lines: the outer ones act as pumps and the
central one serves as signal. The pump power levels were equalized and
the pump-to-signal power ratio was set to 30 dB in order to avoid the on-
set of saturation effects. The pumps and the signal were amplified with
an erbium-doped fiber amplifier (EDFA) followed by an optical band-pass
filter (0.8-nm full-width at half-maximum bandwidth) to suppress the out-
of-band Amplified Spontaneous Emission (ASE) noise.

Three waves (two pumps and the signal in the middle) were injected
into the waveguide through a vertical grating coupler after aligning their
states-of-polarization to the TE mode of the device. A reverse-bias voltage
of 20 V was applied to the p-i-n junction for free carrier removal. At the
output of the waveguide, the signal power was measured using an optical
spectrum analyzer (OSA) as the relative phase of the signal with respect to
the phases of the pumps was changed using the optical processor. Figure
3.41 shows the input and the output spectra recorded for the minimum
and the maximum gain in the 4.48 cm long p-i-n waveguide when apply-
ing the reverse bias voltage Upi,s = —20 V. Comparing the output spectra
for the maximum (constructive) and the minimum (destructive interfer-
ence) signal power showed a 15.5-dB phase-sensitive extinction ratio (ER).
To show how the PSA depends on the waveguide length, the following
waveguides were tested: the 4.7 cm long waveguide without the lateral
diode and three waveguides with the length of 1.7, 2.25 and 4.48 cm with
the lateral p-i-n diode. In the experiment the two CW pumps were am-
plified to the total power of 24 dBm by EDFA. It resulted in the 16.5 dBm
power per pump (19.5 dBm total pump power) in the waveguide due
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Figure 3.41: Spectra recorded at the input and output of the 4.48 cm long wa-
veguide for maximum and minimum gain. The total power from two pumps
P,1(0) + Pp2(0) = 19.5dBm

to the fiber-to-grating incoupling loss of 4.5 dB at the angle of incidence
AOI=9°. Figure 3.41 presents the results of these measurements. In the
waveguide without p-i-n diode the FCA and the TPA effects resulted in
the 9 dB higher insertion loss (Insertion Loss (IL)) than in the waveguide
with the comparable length and the p-i-n diode. This high loss diminished
the PSA to the level of 0.5 dB. The PSA curves for all four waveguides are
presented in figure 3.42. The PSA increased with the waveguide length to
the maximum value of 15.5 dB for the 4.48 cm long waveguide with the
p-i-n diode, when the reverse bias voltage of 20 V was applied.

In the next step the influence of increasing pump powers was tested on
the 4.48 cm long p-i-n waveguide with Uy;,s = —20 V. The influence of the
signal phase on the normalized output signal power is reported in figure
3.43 for total input power levels before the waveguide grating spanning
from 24 dBm to 28 dBm corresponding to the effective powers coupled
in the waveguide between 16.5 dBm and 20.5 dBm per pump. At high-
est input pump power (20.5 dBm per pump) the bias of 25 V was tested.
As a consequence the 20 dB phase sensitive extinction ratio (ER) could be
achieved, which is the best value for the CW PSA for 1550 nm wavelength
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Figure 3.42: Phase sensitive amplification in 1.7, 2.25 and 4.48 cm long p-i-n
diode waveguides and the reference waveguide without p-i-n diode with length of
4.74 cm. Total pump power 19.5 dBm
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Figure 3.43: Phase sensitive amplification as a function of phase shift for different
total pumps power after the grating coupler and bias of Upias = -20 V. For the
highest power voltage was increased to Upjas = -25 V. Lyg=4.48 cm.

being reported in silicon waveguides. For the time this is the best value of
the CW PSA obtained in silicon waveguide.

Phase sensitive extinction ratio (ER) depicted in figure 3.43 is enhanced
with the increasing pump power and applied reverse bias voltage. How-
ever, neither higher values of the pump power of more than 24.5 dBm
(both pumps) nor the bias voltage higher than Up,s=-25 V were checked

90



3.3. CHARACTERIZATION OF FABRICATED NONLINEAR
WAVEGUIDES

during the measurement. The lack of the saturation trend in the ER, sug-
gests that the pump power and the reverse bias voltage can be increased,
in order to achieve an even higher PSA extinction ratio.

3.3.8 Summary of CW FWM and PSA measurement

In this chapter the highest CW 7rr around A = 1550 nm wavelength was
demonstrated, to our best knowledge. The description of the CW FWM
wavelength conversion as a function of the pump power, applied voltage
and waveguide length is provided. In section 3.3.7 the first demonstra-
tion of the phase sensitive amplification extinction ratio (ER) as high as
20 dB in the silicon p-i-n nano-rib waveguide is demonstrated around
A = 1550 nm wavelength.
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System oriented experiments of wavelength
conversion

According to the results obtained in chapter 3 the silicon waveguides
proved to be efficient wavelength converters even in the telecommuni-
cation range where they suffer from the two photon absorption (TPA)
and the TPA induced free carrier absorption (FCA). These two mecha-
nisms limit the CW wavelength conversion in the silicon waveguides
unless a lateral p-i-n diode is used. The reverse biasing of the diode, by
removing the free carriers from the waveguide, limited significantly the
detrimental influence of the TPA induced FCA. As shown in section 2.2.3
an appropriate design of the waveguide and the choice of the covering
layers results in a broader bandwidth of the conversion efficiency. The
low linear loss oy, of the waveguide needs to be assured by suitable fab-
rication in order to obtain the high efficiency of the pumping. The highly
efficient fiber-to-waveguide coupling must be granted as well, in order to
avoid the high insertion loss of the nonlinear waveguide to the system.
With the setup applied in this research project, however, the incoupling
loss over the 10 nm conversion efficiency bandwidth reached a level over
acre = —4.5 dB/coupler. In this research it was demonstrated for the
first time that, even with such a level of the incoupling loss, the amplitude
modulated signal experienced a highly efficient wavelength conversion
and the phase modulated signal was regenerated.

This chapter describes two possibilities to use the silicon waveguide in the
telecommunication system at the wavelengths around 1550 nm. In the first
experiment, the amplitude modulated signal was converted using the four
wave mixing (FWM) wavelength conversion mechanism. The experiment
was performed on the signal modulated with 40 Gbps non-return to zero
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(Non Return to Zero (NRZ)) on-off keying (On-Off Keying (OOK)) [43].
The CW pump was used to convert the signal wavelength into idler. Ap-
plying the reverse bias voltage to the p-i-n diode, it was examined, how
the removal of the (TPA) induced free carriers influences the wavelength
conversion of the modulated signal. The quality of the signal was mea-
sured with the bit error ratio (Bit-Error Ratio (BER)) measurement. This is
discussed in section 4.1. The high extinction ratio (ER) of the phase sen-
sitive amplification (PSA) was presented in section 3.3.7. This indicated
the possibility to regenerate the phase modulated signal. Therefore, the
second experiment, which is described in this chapter examined the phase
modulated signal regeneration in the silicon nano-rib waveguide with re-
versely biased p-i-n diode. This is discussed in section 4.2.

4.1 All-optical wavelength conversion of the amplitude
modulated signal

In this section it is discussed how the silicon waveguide with the lateral
p-i-n diode can be used for the all-optical wavelength conversion of the
modulated signal, when using the CW pump.

40 Gb/s NRZ OOK

DC BIAS
7, [ —]
O
=~ PRE-
~=1| Recever
DUT OBPF

CW Pump

Figure 4.1: Measurement setup for the wavelength conversion of the 40 Gbps
NRZ-OOK modulated signal in silicon waveguide with the lateral p-i-n diode.
[43]

The wavelength conversion setup is depicted in figure 4.1. The pump arm
consists of four elements: the CW laser (TLS) generating the wavelength
1552 nm, the erbium-doped amplifier (EDFA), the 0.8 nm 3-dB bandwidth
optical band-pass filter (OBPF) and the fiber polarization controller (Fiber
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Polarization Controller (PC)). The role of the OBPF is to suppress the out-
of-band noise originating from the amplified spontaneous emission (ASE).
In the ”signal arm” of the setup the CW laser (TLS) is followed by the
Mach-Zehnder Modulator (Mach-Zehnder Modulator (MZM)). This laser
emits the signal wave at the wavelength of 1550.5 nm. The MZM modu-
lated the amplitude of the optical signal with the non-return to zero NRZ
format using On-Off keying at 40 Gb/s. Here also the polarization con-
troller (PC) was placed to optimize the incoupling to the 4.48 cm long p-i-n
waveguide (DUT). Both the signal wave and the pump wave, merged by a
3 dB coupler, were sent through the waveguide (DUT). The power was set
at7 dBm for the signal and at 27 dBm for the pump, before being coupled
into the device under test (DUT).

The angle between the fiber axis and the normal to the top grating surface
was set at 9°. The insertion loss of the grating coupler at this angle of inci-
dence amounts to agrc = —4.5 dB/coupler. Thus the pump power (P, (0))
coupled into the waveguide was 22.5 dB. In the case of the waveguides
with the lateral p-i-n diode the DC reverse bias voltage was applied (DC
BIAS). The narrow band (1 nm 3 dB bandwidth) optical band pass filter
selects the converted signal. Then the conventional pre-amplified receiver
measures the bit-error ratio BER. Before conducting the experiment of the
wavelength conversion efficiency the 3-dB bandwidth of 10 nm was deter-
mined (as depicted in figure 3.36). Therefore, the chosen wavelength if the
signal was 1550.5 nm and of the pump was 1552 nm.

20} —Input
20V bias
ot —0V bias
— —w/o juncti
QE: w/o junction
o, —201
=]
o
o —_40}
-60}

1550 1551 1552 1553 1554

Alnm]
Figure 4.2: Input(black) and output spectra for the waveguides without and with
the p-i-n junction. Observed nrr values for the reference waveguide, 0V and 20V
biased p-i-n waveguide were -26.9 dB, -8 and -4.6 dB respectively.
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To determine the conversion efficiency it was necessary to record the in-
put and the output spectra. Therefore, the pre-amplified receiver was re-
placed by an optical spectrum analyzer (OSA). In figure 4.2 the wavelength
conversion in the following waveguides were considered: the waveguide
without p-i-n junction (C), the waveguide with p-i-n junction and reverse
bias voltage of 0 V (B) and the waveguide with p-i-n junction with the
reverse bias voltage Upis = —20 V (A). The wavelength conversion effi-
ciency of -26.9 dB (for C), -8 dB (for B) and -4.6 dB (for A) was observed.
As described in section 2.5 the applied reverse bias voltage results in the
reduction of the FCA. The substantial enhancement in the conversion ef-
ficiency was obtained in this experiment due to such decrease of the FCA
(similarly to results reported in sections 3.3.5 and 3.3.6).

—=— B2B
—e— Signal Uy;,s=-20V
—a— Idler Uyps=-20V

5 —o— Idler Uy,.=0V
- [
o L
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Figure 4.3: Measured BER versus received power: back-to-back, output signal
and idler at -20 V reverse bias voltage and idler at 0 V bias voltage. The insets
show the eye diagrams for the idler at -20 V bias voltage (A), at 0 'V bias voltage(B)
and for the waveguide without junction (C)

The quality of the converted signal (idler) was measured using the BER
and is presented in figure 4.3. In the case of the waveguide without p-i-n
junction the low conversion efficiency due to the FCA, resulted in a closed
eye-diagram (figure 4.3 inset (C)). Thus, it was not possible to examine the
BER. Using the p-i-n waveguide with 0 V bias voltage (4.3 inset (B)) the
idler power was still strongly attenuated by the sample and needed am-
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plification with an additional EDFA at the output. Amplifying such a weak
signal lowers, however, the optical signal-to-noise ratio (Optical Signal-to-
Noise Ratio (OSNR)) resulting in a moderately opened eye and the power
penalty of over 8 dB. Applying the reverse bias voltage of 20 V to the wave-
guide’s p-i-n diode suppressed the power penalty to a negligible value of
0.2 dB (BER=10""). Furthermore, the power of the converted signal (idler)
was high enough to be detected without the output EDFA.

4.2 Phase regeneration of DPSK modulated signals

In this section the second experiment is presented. It is a system exper-
iment realized in a joint research effort with Danmarks Tekniske Univer-
sitet DTU, published in [45]. This system experiment examined the phase
regeneration of the phase modulated signal.

The results presented in section 3.3.7 indicate that the phase sensitive am-
plification in the silicon waveguide can be used for the phase squeezing
and thus for the phase regeneration of the DPSK signal. Moreover, from
the results it can be concluded that some improvements of the nano-rib
silicon waveguide with the p-i-n junction are inevitable to make it com-
petitive against the available solutions for a DPSK signal phase regenera-
tion. The following could be improved: the coupling efficiency could be
increased, the linear loss could be decreased as well as the geometry could
be adapted in order to obtain the anomalous dispersion. The large Kerr co-
efficient and the high light confinement which is possible in the nano-rib
waveguides would make them suitable candidates to replace the Highly
Nonlinear Fiber (HNLF).

Figure 4.4 presents the changes in the static characterization setup shown
in figure 3.40 made in order to investigate the scheme under dynamic con-
ditions, i.e. with a DPSK-modulated signal. The optical processor was
used to separate the signal from the pumps after the frequency comb gen-
erator by outputting it to a different port so that it could be modulated
in the DPSK format at 10 Gbps using a standard Mach-Zehnder modula-
tor (MZM) driven in push-pull operation by a non return-to-zero pseudo-
random binary sequence (PRBS) of length 2'° — 1. The pumps were prop-
agated through 13.5 m of standard Single Mode Fiber (SMF) and coupled
back together with the signal via a 3-dB coupler, to compensate for the
delay in the other arm. The length of SMF was optimized in order to ap-
proximately match the pumps and the signal path lengths in order to ease
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Figure 4.4: Experimental setup for dynamic phase regeneration of a 10 Gbps
DPSK signal.

the operation of the phase control loop aiming at compensating for slow
thermal drifts. A polarization controller (PC) in each arm was used to
maximize the incoupling to the waveguide. After coupling back together,
the three waves were amplified to a total power of 24 dBm, band-pass fil-
tered and injected into the DUT. This relatively low input power has been
chosen for the experiment, to minimize the coupling drifts due to the ther-
mal effects in the DUT and the risk of the damages. Using a temperature
controlled stage would allow to increase the power and thus enhance the
performance. The p-i-n junction was reverse-biased with 25 V keeping the
fiber-chip-fiber losses of the 4.48 cm long waveguide at around 14 dB. At
the waveguide output a pair of optical band-pass filters (OBPF) with 0.8-
nm and 0.3-nm bandwidths were used to select the signal and send it to
the pre-amplified DPSK balanced receiver for the BER testing. A second
EDFA located between the OBPFs was used to compensate for an extra in-
sertion loss. Finally, phase-to-intensity demodulation in the receiver was
performed by a 1-bit (100 ps) delay interferometer followed by a balanced
photodiode with a cut-off frequency of 45 GHz and an electrical low-pass
filter with a bandwidth of 7.5 GHz. The splitting of pumps and signal
and their propagation along different paths inevitably results in a loss of
phase coherence due to thermal effects, even when balancing the paths
lengths. In order to lock the waves in phase, 10% of the signal power was
detected by a slow speed avalanche photodiode APD after the OPBF’s fol-
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lowing the waveguide and used as a reference for a feedback loop based
on a piezoelectric transducer PZT. The PZT has a bandwidth of 15 kHz
and therefore is able to compensate for the slow thermal drift between the
waves. In order to investigate the regeneration properties of the scheme,
a phase noise was emulated deterministically by adding sinusoidal phase
modulation to the DPSK signal using a phase modulator (PM) driven by a
single RF tone generated from an independent unsynchronized RF source.
The modulation index and the frequency of the noise tone have been var-
ied to verify the effectiveness of the regenerator under different operation
conditions.
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Figure 4.5: Optical spectra measured at the — Teceiver for -36 dBm of recgived
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dynamic operation with the 10 Gbps signal. ~ Tegeneration, without(top) and
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ated by a 5 GHz tone with a mod-
ulation index of 0.57.

Spectra at the input and the output of the waveguide are reported in figure
4.5 together with the eye diagrams in figure 4.6 before and after regener-
ation under two test conditions: when no driving signal is applied to the
phase modulator (PM) ("without noise”) and when the phase noise is em-
ulated by a 5-GHz RF sinusoidal signal with a modulation index (Vpp/ V)
of 0.57 ("with noise”). Clear and open eye diagrams were observed after
the regeneration with a little distortion compared to the back-to-back ref-
erence with no noise added and a significant improvement compared with
the back-to-back with an additional phase noise. The BER of the signal be-
fore and after regeneration was measured for no degradation as well as
phase noise frequencies of 4 GHz, 5 GHz and 6 GHz, in order to properly
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assess the regenerating performance of the waveguide. All the measure-
ments have been carried out keeping the modulation index (Vyp/Vx) of
the phase noise fixed at 0.57.
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used.

The resulting BER curves as a function of the received power are shown
in figure 4.7. In the absence of added noise, the scheme results in a power
penalty of around 1 dB with respect to the back-to-back reference taken
at the powermeter (PM) output. However, when phase noise is added to
the signal, the regenerated output shows an improved receiver sensitivity
(defined at a BER = 107°) for all the three considered “phase noise” fre-
quencies, enabling to decrease the power penalty from 10 dB down to less
than 3.5 dB. The degradation caused by increasing the noise frequency is
partially mitigated by the electrical low-pass filter at the receiver. This can
be observed on the BER plots of the signal before regeneration. No signif-
icant correlation can be seen between the performances of the regenerated
output and the frequency chosen for the noise emulation. The last aspect
that was investigated was the impact of the modulation index on the re-
generation performance for a fixed noise frequency (5 GHz). The power
penalty at BER = 10~° with respect to back-to-back without degradation
is reported in figure 4.8 as a function of the modulation index, before and
after regeneration. The results show that an increase of the phase noise
modulation index causes a slow increase in the power penalty for the re-
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generated signal. The degradation, however, advances faster for the signal
without regeneration. This leads to an error floor at a BER = 10> when
the modulation index of the RF tone reaches 0.78. The corresponding re-
generated signal can achieve error-free performances with a penalty below
6 dB.
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State of the Art

In this thesis we investigated possibilities enabled by integration of the
p-i-n junction with the silicon nano-rib waveguide. For the wavelengths
around 1.55 pm silicon exhibits TPA and thus also FCA effects due to its
energy bandgap [27, 35, 85-87]. This impeded its applicability for the non-
linear application.

With limited FCA the nonlinearity of silicon allows for efficient wave-
length conversion as well as PSA and PSA based signal regeneration. Even
though its nonlinearity coefficient v is lower than the maximum achieved
in a-Si, crystalline silicon offers stability of material properties and re-
liability. Well known technology used for electronics circuitry enables
monolithic integration of optical and electronic circuits on one SOI chip.
The platform also offers the possibility to engineer dispersion and loss
by change in the waveguide dimensions and claddings and thus enhance
nonlinear properties [48,52,87].

Two approaches not requiring technology effort were so far used to bypass
TPA and FCA. One, was to operate in the pulse mode with the repetition
rate low enough (e.g tens of MHz) to avoid the accumulation of the elec-
trons and holes in the waveguide region [88]. The second is to operate in
the mid-infrared wavelength range [59] escaping from TPA and thus from
FCA as well. Many research groups moved towards wavelengths longer
than 2 pm [90,91]. Both of these methods, however, exclude applications
demanding continuous wave (CW) operation in telecommunication wa-
velength range around 1550 nm. The remaining method to suppress FCA
is to decrease free carrier lifetime. Several groups have doped silicon wa-
veguides with variety of ions to create recombination centers for electrons
and holes. Early promissing results were obtained with the He ions by
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Liu and Tsang [66] where the reported effective lifetime of carriers was de-
creased from 100 to 1.9 ns with increase of propagation loss of about 0.3
dB/cm due to implant dosis of 10”?cm 2. The solutions with other ions
e.g. Au [67], Ar [68], O [69,70] or Si [71] decreasing FCA increased the
propagation loss due to scattering from implants. The severe decrease in
transmission through the doped waveguides makes the devices in most of
the cases unfeasible.

The active carrier removal with the p-i-n diode along the waveguide pro-
posed by Rong et al. [38, 64,72, 73] proved to be the direction to follow in
decreasing concentration of the electrons and holes in the waveguide. Ap-
plying this method, the continuous wave (CW) Raman laser was demon-
strated and enabled an efficient continuous-wave wavelength conversion
via FWM. However, at the beginning of this work only relatively low wa-
velength conversion efficiencies had been reported in silicon waveguides.
Malouthi et al. [65] reported an efficiency of -5.5 dB, and before that, Rong
et al. obtained 8.5 dB in waveguides with 1.5 x 1.5um rib waveguides
with p-i-n [72]. To the best of my knowledge there was no report of high
efficiency CW FWM at 1550 nm in nano-rib p-i-n waveguides until this
work. In parallel to the work on this thesis Ong et al. presented the re-
sults of -4.4 dB [59]). The authors used only 160 mW in the waveguide
and it is not sure why they did not exceed this power. Hence the highest
CW conversion efficiency around 1550 nm wavelength to the best of my
knowledge was reported in [61] and contributed to this thesis. Major re-
sults reported in the literature on the CW FWM conversion efficiency are
summarized in the Table 5.1. The conversion efficiency nrr is output idler
to output signal conversion efficiency (imbalance between output at the
signal wavelength originally coupled into the waveguide and the power
measured at the idler (converted via FWM process)) , auin is the linear loss
coefficient, Apump the pump wavelength and L is the waveguide length.
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Table 5.1: Comparison of the CW wavelength conversion in SOI waveguides
around the 1.5 um wavelength. Given value of the bias voltage indicates pres-
ence of the lateral p-i-n diode.
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Conclusions

At the beginning of the thesis the state-of-the-art in the nonlinear optical
platforms was discussed. It was also explained why from these platforms
the silicon on insulator (SOI) was selected. Furthermore, the disadvan-
tages and advantages of the silicon material in respect to supporting non-
linear optical effects were discussed. The following disadvantages were
identified: the linear loss, the two photon absorption (TPA) and the TPA
induced free carrier absorption (FCA). On the other hand the advanta-
geous properties of silicon were listed. First and the most important ad-
vantage is the high nonlinear optical Kerr coefficient around the 1550 nm
wavelength. The high refractive index makes it possible to confine the
light in the sub-micron cross-section of the waveguide. The high confine-
ment with the high nonlinear optical Kerr coefficient leads to the high non-
linear coefficient () of the sub-micron silicon waveguide.

Nevertheless, such high confinement results in the high light intensity in
the silicon material and gives rise to the TPA and TPA induced FCA. The
TPA results from the energy bandgap. The light at the wavelength around
1550 nm propagating through the silicon waveguide at a sufficiently high
power causes additional loss. This loss cannot be avoided at this wave-
length range. The TPA induced FCA, however, can be substantially de-
creased. The other important factor considering nonlinear optical effect
in silicon is an optical dispersion. To support four wave mixing in the
silicon waveguide the anomalous dispersion is preferred. Although the
silicon material is characterized with the normal dispersion, the anoma-
lous dispersion can be obtained by constructing of the suitable shape and
dimensions of the waveguide.

In the theoretical part of this thesis the optical properties of the silicon and

107



CHAPTER 6. CONCLUSIONS

the propagation of the wave in the nonlinear Kerr medium were intro-
duced. With this background it was possible to define the direction of the
silicon waveguide development in order to support the FWM effect. The
sub-micron waveguide cross-section was chosen to assure the small non-
linear effective area. Moreover, the impact of the following parameters on
the waveguide dispersion was examined: the width of the rib, the height
of the rib, the thickness of the slab and the material covering the wave-
guide. The calculations results showed which dimensions can be used in
order to obtain the anomalous dispersion in a silicon nano-rib waveguide.
Additionally, it became clear that the free carriers substantially contribute
to propagation loss while the light with a high power is sent through the
waveguide. Thus, a suitable method of the free carriers removal from the
waveguide had to be chosen. For this purpose ? the lateral p-i-n juction
was added along the waveguide structure.

The electrical simulations performed within this thesis resulted in the de-
sign of the lateral p-i-n diode, which efficiently removes the free carriers
from the waveguide region. In this place it must be mentioned that the
electrical calculation contained some simplifications and did not fully fit to
the measured values. Nevertheless the trends obtained from simulations
were experimentally confirmed. It was also analyzed how the optical loss
depends on the overlap of the mode of the light with the doped regions of
the lateral diode.

The simulations performed in the theoretical part of the research were ap-
plied to design the nano-rib silicon waveguide with the lateral p-i-n diode.
The waveguides were realized in the BiCMOS pilot line at Leibniz Insti-
tute THP in Franfurt(Oder). The height of the waveguides was enforced
by the technology used for fabrication and the realization of the experi-
mental samples within the multi-purpose wafer. This height assured the
waveguides with the low linear loss.

When measuring the loss it was observed that the free carriers were
present in the waveguides even before the use of the high power of the
light. The measured optical loss of the waveguides without the bias volt-
age amounted to 2.1 dB/cm. Applying the reverse bias voltage to the p-i-n
diode lateral to the waveguide allowed to decrease the loss to the level of
below 1 dB/cm. The dispersion of the silicon nano-rib waveguides was
measured using the MZI structures fabricated together with the wave-
guides. The measured value of the dispersion coefficient D = —1.6ps/n-m
for the waveguides with the height of 220 nm at the wavelength of 1550
nm. The result falls in between the values determined in the simulations
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and taking into account only single nitride or single oxide cladding. The
fabricated sample, however, had both oxide and nitride cladding on top
of the waveguide rib. The higher waveguides confirmed the simulated
values. The waveguide with the rib height of 300 nm exhibits very low
normal dispersion and the waveguides with the rib height of 400 nm
exhibit the anomalous dispersion.

In order to achieve the FWM in the silicon waveguide the high power
light was coupled into the waveguide. Under this condition additional
loss mechanisms became important, which are present in the silicon wa-
veguide. These were the TPA and the TPA induced FCA. The two mech-
anisms are dependent on the optical power coupled into the waveguide.
Therefore they were characterized at the different power levels of the light
coupled into the waveguide. Later, several experiments were conducted,
in order to use the potentially high FWM effect in the silicon waveguide to
convert the wavelength of light. The strength of the FWM effect depends
on the phase shift between the high power light at one wavelength and
the week power light at another wavelength. Hence, measurements of the
PSA were performed.

The nonlinear properties of the silicon nano-rib waveguides were char-
acterized in several experiments. The experiments were performed with
the CW pump light at the wavelength around 1550 nm. The CW FWM
wavelength conversion efficiency 711 equals -0.7 dB was achieved. It is
important to note that, this is the highest value reported until now around
the 1550 nm wavelength. Moreover, the 3-dB bandwidth of the conversion
efficiency of 10 nm was obtained in the 220 nm high waveguides. Fur-
thermore, the measurement of the PSA in the silicon waveguides with the
lateral p-i-n diode was performed. In this experiment the PSA extinction
ratio as high as 20 dB was obtained. It is crucial that both of this substan-
tial achievements were obtained by applying the reverse bias voltage to
the lateral p-i-n diode along the waveguide.

Additionally two experiments were performed, in order to check whether
the silicon waveguides can be used in the fiber optic telecommunication
system. First experiment demonstrated the wavelength conversion of the
40 Gb/s NRZ OOK signal. The BER was mesured to asssess the quality of
the converted signal. With the applied reverse bias voltage the negligible
power penalty of 0.2 dB was achieved. Furthermore the regeneration of the
DPSK modulated signal was demonstrated with the simulated sinusoidal
distortions at different frequencies and modulation depths.
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CHAPTER 6. CONCLUSIONS

In the opinion of the author of the thesis further improvements shall be
focused on the development of the high silicon nano-rib waveguide with
the lateral p-i-n diode in order to achieve the anomalous dispersion. At
the same time the linear loss below 1 dB/cm must be assured. Provided
that the anomalous dispersion of the waveguide can be obtained and the
waveguide loss can be lowered to 0.5 dB/cm with known optical nonlin-
ear limiting TPA and FCA the CW FWM gain of about 8 dB should be
feasible.
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List of Acronyms and Chemical Symbols

Acronym or
Chem. Symbol

Description

a-Si

Al % Ga1 —x As
APD

As

Ast3

ASE

Au

B
BER

CPL
c-Si
CW

DFG
DPSK
DTU
DUT
DUV

EDFA
ER

FCA
fft
FPC
FWM
GRC

HHI
HNLF

ICP

amorphous silicon

aluminum gallium arsenide
Avalanche Photo Diode

arsenic

arsenic sulfide

Amplified Spontaneous Emission
gold

boron
Bit-Error Ratio

Fiber Optic Coupler
crystalline silicon
Continuous Wave

Deutsche Forschung Gemeinschaft
Differential Phase Shift Keying
Danske Tekniske Universitet
Device Under Test

Deep Ultra Violet

Erbium Doped Fiber Amplifier
Extinction Ratio

Free Carrier Absorption
Fast Fourier Transform
Fiber Polarization Controller
Four Wave Mixing

Grating Coupler

Fraunhofer Heinrich Herz Institute
Highly Nonlinear Fiber

Inductively Coupled Plasma
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List of Acronyms and Chemical Symbols

Acronym or
Chem. Symbol

Description

ifft
IHP
IL

MZI
MZM

NLSE
NRZ

OBPF
OFDR
OOK
OSA
OSNR

PC
PSA
PWM
PZT

RF

Si
SizNy
510,
SMF
SOI
SPM

TEC
TLS
TPA
TUB
VOA

XPM

Inverse Fast Fourier Transform
Institute for High Performance Microelectronics
Insertion Loss

Mach-Zehnder Interferometer
Mach-Zehnder Modulator

Nonlinear Schrédinger Equation
Non Return to Zero

Optical Band-Pass Filter

Optical Frequency Domain Reflectometry
On-Off Keying

Optical Spectrum Analyzer

Optical Signal-to-Noise Ratio

Fiber Polarization Controller
Phase Sensitive Amplification
Optical Power Meter
Piezoelectric Transducer

Radio Frequency

silicon

silicon nitride

silicon dioxide

Single Mode Fiber
Silicon On Insulator
Self Phase Modulation

Temperature Controller
Tunable Laser Source

Two Photon Absorption
Technische Universitaet Berlin

Variable Optical Attenuator

Cross Phase Modulation
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List of symbols

Symbol Description Unit
A slowly varying amplitude along z direc- V/cm
tion, in this thesis relation between ampli-
tude and optical power is |A|* = P
Aot effective area A of the waveguide (em™2
QFCA _dB absorption due to free carriers dB-cm™!
QGRC incoupling loss due to the grating coupler dB/coupler
Qin linear loss dB-cm™!
QTPA loss coefficient due to TPA cm™!
B mode propagation constant m™!
B inverse of the group velocity s/m
52 group velocity dispersion s?/m
Bn n-th order dispersion term s"/m
Brra two photon absorption coefficient m/W
BW FWM bandwidth nm
X optical susceptibility
d grating coupler etch depth nm
Aarca excess propagation loss due to the presence
of free carriers
Aopin excess waveguide optical propagation loss dB/cm
due to the presence of doping regions aside
a waveguide
Dy cladding cross-section area cm?
D differential operator used in symmetric
split step fourier method accounting for
linear loss and dispersion
D material dispersion coefficient ps/(nm - m)
D electrical displacement C/cm?
Angcp change in the refractive index due to the
free carriers
Ds; material dispersion coefficient of silicon ps/(nm - m)
Dsiang material dispersion coefficient of silicon ni-  ps/(nm - m)

tride
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List of symbols

Symbol Description Unit
Dsup substrate cross-section area cm?
Dot total cross-section area of waveguide con- cm?
sisting of cladding-, substrate- and wave-
guide area
Dy, waveguide cross-section area cm?
E electrical field V/cm
&BD break down field V/cm
Epias bias voltage V/cm
Eg energy gap eV
€si relative silicon permittivity
oL four wave mixing wavelength conversion dB
efficiency comparing power of the idler
wave at the output of the waveguide to
the power of the signal wave at the wave-
guides input
NLL four wave mixing wavelength conversion dB
efficiency comparing powers of the idler
and signal wave at the output of the wa-
veguide
FE(X,Y) vectorial electric mode profile
FE(x,y,t) vectorial electric transverse field distribu-
tion of the waveguide mode
Fu(x,y) vectorial magnetic mode profile
Zu(x,y,t) vectorial magnetic transverse field distri-
bution of the waveguide mode
10} phase of the wave rad
g grating coupler groove width nm
G gain of the signal while four wave mixing dB
giving ratio between power of the signal
wave at the output to power of signal wave
at the input of the waveguide
~ nonlinear coefficient of the waveguide de- (W -m)™!
pendent on Kerr coefficient n, and effective
area Aq of the waveguide
Grpa free carriers generation rate via TPA mech- cm 357!

anism
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List of symbols

Symbol Description Unit

H magnetic field A/cm

Here grating coupler height nm

Hy, waveguide height nm

i imaginary uniti= V=1

Tgamage optical intensity damage threshold of sili-  ps/(nm - m)
con

14 dark current of the p-i-n diode A

IL insertion loss of the waveguide dB

Ipin current flowing across the p-i-n diode A

k wave vector nm~!

ko wave number nm™!

A wavelength nm

Ai idler wavelength nm

Ap pump wavelength in pump degenerated nm
FWM scheme

Ap pump wavelength nm

As signal wavelength nm

Let effective length cm

Lyg waveguide length cm

Lhe drift mobility of electrons cm?/(V - s)

Ih drift mobility of holes cm?/(V - s)

N impurity concentration cm™?

no refractive index of material

m linear part of refractive index

n Kerr coefficient m?.- W1

Na acceptor impurity concentration cm ™’

Ny acceptor ions concentration cm ™3

Nair refractive index of air

ng refractive index of the cladding material

Np acceptor impurity concentration cm ™

Np donors ions concentration cm ™3

N. free electrons density cm ™
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List of symbols

Symbol Description Unit
Nefr complex effective refractive index
ng group index
Ny free holes density cm™3
N differential operator used in symmetric

split step fourier method accounting for

nonlinear loss and phase shift
N; intrinsic carriers concentration em™3
ng; real part of the linear refractive index of sil-

icon
Nsi3N4 real part of the linear refractive index of sil-

icon nitride
nsio real part of the linear refractive index of sil-

icon oxide
Ngub refractive index of the substrate material, in

this thesis this refer to the SiO, buffer oxide

layer
v optical frequency st
Nyg refractive index of the waveguide material,

in this thesis it is refractive index of silicon
r position vector r = [x, y, z], where x,y,z are m

Cartesian coordinates
w angular frequency rad/s
Pni linear part of electrical polarization C/cm?
P power of light dBm,W
P; optical power of idler wave dBm,W
P electrical polarization C/cm?
P linear part of electrical polarization C/cm?
Py power of optical pump light at the begin- dBm

ning of the waveguide(after input grating

coupler)
P optical power of the signal wave dBm,W
r grating coupler ridge width nm
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List of symbols

Symbol Description Unit
OFCA free carriers absorption cross-section re- cm?

sulting from the assumption that the den-

sity of electrons generated by TPA process

is equal to the density of holes
OFCD free carriers refractive index change cross-

section resulting from the assumption that

the density of electrons generated by TPA

process is equal to the density of holes
Swg waveguide slab height nm
t time variable s
Teff effective carrier lifetime - time necessary to s

decrease density of free carriers by 1/e
Ubias bias voltage \Y%
Ve electron drift velocity cm/s
Vg group velocity m/s
Vi holes drift velocity cm/s
Vsat free carriers saturation velocity cm/s
Wi intrinsic region width nm
Wig waveguide width nm
b unity polarization vector along x direction
¥y unity polarization vector along y direction
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List of used constants

Quantity Symbol  Value

Electron-volt energy eV leV =1.60218 x 107 J
Euler’s constant e ~ 2.71828182845904...
Permeability in vacuum 140 1.25663 x 108 H/cm
Permittivity in vacuum g0 8.85418 x 10" F /cm
Planck’s constant h 4.1357 x 107 eV's
Speed of light in vacuum c 2.99792 x 10" cm/s
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