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Abstract

Measurements of thallium and indium doped Silicon-On-Insulator rib waveguides
show optical absorption at a wavelength of 1550nm, dependent on the charge state
of the associated deep-level. Therefore, it is possible to use this effect to modulate
waveguide transmission by means of local depletion and/or injection of free-carriers
to change deep-level occupancy. A one-dimensional model based on the genera-
tion and recombination process described by the modified Shockley-Read-Hall (SRH)
mechanism was developed using MATLAB® programming language in order to com-
pute the optical absorption of a 1550nm wavelength as a function of the density of
neutrally-charged thallium or indium centers. This numerical model is in reasonable
agreement with the experimental data for samples co-doped with low and medium
phosphorus concentrations. The values of optical absorption cross-section calculated
for thallium are 2.9x107!7 £ 0.25cm? and 3.2x1077 £ 0.12cm? for ion implantation
doses of 7.4x107Bem™2 and 1.2x10~*em ™2, respectively. Also described is the the
design, fabrication and characterization of an optical modulator using a four-terminal
pTpnn™ diode on an indium-doped Silicon-On-Insulator rib waveguide. Modulation
by controlling the charge state of deep impurity levels in silicon was thus demon-
strated. Modulation bandwidth in the 2-10MHz regime was measured and the depth
of modulation is approximately 0.48dB/V in forward bias and 0.25dB/V in reverse
bias. This is the first report of the implementation of an optical silicon-waveguide
modulator based on a periodically interleaved pn-junction configuration. In addition,
the influence of indium, as a dopant in silicon (utilizing the Impurity Photovoltaic
Effect), as a means to increase the efficiency of a thin film silicon solar cell was
investigated using the same samples. Under certain doping conditions and geomet-
rical configurations, a cell efficiency greater than 24% was measured —a somewhat

remarkable result for these silicon thin films of 2.5um.
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Chapter 1

Introduction and Motivation

In the search for smaller and faster data transfer components, the silicon industry
is reaching its limit in size, device integration and complexity, as the physical limita-
tions of metallic interconnects begin to constrain the future of microelectronics [1,2].
The solution may be silicon photonics, a technology that employs silicon as an optical
material, and which has been driven by recent technological advances and increasing
investment by governments and the private sector. Silicon photonics represents a
combination of existing silicon manufacturing capability! with the advantages of op-
tical telecommunications?, whose premise is the implementation of an efficient and
low loss platform at low cost. The resulting dual-function technology seems to be a
viable approach to extending the limits imposed by conventional metal interconnects
to high speed communications in modern computer systems [3-5], while the develop-
ment of this technology opens the possibility of new applications in many different

markets [6].

'High manufacturing volumes at low-cost
2Which is able to transmit information faster, further and that is completely immune to electro-
magnetic interference, in comparatione to copper cable

1



2 Chapter 1. Introduction and Motivation

1.1 The Need for Silicon Photonics

Photonics is the technology responsible for the generation, modulation, transmis-
sion, processing and detection of photons (light). One of the most successful examples
of application is fiber-optics for long-haul communications, although photonics plays
a significant role in industries requiring sensing, data acquisition, micromachining,

and more.

Fiber-optic communications is a well-established technology for information trans-
mission. It enables tremendous data capacity (bandwidth), over transmission dis-
tances of hundreds of kilometers without the need for regeneration; while in a local
data centre (communications distances up to about 100 meters), gigabits of data is
transferred with almost no attenuation, which the performance of metal wires cannot
compete. These properties may well be transferred to even shorter reach. For in-
stance, at the present time, microprocessors have two or more cores as a response (a
practical but temporary solution) to demands for higher performance. More instruc-
tions per cycle and demand for higher energy efficiency lead to the problem of heat
dissipation which becomes more severe as the microprocessor clock speed increases
(dissipation of so much power that the cooling requirements are more demanding
with each generation) and metal connectors reduce in size. The demand for greater
bandwidth plus the problem of power dissipation in metallic transmissions lines may
be solved thanks to the advantages provided by optical interconnections. However,
optical interconnect technology, after many years of development, still has a reputa-
tion for being an expensive solution, due to its use of exotic materials, low fabrication
yield, tricky integration of different devices and costly manufacturing processes. Some
examples of materials used in the manufacture of optical components include ferro-

electric materials such as lithium niobate oxide (LiNbOs), and III-V semiconductors

PhD Thesis Edgar Huante-Cerén Engineering Physics McMaster University



Chapter 1. Introduction and Motivation 3

such as gallium arsenide (GaAs) and indium phosphide (InP). This situation mo-
tivates a relatively new field of research into using more common materials, such as
silicon, for the fabrication of photonic components [6-8]. Silicon has excellent ma-
terial properties important in photonics devices, such as high thermal conductivity,
high optical damage threshold, a high quality and stable oxide, a low-loss wavelength
window extending from 1.1um to nearly 7um, and high third-order optical nonlin-
earities. In addition, silicon wafers have the lowest cost and the highest crystal
quality of any semiconductor material. Nevertheless, silicon has some basic material
drawbacks. It is an inefficient light generator; the electro-optic (Pockels) effect is
non-existent and there is no conventional photodetection in the region 1.3um-1.6um

(communication band) [9,10].

Optical interconnects will also have a role to play on the inter-and-intra-chip
level. Estimates are that today 40 percent of the power needed to run a chip is
consumed by moving data on and off the device [11]. Higher data rates (gigascale
and terascale I/0) and more cores will drive this number higher. Using light as
the communicator allows lower energy consumption when transmitting signals and
optical interconnects are much better suited than copper to handling high data rates
(> 10Gb/s). Therefore, it is foreseen that the highest impact of silicon photonics
may be in bringing the optical interconnection to the computer realm [12], resulting
in an increase in computing speed and efficiency for microprocessors by reducing the
response time between components and the heat dissipation. Additionally, silicon
photonics is expected to influence other areas of technology like the sensing industry,
biomedical applications, telecommunications and consumer electronics [13,14]. For a
more detailed discussion on the motivation for silicon photonics the reader is referred
to Zeno Gaburro’s excellent chapter in the Pavesi and Lockwood text Silicon Photon-

ics [14] which provides a comprehensive explanation about the problems associated

McMaster University Engineering Physics PhD Thesis Edgar Huante-Cerén



4 Chapter 1. Introduction and Motivation

with electrical interconnects and the solution offered by an optical paradigm.

The biggest challenge for silicon photonics is the manufacture of efficient and
low-cost information processing components. Ultimately, the biggest limitation on
the success of the technology might not be the laws of physics but those of eco-
nomics [15]. Therefore, silicon photonics is developed within the protocols of a man-
ufacturing technology based on compatibility with the mature Complementary-Metal-
Oxide-Semiconductor (CMOS) process and the availability of high-quality silicon-on-
insulator (SOI) [16].

1.2 Silicon-On-Insulator Waveguides

Silicon-On-Insulator (SOI) is a generic term used to describe structures formed by
a thin layer of crystalline silicon (Si) on an insulating layer, which typically is silicon
dioxide (SiO,) [17]. SOI optical waveguides possess unique optical properties due to
the high transparency of silicon in the infrared spectrum and the large refractive index
difference between silicon (guiding layer or core, n = 3.45) and SiOs (insulator layer
or cladding, n = 1.46). This high difference in indices of refraction strongly confines
the electromagnetic field into the silicon layer. These excellent optical properties,
as well as compatibility with silicon CMOS integrated technology, enables low-cost

optoelectronic integrated circuits [18].

The most common methods to manufacture SOI wafers are described here. Sep-
aration by implanted oxygen (SIMOX) was until 2000 the most popular method for
large volume fabrication (no longer preferred). It is basically the implantation of
high doses (> 10®cm™2) of oxygen ions below the surface of a silicon wafer. In or-

der to prevent an amorphous silicon overlayer from forming during implantation the

PhD Thesis Edgar Huante-Cerén Engineering Physics McMaster University



Chapter 1. Introduction and Motivation 5

wafer is kept at high temperatures (~ 600°C') during implantation. The thickness
of the silicon overlayer is determined by the energy used for oxygen implantation
since that determines the depth of the Si0O;. Due to the high oxygen doses, the
peak concentration of the implantation profile saturates, thus producing a uniform
concentration that results in a complete buried SiO, layer. After implantation the
wafer is annealed approximately at 1300°C for several hours. This anneal removes
implantation-related defects from the silicon overlayer and further defines the buried
Si0, layer.  The silicon overlayer thickness may be increased subsequent to ion

implantation via epitaxial growth [17].

Another method for the formation of SOI is the Bond and Etch-Back (BESOI)
technique. Initially, two silicon wafers are thermally oxidized. The two oxidized
surfaces come into contact at room temperature to form a chemical bond which is
subsequently strengthened by a thermal process at a temperature of approximately
1100°C. The thin silicon overlayer is formed by controllably removing one of the

bonded wafers, typically, via Chemical Mechanical Polishing (CMP).

A technique which combines steps of both SIMOX and BESOI procedures is the
SmartCut Process©. A silicon wafer is thermally oxidized and implanted with a high
dose of hydrogen ions (10*"cm?). The depth of the implantation peak depends on
the energy used but generally is of the order of hundreds of nanometers to a few
microns. Silicon lattice bonds are weakened as a result of the damage induced by
the implantation coupled with the presence of hydrogen. At room temperature, a
second wafer (with or without a thermally oxidized surface) is brought into contact
with the implanted wafer, and the two weakly bond together. A thermal process at
a temperature of 600°C is initially used to split the implanted wafer along the peak

of the hydrogen concentration profile. A second thermal process at a temperature
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6 Chapter 1. Introduction and Motivation

of 1100°C is used to strengthened the bond between wafers. A fine CMP is used
to reduced the surface roughness of the silicon overlayer. If required, the silicon
overlayer thickness can be increased by epitaxial growth. The SmartCut Process©
provides significant flexibility in final wafer dimension, coupled with high quality

material. It is currently the most popular method for SOI formation.

There are multiple varieties of waveguide structures but it is the use of the ridge
waveguide (Figure 1.1) that allows single mode propagation for relatively large waveg-
uide dimensions and leads to low fiber-to-waveguide coupling loss. For optical wave-
lengths in the range of 1.3-1.55um and silicon guiding layer thicknesses of a few
microns, the thickness of the buried oxide (BOX) layer must be approximately one
micron in order to prevent the evanescent field of the propagating signal from pen-
etrating into the silicon substrate. A detailed description of the theory governing

optical propagation in SOI structures is provided in chapter 2.

Figure 1.1: Ridge waveguide made on a SOI platform.

1.3 Optical modulation in a Silicon waveguide

Monolithic integration of optical and electrical components on one substrate pro-

vides the obvious progression to the vision of a fully integrated photonic system. As
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was mentioned previously, the use of silicon for optical interconnects would allow
such monolithic integration of microelectronics and optics [12].  Although the use
of photonics on silicon was first proposed more than 30 years ago [7,19], there re-
mained many limiting factors preventing its implementation such as the lack of high
quality and low price SOI and the mismatch between the thicknesses required for the
waveguide layer and that required by the active electronic devices (the latter requires
layer dimensions of less than a micron). However, it is in the last few years that sub-
micrometer photonic structures have been realized making this monolithic integration
possible. In order to fully exploit silicon as an integrated photonic material, a series
of challenges still remains to be overcome. For example, it is well-known that silicon
is an indirect semiconductor, which implies that it is an inefficient light source; while
optical propagation losses have been found to increase as waveguide dimensions are
reduced (mainly by the presence of side wall roughness); also silicon waveguides tend
to have high fiber-to-waveguide coupling losses. Of great significance, silicon does not
exhibit a linear electro-optic effect known as the Pockels effect, used for optical mod-
ulation in some semiconductors. In terms of detection, silicon is transparent in the

wavelength range of 1300nm to 1550nm, commonly used in telecommunication [9,20].

Some of these challenges have been addressed to a greater or lesser degree. For
example, propagation losses as low as 2.4 dB/cm for waveguides widths >500 nm [21]
have been reported, while Raman scattering provides a method for optical amplifi-
cation and lasing independent of the band structure of the material [2]. In 2005, a
continuous wave silicon laser was demonstrated [22] using this effect. Another option
for the integration of functionality is the incorporation of more emission-efficient I11-V
semiconductor compounds such as indium phosphide or indium gallium arsenide onto
the silicon substrate, while the option to produce the light off-chip and use silicon only

for modulation, routing and detection always remains. Many research groups thus
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8 Chapter 1. Introduction and Motivation

focus their attention on the development of active devices in silicon such as detectors
and modulators. For example, a silicon-germanium avalanche photodiode with bet-
ter performance than one built with more conventional III-V semiconductors [23] has

been demonstrated.

The focus of this thesis is the exploration of novel methods for optical modulation
in silicon waveguides. Optical modulators are devices that cause direct changes in
the optical intensity of a light beam propagating in a waveguide. This is achieved
via absorption, or by causing changes in the real part of the refractive index of the
material (inducing a change in phase), which can be used to shift the relative phase of
two propagating waves such that they interfere either constructively or destructively
via an interferometer typically a Mach-Zehnder Interferometer (MZI) or a resonant
device. These changes are usually produced via an applied electric field [24, 25].
FElectro-refraction is known as the change in the real part of the refractive index (An)
with an applied electric field, whereas electro-absorption is known as the change in
the imaginary part of the refractive index (A«) [26,27]. In semiconductors, the
primary electric field effects are the Pockels effect, Kerr effect and Franz-Keldysh
effect. However, the Pockels effect is non-existent in silicon and the Kerr effect and
Franz-Keldysh effect are too weak in pure silicon at telecommunication wavelengths to
be of any practical use [28,29]. A possible alternative is the Thermo-optic effect which
is strong in silicon; however, it is too slow to be used in modern telecommunication
(but still practical for sensing application). Therefore, the most common method (so
far) of achieving fast optical modulation in silicon devices has been by means of the
plasma dispersion effect [29-32], in which the concentration of free carriers in silicon
changes the real and imaginary parts of the refractive index, discussing details in
section 2.10. This effect relates the variation in the concentration of electrons (AN,)

and holes (AN;) in a semiconductor to changes in the absorption coefficient (A«)
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and refractive index (An), respectively. There are three device structures commonly
used in silicon waveguides to electrically manipulate charge density interacting with
propagating light: carrier injection in forward-biased pin diodes, carrier accumulation

in metal-oxide-semiconductors (MOS) capacitors, and carrier depletion in reverse-

biased pn-diodes [24,33-35].

P /
Depletion region

(b) (c)

Figure 1.2: Sketch of the three more common configuration used in silicon
optical modulators based on the plasma-dispersion effect (a) Carrier injec-

tion, (b) carrier depletion and (c) carrier accumulation (MOS capacitors).

In a pin (p — type | intrinsic | n — type) diode structure, the waveguide is usually
formed at the intrinsic region of the diode and the doping regions are located at
a reasonable distance from the waveguide to avoid excessive loss resulting from the
overlap between the doping regions and the optical mode. Electrons and holes can be
injected into the path of the propagating light via the highly doped n-region and p-
region respectively, such that either the refractive index or the absorption coefficient
of the material can be modulated [36,37]. The structure configuration of the MOS-
capacitor is similar to the pin-diode with the difference that a thin dielectric layer
is formed inside the waveguide to semblance a capacitor structure. The operating
principle is based on carrier accumulation on either side of the thin dielectric layer

inducing a change in the index of refraction and the absorption coefficient [38]. In
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10 Chapter 1. Introduction and Motivation

a device based on carrier depletion, the waveguide region is pre-doped forming a pn-
junction which could be oriented either horizontally or vertically with respect to the
buried oxide such as the light propagating in a waveguide interacts with the depletion

region formed by the diode operated at reverse bias [39].

In this thesis, special interest is placed on the modulation of light in silicon waveg-
uides based on the plasma dispersion effect. The novelty in the current work comes
from the use of thallium as a deep level impurity in silicon, based on the recent
demonstration of optical modulation by controlling the charge state of deep level
impurities in silicon by Logan et. al. [40] and the construction of an optical modu-
lator using indium as a deep level impurity in silicon waveguides to increase optical
absorption. Furthermore, the geometrical configuration of the modulator proposed
by Li et. al. [33] is adopted and is intended to improve the interaction between the
depletion region (or metallurgical junction) and the optical mode propagating along
the waveguide structure. The primary difference with respect to the traditional
modulator configurations lies in how the pn-junction is oriented in the waveguide.
Usually, the pn-junction is formed parallel to the light propagation direction and, for
a reverse bias diode, the depletion region (usually a small depletion width) coincides
with maximum intensity of the optical waveguide-mode®. The disadvantage of this
configuration is that the depletion region only overlaps with a small portion of the
optical mode and therefore modulation efficiency is relatively small. By arranging
the pn-junctions perpendicular to the light propagation direction, the overlap be-
tween the optical mode and the depletion region is increased and therefore optical

modulation improves considerably.

3The modulation efficiency is directly proportional to the overlapping between the optical mode
and the depletion region
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1.4 Thesis Contents

In the present chapter, the motivation for the research leading to this PhD thesis
is given. Chapter II begins with the introduction of electromagnetic theory, followed
by a description of dielectric waveguides and the “guiding” phenomena. There is a
discussion provided on single mode propagation in a 3-D waveguide and its description
by using an analytical formulation called the effective index method. Additionally,
the thermo-optic effect, a particularly important phenomenon in silicon, is discussed.
Analytical formulations for the typical losses observed in waveguide structures is
presented.  Optical absorption mechanisms in silicon are discussed and particular

attention is focused on the absorption via free carriers.

Chapter III covers the numerical model developed by the author for optical mod-
ulation by controlling the charge state of deep impurity levels in silicon in which deep
level refers to (in this case) that introduced by substitutional thallium in the silicon
bandgap. The chapter begins with a numerical calculation of the occupancy fraction
of the deep levels, followed by a discussion of sample fabrication and finally the ex-
perimental measurements of optical absorption in thallium-doped silicon waveguides.

A comparison of the simulated results and experimental data is provided.

Chapter IV describes the optical modulation obtained by controlling the charge
state of deep impurity levels in indium-doped silicon waveguides. The chapter begins
with a description of different optical modulator configurations that use the plasma
dispersion effect. In section 4.2 a new configuration proposed to improve the per-
formance of modulators is introduced. Modulator fabrication is described in detail
in section 4.4. Experimental results for the optical modulator are presented and

discussed.
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12 Chapter 1. Introduction and Motivation

Chapter V contains final thoughts regarding the results presented in both chapter
IIT and IV and discusses some possible improvements to the outcomes obtained and

its consequences in future works.

1.5 A Summary of Novel Contributions in the The-
sis
e Implementation of a numerical model for the calculation of optical absorption
by deep-level centres in silicon.

e Demonstration of optical absorption in thallium-doped silicon waveguides.

e A report of the construction of a silicon waveguide modulator using perpendic-

ularly oriented (to the propagation direction of the signal) pn-junctions.

e Demonstration of optical modulation in forward and reversed bias in indium-

doped silicon waveguides.

e A proposal for improving the efficiency of solar cells by the use of the Impurity
Photovoltaic (IPV) Effect together with the periodically arranged and vertically

oriented pn-junctions designed initially for optical modulation.
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Chapter 2

Background Theory

A layered media able to confine and guide electromagnetic fields in a specific
direction is know as a waveguide and if the frequency of the electromagnetic field
is in close proximity to the visible range it is known as an optical waveguide. The
principle of electromagnetic radiation confinement is based upon the phenomenon of
total internal reflection. The electromagnetic fields that are confined and guided are

the so called guided modes or guided waves [41].

2.1 Electromagnetic Waves

The description of electromagnetic (EM) wave propagation has been presented
in many excellent texts [27,41-52]. In order to study the propagation of electro-
magnetic radiation in an isotropic medium, it is necessary to introduce Maxwell’s
equations. All electromagnetic waves, such as light, can be completely described by
four field vectors that are functions of position and time. The description of these
four field vectors — Electric Field intensity (E [V/m]), Magnetic field intensity (H
[A/m]), Electric flux density (D [C/m?]) and Magnetic flux density (B [Wb/m?])-
form Maxwell’s equations,

13
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V-D=p (2.1)
V-B=0 (2.2)
VxE:—aa—]? (2.3)
VXH:J—O—%—? (2.4)

In general, E and H are vectors commonly used to describe the electromagnetic
field properties, and the vectors D and B are used to describe the effect of the field
on matter. The quantities p [C/m?] and J [A/m?] are the electric charge density and
current density, respectively, and may be considered as the source of the fields E and

H.

The physics of the propagating medium is contained in the following equations

D=cE=¢E+P (2.5)
B =puH = po(H+M) (2.6)
J=0E (2.7)

where the parameters €, p and o are tensors, known as the dielectric tensor (or
permittivity tensor), the permeability tensor and the conductivity tensor, respectively.

They are, in general, functions of the applied field intensity, position within the
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Chapter 2. Background Theory 15

medium, direction of the applied electric field and frequency of operation. P and M
are the electric and magnetic polarization, respectively. The constant ¢, is called the
permittivity of vacuum and has a value of 8.854 x 1072 F/m. The constant sy is

known as the permeability of vacuum and has a value of 47 x 1077 [V-s/(A-m)].

If the medium is isotropic, linear and non-dispersive, the polarization P and the

magnetization M are defined in

P =eyx.E (2.8)

M = x,,H (2.9)

where . is the electric susceptibility and x,, is the magnetic susceptibility. The
substitution of equation (2.8) and equation (2.9) in equation (2.5) and equation (2.6),

respectively, results in D = ¢p¢, E and B = pou,.H, where

€& =14 xe=¢€/€ (2.10)

fir = 1+ Xon = 1/ 10 (2.11)

with €, as the relative permittivity and pu,. as the relative permeability.

In cases where p and J vanish, and assuming that the medium is linear and
isotropic, € and p became scalars. Using eq.(2.6) for B in eq.(2.3) and applying the

curl operator to both sides, we obtain
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Vx(VxE)= —M%V x H (2.12)

and using the eq.(2.4) in the right hand side of the eq.(2.12), we obtain

O*E

Vx(VxE)= —He sy (2.13)
and with the identity
Vx(VxE)=V(V-E)-VE (2.14)
eq.(2.13) becomes
VE = ue% (2.15)

which is the wave equation for the field vector E. The wave equation for the magnetic

field vector H can be obtained in a similar way and is given by

0*H

2
VH —
" on

(2.16)

These electromagnetic wave equations are satisfied by a monochromatic plane

wave of the form
E(r, 1) = Eo(r, ) exp{j(k r— wt)} (2.17)

and
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H(r,t) = Ho(r, 1) exp{j(k r— wt)} (2.18)

respectively, where Eq and Hy are amplitudes; r = za, + ya, + za, is the position
vector, k = k,a, + kya, + k.a, is the propagation vector and its magnitude |k| =
k =2n/)\, and w = 27v is the angular frequency with A as the wavelength inside the
medium and v as the frequency. Introducing eq.(2.17) in the wave equation (2.15),

we obtain

k* = w?pe (2.19)

which is the dispersion equation for isotropic medium. For any wave that propagates
as exp{j(k - r — wt)} (harmonic wave), the surface of constant phase (wavefronts)

satisfies

k- r — wt = const. (2.20)

Then, the surfaces of constant phase travel in the direction of k with a velocity

whose magnitude is

_ (2.21)

Note that the phase velocity is a characteristic of the medium expressed in terms

of e and pu. The phase velocity of the electromagnetic radiation in vacuum is

=2.99793 x 10%m/s (2.22)

C =
Ho€o
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18 Chapter 2. Background Theory

and in a material media the phase velocity is defined as

(2.23)

SN

where n = /ue/poeo, is known as the refractive index. In general, transparent
materials are non-magnetic and have a magnetic permeability 1o. Then, n = /€/eg

or simply

n=/e (2.24)

Therefore, the dispersion relation can be expressed in a useful form as

k:

w
2.25
Cn ( )

The absorption of light by an optical medium is quantified by the absorption
coefficient av. This is defined as the fraction of power absorbed in a unit length of the
medium [53]. Assuming a light beam propagates in the z-direction and the intensity
at a position z is I(z), then the decrease of intensity after it propagates a distance

dz is given by:

dl = —al(z)dz (2.26)

integrating equation (2.26) we obtain Beer’s law:

I(z) = Iye™* (2.27)
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where [ is the optical intensity at z = 0. The absorption coefficient is a strong

function of frequency.

2.2 Reflection, Refraction and Fresnel’s Equations

in a Dielectric Interface

Maxwell’s equations can be solved for a continuous medium; however, as a result
of the abrupt change in index of refraction at the interface between two different
dielectric materials, it is necessary to introduce the continuity relationships of the
components of the electromagnetic field vectors at the dielectric boundary [26]. These
continuity relationships are the boundary conditions obtained from the integral form

of Maxwell’s equations for a source free region, the conditions are

a, X (B] —By) =0 (2.28)
a, x (H; — Hy) =0 (2.29)
4, (B;—By) =0 (2.30)
4, (D, —Dy) =0 (2.31)

where a,, is the unit vector normal to the surface and the indices denote the dielectric
materials at the interface. Therefore, the tangential components of E and H, and the
normal components of D and B are continuous across the interface separating media
1 and 2. With the general form of E as in equation (2.17), Maxwell’s equations

reduce to
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kxE=wuH (2.32)
k xH=—weE (2.33)
k-E=0 (2.34)
k-H=0 (2.35)

showing that E, H and k are mutually perpendicular.

Consider an incident plane wave, expressed by equation (2.36), propagating in
medium 1 with index of refraction n; and wave vector k;, incident upon an interface
formed with the medium 2, characterized by an index of refraction ns, for example

Fig. 2.1.

Let the reflected and transmitted electric fields be given by

E, = E,,. exp{j(kr ‘T — w,,t)} (2.37)
E, = Ey, exp{j(kt T wtt)} (2.38)

with k, and k; as the corresponding wave vectors. The boundary conditions require

that the tangential electric field should be continuous across the boundary. Thus,
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k;-sin 6,

(b)

kISiIl er

Figure 2.1: Oblique incidence of a plane wave: (a) Illustration of the in-

cident, reflected and transmitted wave with their respective angles, (b)

Normal and tangential components of k

E,(z=0) + E,(z = 0)} - [Et(x - 0)}

tan tan

thereby, the only way this boundary condition is satisfied is that

W; =W, =Wy = W
kiy = kpy = kyy = ky

kiz = krz = ktz = kz

(2.39)

(2.40)

(2.41)

(2.42)
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where equation (2.40) implies that the frequency does not change. Equations (2.41)
and (2.42) are the phase matching conditions, which require that the tangential com-
ponent of the propagation vectors be continuous. Therefore, the propagation vectors
k;, k. and k; must lie in the plane of incidence (formed by the incident propagating

vector and the normal to the surface vector). Thus,

kisinf; = k, sin 6, (2.43)
k;sinf; = k; sin 6, (2.44)

where 0, is angle of refraction and 6, is the angle of transmission. Then,

ki = W/ U1€1 = ]{ZT (245)
]{Zt = W~/ U2€2 (246)

from equations (2.43) and (2.45),

and from equations (2.44) and (2.46)

sin 6, _ @ _ [mea (2.48)
sinf; Kk [i2€o '
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using the equation (2.24) the expression (2.48) can be rearranged in a more convenient

way

ny sin 6; = ny sin 6, (2.49)

known as Snell’s law.

This preliminary result for oblique incidence is used in two specific cases of the
electric field polarization: TE (Transverse Electric) polarization or S-polarization,
with the electric field perpendicular to the plane of incidence; and TM (Transverse
Magnetic) polarization or P-polarization, with the magnetic field perpendicular to
plane of incidence. Any other polarization may be consider as a linear combination

of these two cases [54].

2.2.1 TE Polarization

The TE case is illustrated in Figure 2.2 where the electric field is perpendicular
to the plane of incidence. After the direction of the propagation vector, k, is chosen,
the direction of the field vectors are depicted according to equations (2.32) to (2.35).
Imposing the continuity conditions for the components E, and H, of the field vectors

at the interface x = 0, leads to

Eyi + Eor = Eot (2.50)

\ /6—1E0,- cosf; — /SEOT cost; = /6—2E0t cos b, (2.51)
H1 H1 H2

McMaster University Engineering Physics PhD Thesis Edgar Huante-Cerén




24 Chapter 2. Background Theory

Interface

Figure 2.2: Oblique incidence for TE polarization

Assuming that the light is incident from medium 1, the reflection and transmission

coefficients are given for a single interface as

EOT
T =
TE EOi
o _ B
TE EOz

From the boundary conditions we obtain

nq cos §; — ng cos Oy

'rTE =
ny cos 0; + ny cos 6,

2n; cos 6,

lre =
ny cos 0; + ny cos 6,

(2.52)

(2.53)

(2.54)

(2.55)
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where p; = po was assumed.

2.2.2 TM Polarization

For the TM case the magnetic field is perpendicular to the plane of incidence,
illustrated in figure 2.3. The direction of the field vectors satisfy equations (2.32) to
(2.35). The tangential components of E and H are continuous at the boundary z =

0, then

Figure 2.3: Oblique incidence for TM polarization

S LBy — [ L Ey = [ 2Ey (2.56)
H1 H1 H2

(Eo; + Eo,) cosb; = Eg; cos 6, (2.57)
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The corresponding reflection and transmission coefficients are

ny cosf; — ngy cosb;
'rm =

2.58
ny cos 6, + ny cos b; ( )

2n; cos 6,

trar = (2.59)

ny cos 0y + no cos b;

where 111 = o, which is generally the case for transparent materials.

2.2.3 Total Internal Reflection

The phenomenon of reflection can be classified for two types depending on the
optical properties of the material in which the light travels. If the light is traveling
in a low density material, with an index of refraction lower than that of the material
that it encounters (i.e. is reflected from), the reflection is defined as ezternal reflection
but if the light is traveling in the high index material, it is known as internal reflection.
In the case of internal reflection there is a particular situation known as total internal
reflection. It occurs when the angle of incidence 6; exceeds the critical angle, defined

as

0, = sin' 2 (2.60)

when 6; > 6. a plane wave is totally reflected with no power flowing into the less
dense material, equation (2.61). The electric and magnetic fields do, however, pen-
etrate into the lower index of refraction material, with their amplitudes decreasing

exponentially away from the surface [46] as described by the complex relationship
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1/2

. 2
costy = —j [(ZEZZ> — 1] (2.61)

The negative sign ensures that the transmitted wave decays exponentially as x

approaches -0o. Then the reflection coefficients (2.54) and (2.58) become

0:\°
ny cosB; + jng ( 2) -1

ITE = (2.62)
sin

2
N1 cos 0; — jns ( Z) —1
sin 6,

4 sin 6; 2
—Jjn , — 1 —ngycosb;
sin 6,
'rm = (263)
. sin 9, 2
—Jny . — 1+ nycos 6;
sin 6,

It is noted that these reflection coefficients become complex numbers, which can

=.
=

2}
=
=}
>

D

be represented in their complex polar form as r = |p|exp(j¢) where ¢ is the change

of phase upon total internal reflection®.

Since all the light energy is totally reflected by the surface, these two reflection

coefficients have unit amplitude, that is |rrg| = |rra| = 1. Then,

. [sin?6; — sin® 4. 1/2
2 , . 9 . 9 1/2
_ n sin® 0; — sin” 6.,
=2 tan | — 2.65
o1 a [<n2> < 1 —sin? 6, ) ] ( )

Total internal reflection is the basis for dielectric waveguiding.

lp=a+jband |p| = Va2 + b2 and ¢ = tan(b/a)
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2.3 Dielectric Waveguides

A waveguide should be able to confine and guide electromagnetic radiation along
the guiding structure, therefore, the simplest optical waveguide structure is a dielectric
slab, for example, a piece of glass surrounded by air. The region where the light is
confined and guided is known as the guiding layer (or core) and is characterized by

having a higher index of refraction than the surrounding medium.

In order to understand the concept of guiding modes an analysis of the asymmetric

slab waveguide structure is a useful starting point.

The index of refraction profile associated with an asymmetric waveguide, such as

the one shown in figure 2.4, is described by eq.(2.66)

X

Figure 2.4: Asymmetric slab waveguide index profile

Ne, 0<a,
n(a:) = ny, —t<ax< 07 (266)
Ng, T < —t,

where n. < ng < ny and t is the thickness of the guiding layer.

The solutions to the wave equation for monochromatic radiation propagating along
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the z direction, in an homogeneous medium, are plane waves, described by

E(r,t) = Eq exp{j (Bz + kyx — wt)} =E,.(7) exp{j (Bz — wt)} (2.67)

H(r,t) = Hy exp{ (B2 % kp — wt)} —H,,(z) exp{ (B2 — wt)} (2.68)

where 5 = ksin 6; is the z component of the wave vector and it is known as the
propagation vector. It determines whether the field varies with x sinusoidally or
exponentially. E,,(x) and H,,(z) are the wavefuntions of the guided modes, and the
subscript m is the mode number. This means that not all k, values are allowed, and
only a discrete set of solutions, called modes of propagation, exist for k,. Substituting
equation (2.67) in the wave equation (2.15), and equation (2.68) in equation (2.16),

leads us to

{dd—; + (%n)z - 52] E,.(z) = 0 (2.69)
[M% <%%) + (%n>2 - 52] H,,(z) = 0 (2.70)

where the TE and TM modes satisfy equation (2.69) and equation (2.70) respectively.
These equations are solved separately for each layer of the waveguide structure such
that they match the tangential components of the field vectors at each interface.
Additionally, for guided modes the field amplitude vanishes at infinity. A guided
mode requires that ns(w/c) < f < n.(w/c) giving a sinusoidal solution in the guiding

layer (—t < z < 0), but exponential in the cover and substrate layers.
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2.3.1 Guided TE Modes

For TE modes the polarization direction of the electric field is perpendicular to the
plane of incidence, which according to Figure 2.4 is along the y direction. Then, £,
is the only component of the electric field vector, and the components of the magnetic
field are H, and H,. Based on the previous description, the electric and magnetic

fields are

E,(z,2t) = En() exp{j (B2 — wt)} (2.71)
s ‘
Hy(x,z,t) = M—wEm(x) exp{] (Bz — wt)} (2.72)

_J 9By _ —Lwexp{j(ﬁz—wt)} (2.73)

Hz ’ >t = -
(z,21) pw Ox pw  Ox

where E,,(z) is the wave function of the mth mode, and takes the following form

( A exp(—qx), 0<x,
E,(z)=< A [cos(hx) - %sin(hx)] , —t <z <0, (2.74)
| 4 [cos(ht) + %sin(ht)} exp [p(x + t)], r < —t,

where A is the normalization constant and h, ¢ and p are given by

C

h= [(%)2 - 52} v (2.75)
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- 11/2

p= _52 — (n;w>2_ (2.76)
q= :52 - (n:u)z - (2.77)

These relationships are obtained by substituting equation (2.74) in the expression

(2.67).

Using the boundary conditions in the equation (2.73) at © = —t we get the so

called mode condition as,

tan (ht) = ﬁ (2.78)
h2

The propagation constant, 3, for a guided TE mode must satisfy this condition.?

Once the propagation constant is obtained, the electric field distribution given by
equation (2.74) is determined except for the constant A which can be defined with

knowledge of the propagating optical power. This power P is expressed by

S. = %/Re{E x H*}de —p (2.80)
or
2% / [Em(x)] “dr = P, (2.81)

2The equation (2.78) can be expressed as

—2ht + 2tan~ ! % +2tan ! % = —mn (2.79)
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where the subindex m denotes the mth confined TE mode. Substitution of equation

(2.74) in equation (2.81) leads to

1/2

(2.82)

T
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Figure 2.5: Field distribution of the TE modes of a waveguide with n. = 1,
n; = 3.5, n; = 1.5, and t/\ = 1.0.

2.3.2 Guided TM Modes

For TM modes, the magnetic field is perpendicular to the plane of incidence, which

according to figure 2.4 is along the y direction. Then, H, is the only component of
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the magnetic field vector, and the components of the electric field are E, and F..

Based on the previous description the magnetic and electric fields are

H,(z,2,t) = Hy(z) exp{ (B2 — wt)} (2.83)

Bz, 2.t) = i% _ %Hm(x) exp{ (92 — wt) (2.84)
__J 9H,

E.(x, z,t) = o (2.85)

The function H,,(z) takes the following form in each region:

( B exp(—qzx), 0<x,
H,(r)=< B [cos(hx) - %sm(hx)] y —t <z <0, (2.86)
| B [cos(ht) + %sin(ht)] exp [p(:c + t)], r < —t,

where B is the normalization constant and h, ¢ and p where defined previously in

equations (2.75), (2.76) and (2.77) respectively and g is defined as follows

2
n
~_f
q= —ngq (2.87)

and the mode condition® for the TM modes is

3The equation (2.89) can be expressed as

2

2
n3q n%p

f -1 °f
nZh + 2tan T 2mm (2.88)

—2ht + 2tan!
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Wp+a
tan(ht) = % (2.89)
where
S (2.90)
n2

The normalization constant B is calculated in a similar way as A. Thus, we have

/HE*dx_ 5 Hz(x())dx (2.91)

—00

or

7 | Hn(2)| 2 2.92)

where n*(x) = €(z) /ey, and using equation (2.86) gives

We€o
B,=2,/—— (2.93)
Bl tery
where
—9 2 2 2 2 2

g +h t ¢ +h 1 p°+h* 1
beff = —— 2 22 202, | 52 22y (2.94)

q G+ h?*n2q  p*+ h*n?p
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2.3.3 Single Mode Condition for The Planar Waveguide

To describe and compare the confined modes, it is necessary to define the nor-
malized propagation constant, often called the effective index of refraction of the

mode [41]

s .
Nojp=— = 0 2.95
ff o /C N Sin ( )
The dependence of the propagation constant 5 on the normalized slab thickness
(t/A) for ny = 3.5, ny = 1.5 and n. = 1.0 is shown in figure 2.6. In this plot only
the allowed modes are shown for a slab waveguide with a thickness equal to the
wavelength. In order to confine uniquely the fundamental modes for TE and TM

polarization, a waveguide with a thickness of 0.15\ is required.

In order to calculate the total number of confined modes that can be supported by
a waveguide, the normalization coefficients defined by H. Kogelnik from reference [43]
are used. These coefficients are the normalization frequency V', the normalized guided

index b, and the asymmetry coefficient a. They are defined respectively by

2mt
V= % ny —n? (2.96)
N2 _ 71,2
p=_¢F = 2.97
n2 — n2
=2 ¢ 2.98
“ n} —n? (2.98)

Substituting these coefficients into equation (2.79) for the TE modes, the disper-

sion equation can be expressed as
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Figure 2.6: Dispersion curves for the confined modes of c-Si film on SiO,

substrate

VV1—b=mn+tan ! [ % + tan ™ itz (2.99)
The cut-off frequency of the mth mode is calculated when b = 0, then
Vi = mm + tan™' [V/a (2.100)

and using equation (2.96) and equation (2.98), it is possible to obtain an approximate

formula for the number of guided modes, expressed by
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2t
m= ny —n? (2.101)

The value obtained for m is increased to the nearest integer [55] which corresponds

to the approximate number of modes.

For TM modes a similar procedure is followed with the exception of the asymmetric

coefficient definition, which for this case is given by

4 2
pns —ne

2
S
2
f

(2.102)

a

4,2 _ 2
ning —n?

2.4 3-D Optical Waveguides

In the previous section the concept of guided modes was introduced using the slab
waveguide, which is a simple but useful structure to visualize and understand the
concept of light confinement and propagation. However, the slab waveguide (2-D
waveguide) lacks practical application since it only allows the confinement of light in
the z direction, while it is free to spread out in the y direction. In practice, more
complicated structures are used in optical integrated circuits to confine the light in
both transverse directions. These types of structures are referred to as a three-
dimensional (3-D) structure because a variation in the field distribution occurs in
three dimensions rather than two [46]. Examples of 3-D waveguide structures are
the rectangle waveguide, ridge waveguide and trapezoidal rib waveguide. In a 3-D
dielectric waveguide, pure TE and TM modes are not supported and two families of

hybrid modes exist [45].

The use of numerical methods, such as the finite element method and finite dif-

ference method, are often required in order to analyze the supported modes of 3-D
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waveguide structures, although the analytical procedure (Effective Index Method)

described below is extremely useful in certain restricted cases.

2.5 Effective Index Method

The effective index method is an analytical method based on the concept of the
effective index of the guided mode [45]. It is applicable to complicated waveguide
structures, such as ridge, buried channel and diffused waveguides [47], where approx-

imate solutions of the propagation constants are sufficient.

Ntff_ﬂ_(TE) Ne&‘_ﬂ_('[’.\'[)

z

L.,

© @

Figure 2.7: a) Ridge waveguide structure, b) decomposition of the ridge
waveguide in two sections showing the vertical distribution of the indices
of refraction and thickness, c) virtual slab waveguide for TE modes, d)

virtual slab for TM modes
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In general, with this method, the solutions for modes confined in a 3-D ridge
waveguide can be solved for in terms of two slab waveguides; one with vertical light
confinement and the other with horizontal light confinement. In the ridge waveguide
the light is confined in the vertical direction by the difference in index of refraction
of the guiding layer with respect to the cladding and substrate layers, and in the
lateral direction by a step in the guiding layer thickness between the centre and the
outer regions [56]. The first step in using the Effective Index Method is dividing
the ridge waveguide into two regions, the centre region identified by the number I
and the outer regions labeled as II, figure 2.7.a. The TE effective index for each
region and for each polarization is then calculated (as described by Figure 2.7.b)
to form a virtual slab waveguide of thickness w. It is noted that the polarization
direction of the electric field is now perpendicular to the boundaries of this virtual
slab waveguide. Thus, the symmetrical TM eigenvalue equation is used in order
to calculate the equivalent effective index for this virtual slab structure. Similar
procedure is followed to calculate the propagation constant of the TM modes. First,
the asymmetrical TM eigenvalue equation is used to obtain the effective index values
for the virtual slab waveguide from figure 2.7.d. As the polarization of the electric
field is now parallel to the boundaries of the virtual slab waveguide the symmetrical
TE eigenvalue equation is used to calculate the equivalent effective index for the TM
modes. For a more detailed description of the Effective Index Method, the reader is

referred to the numerical example presented in pages 61-63 of reference [17].

2.6 Single Mode Condition Of 3-D Waveguides

In a waveguide structure the single-mode propagation condition for electromag-

netic radiation depends on the geometry and dimension ratio of the waveguide, the
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indices of refraction of the materials used and the polarization state of the light.
The structure used throughout this study is a ridge waveguide, figure 2.8, and in
the present section the dimension ratio that fulfills the single-mode condition will be

discussed.

The advantage of using a single-mode ridge waveguide resides in the fact that
the waveguide cross-section area can be of several square microns instead of the sub-
micron dimensions required for the single-mode-slab condition.  This large cross
section not only implies an easier manufacturing tolerance but also a better coupling
efficiency to single mode fibers [57]. In addition, single-mode propagation is desired
to ensure a perfect matching of the amplitude profiles in integrated devices which

require the control of optical phase.

The single-mode ridge waveguide condition for a large cross-section (here defined
as >1um?) was originally proposed by Petermann [19, 58] using a mode-matching

technique.  Later, Soref, et al [59] presented it in an empirical, normalized form

given by
r
t<0.3+ ( )1 (2.103)
1—1r2)2

with
t= % (2.104)

and

h

=g >0.5 (2.105)
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Figure 2.8: Scheme of a ridge waveguide and its dimensions

In eqs.(2.103-2.105), H is the ridge height, w is the ridge width and A the slab
height, as shown in figure 2.8. For large cross-section ridge waveguides the mode
size is much larger than the wavelength. Therefore, both polarizations (TE and TM)

present very similar behavior and equation (2.103) can be applied to either.

A “corrected” and more restrictive condition using the Effective Index Method
(EIM) was proposed by Pogossian et al. [60]. The only difference in the empirical
expression was the elimination of the constant 0.3 from equation (2.103). They con-
cluded this study by comparing both equations against experimental values reported
by Rickman et al. [61], Figure 2.9. One may ask which is the best in practice?
Different numerical studies were developed in order to compare these empirical mod-
els. One of these was conducted by Olly Power [62,63] using the Beam Propagation
Method (BPM), which concluded that the formula presented by Soref et al. is the
most accurate for determining single-mode propagation. In an independent study
developed by Timo Aalto et al. [64] it is shown that the single-mode behavior is
observed according to the prediction of Soref; however, it is noted that a slight polar-
ization dependence exist besides a small geometrical birefringence that is emphasized

as the thickness of the waveguide is reduced. On the other hand, a finite element
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analysis suggested that the Soref formula is more accurate for lower values of r, while
Pogossian’s approach fits better for high values of r [65]. Or as J. Lousteau et al. [66]
describes, equations (2.103) and (2.104) are not sufficient to ensure effective single-
mode operation, because these conditions were established for the case in which the
first order mode will not propagate due to lateral leakage; however, nothing was said
about higher order modes which may be guided with low loss. In any case, seeking
values for ¢ and r far from the multimode region and using the data reported in refer-
ence [66] plus numerical simulations with available commercial software is in general

sufficient to ensure single-mode propagation.

In order to explain why a ridge waveguide can be single-mode for large transverse
dimension it is necessary to divide the ridge waveguide structure into two regions, the
central or ridge region and the side or slab region of the waveguide. The condition
presented in equation (2.103) eliminates the higher order horizontal modes. It means
that the effective index of any higher horizontal mode in the ridge region is lower
than the effective index of the fundamental mode in the slab region. This negative
difference of effective index in the central region produces a leakage of the higher
order horizontal modes to the surrounding slab waveguide. On the other hand, to
prevent the propagation of higher order vertical modes, the condition » > 0.5 needs
to be satisfied. This assures that any mode with two or more maxima in the vertical
direction is always radiated into the slab region because the bottom maxima will

couple to the fundamental mode of the surrounding slab region [59, 62].

2.7 Thermo-optic Effect

The attractiveness of the use of the thermo-optic effect in optical waveguide de-

vices arises from the fact that it is present in practically all waveguide materials and
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Figure 2.9: Plots of the theoretical curves for the single mode. The cir-
cles and squares correspond to multimode and single-mode waveguides,

respectively. Extracted from reference [60].

mainly for the simplicity and flexibility that the effect offers [67]. First of all, it is
necessary to understand what is happening in an optical material when the tempera-
ture changes. In order to do so, the main temperature-dependent material properties
are identified, which are size, refractive index, density and polarizability. The macro-
scopic coefficients resulting from the material changes due to temperature variation
are the thermal expansion coefficient, «;, and the thermo-optic coefficient, dn/dT.
The thermo-optic coefficient can be a positive or negative value, since the coefficient

depends on the polarizability (tendency of electrons of a molecule to be deformed by
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an applied electric field) and density of the particular material, which at the same
time are temperature-dependent. The electronic polarizability is defined as the ratio
of the induced dipole moment p of an atom to the electric field E that produces this

dipole moment.

P = apE (2.106)

The thermal expansion coefficient?, oy, indicates the degree to which a material
expands upon heating. If the number of atoms or molecules remain constant it is
obvious that the density of the material decreases as the volume increase as a result

of heat. Then, the thermo-optic coefficient can be expressed as

dn 1 AN dayy
= —— 4+ N 2.1
a7~ 2eon (O‘I’Ol ar *ar ) (2.107)

where N is the number of dipole moment per unit volume (density). It is noted
that the right hand side of the equation is divided into two terms, the first one is the
density-dependent part representing the influence of particle density on polarizability,
and the second one corresponds to the density-independent part representing the
temperature dependence of the polarizability per particle [68]. Additionally, the first
term in the right hand side is usually negative because the density tends to decrease
as the temperature increases and the second term in the right hand side is usually
positive since the polarizability tends to increase with a change in temperature, which
implies that these two effects compete to determinate the actual behavior of the
refractive index with the temperature. For silicon the thermo-optic coefficient is

approximately 1.89x10~*K ! [17].

“Which can be defined as a; = (%)(%), where [ is the initial length.
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2.8 Waveguide Losses

When light propagates through a waveguide it may experience some type of loss.
In waveguide structures the losses are classified as coupling, propagation and radia-
tion losses, which are generally attributed to three different mechanisms: scattering,
absorption and radiation [69]. The following section describes some of these losses

and introduce some analytical expressions used for their calculation.

——

plane of constant phase

Figure 2.10: A curved waveguide and the symbolic representation of bent

loss [46].

The integration of multiple non collinear dielectric waveguides into the same chip
requires curved waveguides to interconnect them. The introduction of these curved
waveguide sections induces bending and transition losses in addition to the loss mech-
anism encountered in a straight waveguide, e.g. propagation losses that for a SOI
waveguide are typically in the range 0.1 - 0.5 dB/cm [17]. Bending loss is the contin-

uous radiation of mode power tangentially out of a curved waveguide as light travels
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through the bend [70]. Transition loss occurs at the junction of two waveguides hav-
ing different radii of curvature [70]. Under the condition of single-mode propagation,
a small part of the energy associated with the mode that is traveling through the
waveguide is propagating outside of the waveguide core, whose profile decays expo-
nentially with respect to distance from the waveguide axis. Close to the waveguide
axis, the surface of constant phase, which tends to be perpendicular to the waveguide
axis, moves with a velocity that is typical for the propagation for the particular mode
in the straight waveguide [68]. It is noted that the tangential velocity of points on
the surface of constant phase which are further from the centre of curvature is higher
than those closer to the waveguide axis. However, because all these points lie in the
same phase front they all have the same angular velocity. Then, their tangential
velocity increases with R up to some point R,,,, where the velocity will exceed the
velocity of light in the surrounding medium. This means, that the part of the mode
outside of the waveguide core beyond the R,,.. cannot travel sufficiently quickly to
stay in phase with the remainder of the guided mode and therefore must split away
from the guide and radiate into the surrounding medium, Figure 2.10. Since this tail
always exists, it is necessary for a continuous supply of energy to be provided from
the rest of the guided mode as it travels around the bend implying a decrease of the

mode amplitude with propagation [46].

The bending loss formula, presented here, is based on Marcuse’s method [42]
(other analytical models are the one presented by Lee [46] and by Marcatili [71]).

The formula for bending loss is defined as

app = Cre @2 (2.108)

where apgy, is the bending loss coefficient, R is the curvature radius and the constants
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(1 and (5 have the values

2, /{?2
Oy = Yo Fo o (2.109)
kiNerrs (N1 = Nypo) (1 + %5)
203
Cyp= 2 2.110

effective index of the rib section, N.sss is the effective index of the slab section and
Neyrs is the effective index of the slab-rib-slab section calculate using the effective

index method (section 2.5).
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Figure 2.11: Bending loss calculated with Marcuse’s method for a waveguide

with H = 2.5ym and w = 4um.
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Transition loss can be described as the change in the mode shape when light is
transferred between two waveguides with different curvature radii. For example,
the shape of the mode in a straight waveguide is symmetric with respect the field
peak which occurs at the centre of the waveguide. However, the mode shape in a
curved waveguide is not symmetric, the peak is moved laterally from the waveguide
centre further from the arc centre. This lateral displacement of the peak breaks
the symmetry of the mode and its width with respect to the mode in the straight
waveguide [70]. The transition loss calculation for the straight-to-curve transition

was described using the approximation proposed by Subramanian

a2
2 .
[1+ (kO'NeJ;f; -W0>2a:| 6( 2w(2))

4
1 Lo Regf ol v

Mse = (2.111)

where wq is the mode width and a the lateral offset; in this case a = 0. Figure 2.12
shows the transition loss for three different h values. It is noted that for less than
10mm radii transition loss can vary drastically, and for R > 45mm radii the transition

losses are practically the same for all geometries.

The coupling of light between different optical elements introduces some loss of
light commonly called coupling loss. Calculated here, as an example, is the reflection
losses for an air-silicon interface for different incident angles and the coupling efficiency

for a fiber-silicon waveguide connection.

The reflection loss may be calculated using the Fresnel equations [50] for the air-
silicon interface. The results are presented in Figure 2.13. For normal incidence,
~30% of the light is reflected which means ~1.5dB of the power is lost per facet

for both TE and TM polarization when light is coupled into a silicon waveguide.
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Figure 2.12: Transition loss for a waveguide with H = 2.5ym and w = 4um.

However, it is observed that for TM polarization the reflections are reduced to zero
for an angle of ~74° (Brewster’s angle). Above this angle, the reflections for TM
polarization increase rapidly. On the contrary, reflection of light for TE polarization

always increases as the incident angle increases.

Additional coupling loss between two waveguides, for example an optical fiber
and a silicon ridge-waveguide, is found by calculating the overlap integral between
the fiber optic field distribution and the waveguide field profile. This is a non-trivial
task. However, assuming that both field profiles have a Gaussian distribution it

is possible to use the analytical expression proposed by Shaodong Wu and Hans J.

Frankena [72]
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Figure 2.13: Reflection losses for air-silicon interface for TE and TM polar-

ization.

()

2) R 2

n= (%) e\ Wit W2 (2.112)
Wi + W3

where ¢ is the linear misalignment and w; is the beam waist for the fiber optic beam

profile in the waveguide facet after it propagates through air a distance d, which is

given by the formula

2 _ 2

14 (A_dQ)QI (2.113)

with wq as the fiber’s beam waist at the end of fiber optic, A as the wavelength and wo

is the beam waist for the mode in the waveguide, assuming single mode propagation,
McMaster University
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shown in Figure 2.14.
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Figure 2.14: Outline for the coupling efficiency, eagle eye view.

Generally, the use of tapered optical fiber (in which the optical fiber diameter is
reduced gradually up to a diameter similar to that of the waveguide cross sectional
area) to couple light to the waveguide allows a better coupling efficiency. Figure
2.15(a) shows the coupling efficiency as a function of the distance between fiber and
waveguide, assuming perfect alignment, for seven different fiber optic diameters. It
is noted that if both the beam waist and the separation distant are small, the loss is
minimized. Additionally, some loss calculations are described for a lateral misalign-
ment of Oum up to 2um, the results are reported in figure 2.15(b) for a fiber diameter

of 2.5um.

2.9 Absorption

The absorption mechanisms in silicon are best explained by considering the inter-
action of its electrons and holes with the photons. For example, in silicon (an indirect
bandgap semiconductor), photons with energy exceeding the bandgap energy £, are
absorbed, exciting electrons from the valence band to the conduction band (interband

absorption) and forming electron-hole pairs, Figure 2.16(a). For photon energies less
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Figure 2.15: Coupling efficiency (a) as function of distance d for seven dif-
ferent values of diameter ¢, and (b) as a function of distance d for six

different values of offset J.

than £, semiconductors are largely transparent, at least at moderate light inten-
sities. Some photons are still absorbed by exciting electrons and holes within the
conduction and valence bands to higher energies (free-carrier absorption —intraband

absorption—). If the semiconductor is heavily doped with impurities that leads to
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a large concentration of free carriers, the light beam can be fully absorbed, Figure
2.16(b). Absorption via carrier traps are associated with impurities or lattice defects
having energy levels that lie within the energy bandgap but away from the band edges
by several kgT', which are usually referred to as deep-levels, Figure 2.16(c). For ex-
ample, photons with energy® Er < hv < E, can excite a carrier into a deep-level.
After the capture of one type of carrier the deep-level can act as a trapping centre or
as a recombination centre, either by re-exciting the carrier back to its original band
without recombination taking place or by capturing the opposite type of carrier from

the opposite band, respectively [27,73,74].

The refraction and absorption of an optical medium can be described by a single

quantity called the complex refractive index, and is defined as:

n=n+jk (2.114)

where n is the real part of the complex refractive index, previously defined in eq.(2.23),

k is the imaginary part of n and is called the extinction coefficient.

Optical attenuation is characterized by the Beer’s law expression, eq.(2.27), where
the absorption of light is quantified by the absorption coefficient of the material «.
In order to determine the relationship between « and k, consider the propagation of a
plane wave, eq.(2.17), in the z-direction through a medium with a complex refractive

index and the definition of the wave vector, eq.(2.26),

®Er corresponds to the energy of the deep-level within the silicon bandgap and v is the frequency
of the photon that is being absorbed.
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E(r,t) = Eyexp [j(ﬁ%z - wt)]
(2.115)

= Fyexp (—/@gz) exp [j(ngz — wt)}
c c

It is noted that a non-zero extinction coefficient leads to an exponential decay of
the wave in the medium. The optical power, or intensity, of the wave is proportional
to the square of the electric field, I o« EFE*, and comparing this result with Beer’s

law, eq.(2.27), it is concluded that

o= _ 2R (2.116)

This suggest that « is directly proportional to the extinction coefficient and in-

versely proportional to wavelength.

Figure 2.17 shows that the experimentally determined silicon absorption coefficient
varies over many orders of magnitude with varying wavelength A\. The continuous
line corresponds to the absorption of intrinsic ¢-Si. It can be seen that a decreases
strongly with increasing wavelength. Short-wavelength photons (A < 1.12um) have
an energy larger than the (indirect) bandgap. These photons are able to create
electron-hole pairs and are readily absorbed by the ¢-Si (interband absorption). How-
ever, long-wavelength photons (A > 1.12um) cannot generate electron-hole pairs and

silicon is virtually transparent for these wavelengths.

Intrinsic silicon is a poor conductor, but the addition of doping reduces its resis-
tivity. By adding n- or p-type doping to a semiconductor, free electrons or holes are
introduced. These free charge carriers can absorb photons by free-carrier (intraband)

absorption (but electron-hole pairs are not generated), as can be seen for the two
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Figure 2.16: Optical absorption via (a) band-to-band absorption (inter-
band). (b) Free-carrier absorption (intraband), for n- and p-type materials
(top and bottom scheme, respectively), and (c) Absorption via traps for

n- and p-type material.

doping cases presented in Figure 2.17. The use of free-charge carriers to engineer the

optical properties of silicon is explored in section 2.10 below.

2.10 Free Carrier Effects

The free-carrier injection to, or depletion from, a silicon waveguide strongly affects
its optical properties. Traditionally, the change in index of refraction, An, and the
absorption, Aa, induced by the presence of free-charge carriers is calculated using

the Drude model [7]. The formulae are described thus:

X2 [AN. AN
An=—_° h (2.117)
8n2clegn | mi,  mY,
3)\2 AN, AN,
Aa =5 al (2.118)
Am2cdegn | mE2pe M

McMaster University Engineering Physics PhD Thesis Edgar Huante-Cerén



56 Chapter 2. Background Theory

afem’]
—
o
N
|

Intrinsic
- - --3.3x10"m"
------ 1.0x10"°cm™

10-2 - ! T ! T ! T ! T ! ' ! ' ! '
0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

A [um]

Figure 2.17: The absorption coefficient of c-Si as a function of wavelength
for intrinsic silicon [75], p-type silicon with typical doping concentration
of 1.0 x 10%cm™ and with a high doping concentration of 3.3 x 102°cm~3,

extracted from [76].

where e is the electronic charge, m}, is the conductivity effective mass of electrons,
m}, is the conductivity effective mass of holes, s is the electron mobility, py, is the
hole mobility, AN, is the change in electron concentration and AN, is the change in
hole concentration. However, an empirical expression for both An and Aa at A =

1.55pum was reported by Soref and Benett [29,77]

PhD Thesis Edgar Huante-Cerén Engineering Physics McMaster University



Chapter 2. Background Theory 57

An = An, + Any

(2.119)
= —8.8x 1072 (AN,) — 8.5 x 1078 (AN,)"®

Aa = Aa, + Aay,
= 85 x 10718 (AN,) + 6.0 x 10718 (AN,)

(2.120)

From eq.(2.119) it is noted that the refractive index decreases as the concentration
of carriers increases. Furthermore, from eq.(2.119) and eq.(2.120) (Figure 2.18) it is

noted that a change in refractive index must also result in a change in absorption.

2.11 The Integration of Electrical and Optical Func-

tions

In silicon photonics, the pn-junction diode acts as a selective barrier to charge
carrier flow (current will flow readily in one direction —forward bias— but not in
the other —reverse bias—) and provides a simple and effective way to control the
concentration of free-charge carriers in order to modify the optical properties of the
silicon waveguide. A great deal of the experimental work performed toward the
completion of this thesis exploited the integration of a pn or p-i-n diode with a silicon
waveguide. Therefore, a brief review of the basic pn-junction theory is presented

here.
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Figure 2.18: (a) Absorption and (b) Index of refraction in c-Si as a func-
tion of free-carrier concentration at A = 1.55ym and room temperature,

extracted from [29].

2.11.1 PN-Junction

When p-type and n-type materials® are placed in contact (in a conceptual exper-

iment) with each other to form a junction, the junction behaves very differently than

6Semiconductors doped with donor impurities (pentavalent material, for example phosphorus)
have an increase of number of electrons in the conduction band at room temperature and are known
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either type of material alone. The difference in doping on each side of the junction
cause a potential difference between the two type of materials and a diffusion of car-
ries is expected to take place due to the large concentration gradient at the junction.
Thus electrons diffuse from the n side to the p side and holes diffuse from p to n.
However, this diffusion will create a charge imbalance by leaving behind uncompen-
sated donor ions (N, positively charged), in the case of electron diffusion. Similarly,

holes diffusing from p to n leave behind uncompensated acceptors (N,

a ?

negatively
charged). These uncompensated ions are fixed in place within the crystal lattice,
thus developing a space charged-region on each side of the junction. The result is
a region where majority carriers are depleted and implies in turn the existence of an
electric field. The region that is depleted of mobile majority carriers at each side of
the junction is referred to as the depletion region and is illustrated in Figure 2.19(a).
The resulting electric field is directed from the positive charge to the negative charge
region. Thus, this electric field will oppose the diffusion of holes from the p-side and

electrons from the n-side and an equilibrium situation will be obtained [73,78-81].

The number of majority charge carriers (electrons in the conduction band) per

em? in the n-type material is defined by the quantity

Ey—E;
Ny = N €XP <fk:7T) (2.121)

and holes in the valence band in the p-type material

b, —F
Dp = N; €Xp <Tf) (2.122)

as n-type materials. Those doped with acceptors (trivalent materials for example boron) have
an increase number of holes in the valence band at room temperature and are known as p-type
materials.
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Figure 2.19: (a) Junction showing space charge in the transition region Wp;

(b) A pn-junction energy band diagram at thermal equilibrium.

where Ly is the Fermi energy, which is the energy level at which the probability of
occupation by an electron is 1/2, E; is the intrinsic energy level and lies near the
centre of the bandgap and n; represents both the number of electrons and holes in
their respective bands in intrinsic silicon (n; = 1.45x10%m™ at room temperature).
The intrinsic carrier concentration can be related to the number of mobil electrons

and holes such that n? = n,p, = p,n,.
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In thermal equilibrium there is a net built-in potential 1} across the depletion re-
gion, which cause the energy band to bend, Fig. 2.19(b). If the doping concentration
is known, the built-in potential of an abrupt pn-junction can be calculated using the

following expression

Vo

kT [NaNd}
=—1In

2.123
. 5 (2.123)

n;

where N, is the concentration of donors in the n-side and N, is the concentration of

acceptors in the p-side of the junction. The depletion region width, Wp, is given as
2Vy (Na4+ N\ [26Vo /1 1\]7?

W — S e . 2.124

o= 1 ()] : \N N, (2124

where € is the permittivity of the medium and is defined as € = ¢y¢,., where ¢ is the

vacuum permittivity, €, is the relative permittivity and the permittivity for silicon at

room temperature is 1.04x107'2 F/cm.

The current across a pn-junction is composed of the sum of two contributions -
drift and diffusion current. Drift current is the movement of charge carriers under
the influence of an electric field, such as the built-in electric field present across the
depletion region. Diffusion current is the result of the difference in concentration
of charge carriers between the two doping regions. In forward bias, with a positive
voltage applied at the p-region, the junction is no longer in equilibrium and the
electrostatic potential barrier and the built-in electric field within the depletion region
are changed. In addition the separation of the energy bands are affected and the Fermi
level is no longer constant. The result is a reduction in the potential barrier by the

applied voltage V; and a corresponding increase in the carrier diffusion current (more
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electrons and holes now have sufficient energy to overcome the potential barrier). The
width of the depletion region decreases because Vj in equation 2.124 is now replaced
by Vo — Vy. The current due to diffusion increases significantly as more carriers are
injected across the barrier into both the p and n regions, where they recombine with
the abundant opposite-type of carrier. The diffusion current dominates in forward
bias because for a small increase in voltage the result is a large increase in current,
while the drift current remains small and constant independent of the applied bias.
This is due to the fact that the drift current depends on how often minority carriers
are generated within a diffusion length of the depletion region, not on how rapidly
the carriers are swept through the potential barrier. In other words, the drift current
depends solely on the small amount of minority carriers that become available not
on the strength of the applied field. In reverse bias, where a negative potential is
now applied at the p-region relatively to n-region, the depletion width becomes larger
and the electrostatic potential barrier is increased, which decreases the diffusion of
carriers. The result is that the only current flowing in this pn-junction is the small
and relatively constant drift current. This current is generally called the generation

current,” or in reverse bias the reverse saturation current or I.

In forward bias the probability of diffusion across the junction is found to increase
by a factor of exp(¢V/kT) and in reverse bias the diffusion current is reduced by the
same factor with V' = —V,. In equilibrium (V' = 0) the diffusion current is equal
to the drift current, Iy. The resulting current-voltage equation for an ideal diode is

given by

"As a reference to the carriers generated in the depletion region or minority carriers which diffuse
to the junction and are collected.
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I =1, <qu/ KT _ 1)
(2.125)

D, D,
= qA (L—”pn - L—np) (eaV/KT 1)
D n

where A is the cross-sectional area of the diode, D, and D,, are the diffusion coeffi-
cients of holes and electrons (cm?s™!) and L, and L, are diffusion lengths for holes
and electrons. The diffusion length is the average length a carrier diffuses before re-
combining and can be expressed by L = v/D7, where 7 is the recombination lifetime.
The diffusion coefficient, D, is related to the carrier mobility, 4 (cm?/Vs) through
the Einstein relation D/u = kT/q. The corresponding current-voltage (I — V)

characteristic curve is shown in Figure 2.20

25
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current current
0
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Figure 2.20: I-V characteristic of an ideal diode.
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The transient response of a diode is affected by the transit time of charge carriers
and capacitive effects. There are essentially two contributions to the capacitance of a
pn-junction: the junction capacitance and the charge storage capacitance®. Junction
capacitance is due to the dipole formed by the ionized donors and acceptors in the
transition region and dominates in reverse bias. Charge storage capacitance, which
dominates in forward bias operation of the diode, is determined by the minority carrier
lifetime and the operating current. The junction capacitance, C}, of an abrupt pn-
junction is given by

q NyN, V2 A

Co— A _ 4 2.126
1= 2 (Vo — V) Ny + N, W (2.126)

which is an analogy to the parallel plate case where C' = €A/d, with d as the plate
separation. The junction capacitance decreases with an increase on the width of
the depletion region. Therefore, as the reverse bias voltage is increased the junction
capacitance is reduced. The diffusion capacitance, Cp, for a long and abrupt pn-

junction and forward bias voltage V' > kT'/q is given by the expression

LI (2.127)

CD:k‘_Tp

where 7, is the minority charge carriers life time and [ is the operation current.

2.12 Summary

This chapter presented the basic theory required for an understanding of the

physical concept of light trapping and guiding in an optical waveguide, which is the

8The charge storage capacitance is sometimes called diffusion capacitance.
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main structure used in this thesis work. The effective index method was described as
a way to calculate the single mode conditions in 3d waveguide structures. Some of the
most common loss mechanisms associated with waveguide structures were quantified.
Optical absorption mechanisms in silicon and in particular the effect of free-carries
on the real and imaginary part of the index of refraction of silicon were discussed.
Finally, the basic working mechanism of a pn-diode, which is the configuration used
to electrically modify the optical properties of the waveguide structure, was described.
Theoretical considerations beyond this chapter are introduced as required throughout
this thesis (for example to described the model for deep-level absorption). It is
suggested that this approach enables the reader to consider such theory in the context

of the specific work addressed.

McMaster University Engineering Physics PhD Thesis Edgar Huante-Cerén



66 Chapter 2. Background Theory

PhD Thesis Edgar Huante-Cerén Engineering Physics McMaster University



Chapter 3

Thallium-Doped SOI Rib

Waveguide

In the present chapter the effect of thallium doping of a silicon waveguide on
the optical absorption of sub-band wavelengths around 1550nm is modeled and ex-
perimentally determined. These foundation measurements are used to assist in the

design of the modulator described in chapter IV.

3.1 Background

Ion implantation is a useful way to introduce defects into the silicon lattice in
order to increase the optical absorption at the communication wavelengths around
1550nm. In previous work [82], it was observed and reported that the type (either
n-type or p-type) of background doping and its concentration influence the defect

absorption strength. This effect was demonstrated in a waveguide structure [83].

A deep level impurity! located in silicon is almost completely un-ionized at room

Hmpurity levels are considered ”deep” if their distance from the band edges is larger compared
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temperature because of the depth of the ionization energy level. Light at a wavelength
of 1550nm may cause charge excitation from the valence band to the impurity level
positioned in the bandgap, Fig. 3.1(a), or from the impurity level to the conduction
band, Fig. 3.1(b). If the energy required to induce a charge excitation from the
trapping level to the conduction band is greater than 0.82eV (E > E(A = 1550nm)),
Fig. 3.1 (a), excitation is not possible. Therefore, the impurity level behaves only
as a trapping level. The concentration of deep level impurities is denoted by Ny
(Nt = nr + pr) and in silicon can exist in a charged as well as a neutral state [86].
This study only focus on deep levels that present a single impurity level in the silicon
bandgap and can only be single charged (+ or —). For example, when Np is a
deep-donor impurity (i.e. n—type deep-level), ny denotes the amount of deep levels
occupied by an electron which, for this type, corresponds to a neutral charge state
and pr is the amount of deep centres unoccupied by electrons (or occupied by holes)
which corresponds to an ionized state with positive charge. However, if Ny is a
deep-acceptor level (i.e. p—type deep-level), ny refers to the ionized state (negatively
charged) or centres occupied by electrons and pr is the concentration of unoccupied

centres and therefore, with a neutral charge state?.

This behavior could become useful for active devices, since a large shift in ab-
sorption can be achieved by simply changing the defect charge state. This charge
state depends on the defect level occupancy which may be altered by injecting or
removing free carriers from the system. Previous experimental infrared absorption
studies of thallium in silicon show the existence of a single-acceptor-impurity level
to exist at 0.246eV above the valence band [87,88], which makes thallium a deep

single-impurity-level in silicon [78].

to kpT (for example, >3k,T) at room temperature; however, it is usually considered a level to be
”deep” if it occurs at an energy which is greater than about 0.1eV from a band edge [84, 85].
20r neutral state.
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Figure 3.1: Band diagram of silicon containing, (a) deep acceptor centres
with ionization energy Er without shallow donors, N; and, (b) deep donor

centres of energy Er without shallow acceptors centres, N,.

3.1.1 Absorption Coefficient due to Thallium

The optical absorption of thallium-doped silicon at the 1550nm wavelength results
from the excitation of an electron from the valence band into a neutral thallium centre
located 0.246eV above the valence band. This transition changes the charge state
of the centre from neutral to negative. This optically excited transition has an
optical cross-section of approximately 2.6 x 10™'"cm? [89] for photons with an energy
equivalent to 1550nm wavelength. The energy required to optically excite an electron
from the thallium centre into the conduction band is 0.87e¢V, which is higher than
the energy associated with 1550nm photons. The absorption coefficient strength
for 1550nm has been found to be proportional to the overlap integral for the optical
waveguide mode and the concentration of unoccupied (neutrally-charged) thallium

centres [40], defined as
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ag = o) //fb(x,y) [Np(z,y) = Ny (2,y)] dedy (3.1)

where a;pt is the cross-section for optical absorption at 1550 nm wavelength; ®(z,y)
is the normalized (unit power) optical waveguide mode profile; Np(z,y) is the thal-

lium concentration profile and N7 is the ionized (negatively charged) thallium centre

profile.
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Figure 3.2: Band diagram of silicon containing a constant trapping cen-
tres concentration, Ny, and (a) without shallow donors, N;, (b) with a
medium concentration of shallow donor, N;, and (c) with a shallow donor

concentration similar or equal to the trapping centres concentration, Ny .

Thallium is a group-III impurity, which makes it a p-type dopant in silicon. In
the three cases shown in figure 3.2, the thallium concentration, Np, is depicted as
being kept constant and the background doping concentration of a shallow donor

such as phosphorus, Ny, is changed in order to demonstrate the effect of changing the
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background doping concentration (phosphorus) on the optical absorption strength of
thallium. Figure 3.2(a) shows that when there are no shallow donors, N;, many
deep acceptor centres are neutrally-charged and pr takes its minimum value (p™).
Therefore in this case, many electrons are capable of being optically excited from the
valence band to the thallium level. In figure 3.2(b), some shallow donors, Ny, are
added. These donors supply free electrons that are readily trapped by the vacant
deep level acceptors, decreasing the number of sites available for electrons to be op-
tically excited. In other words, the thallium levels are being compensated. Figure
3.2(c), shows that when a large concentration of shallow donors are introduced the
free electrons would completely compensate the deep acceptor centres, making the
optical excitation process via electron excitation into the deep levels impossible. This
model of thallium induced absorption leads to the somewhat remarkable prediction
that optical absorption in deep-level doped silicon would decrease with increasing free

carrier concentration (in contrast to the common observation of free carrier absorp-

tion, described by Figure 2.18(a)).

3.2 Calculation of the Concentration of Neutrally-

Charged Deep-levels

In order to calculate the concentration of neutrally-charged centres as a function
of the deep-level impurity and background doping concentration, I will review the
generation-recombination (G-R) process described by the Shockley-Read-Hall (SRH)
mechanism [90-94].
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3.2.1 Carrier Recombination via Impurities

The SRH recombination process takes place mostly due to impurities having en-
ergy levels deep in the bandgap; these are so-called G-R centres or traps [95]. Re-
ferring to Figure 3.3, a G-R centre or trap can be seen to be in either one of two
possible states, the occupied and the neutrally-charged. In its neutral state, it can
capture an electron from either the valence band (Fig. 3.3(b)) or the conduction
band (Fig. 3.3(c)). In its occupied state, it can give (emission process) its electron
to either the valence band (hole capture, Fig. 3.3(a)) or the conduction band (Fig.
3.3(d)). The optical transition occurs when light with E(\) < E, is able to excite an
electron from the valence band to a neutrally-charged trapping level® (hole emission,
Fig. 3.3(e)) or when an electron, occupying a trapping centre, is excited by a photon

with F(\) > (E. — Er) enabling a promotion to the conduction band, Fig. 3.3(f).

E
® E

@ Occupied center
(O Unoccupied center

@ ® @© @ 6 ©O

Figure 3.3: Band diagram for a semiconductor with a single deep-level im-
purity located at Er. The thermal capture and emission process and optical

generation are described in text.

3E, is the band gap energy
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For process (a) in figure 3.3, the rate of capturing a hole is proportional to the
hole capture coefficient, c,, the concentration of occupied trap states, ny, and the

hole density in the valence band, p; hence, the rate can be written as
Uep = ¢p (N7 — pr) p = cynrp (3.2)

where N7 is the total density of deep-level impurities, pr the concentration of neutrally-
charged (i.e. occupied by holes) centres, nr the concentration of occupied traps and
p is the concentration of holes in the valence band. Using this terminology we may

write:

Nr =nr+pr (33)

Process (b), hole emission rate, is defined by the hole emission coefficient, e,, and

the density of centres occupied by holes,

M) (3.4)

Uep = prep = preppt = prophi - exp(— T
where p; is the number of holes in the valence band for the case in which (E; = E7)
[90], n; is the intrinsic carrier concentration, E7 is the position of the deep-level
impurity, F; is the intrinsic position of the Fermi energy level, k; is the Boltzmann
constant and 7T is the temperature. The expressions for process (c¢) and (d) are

obtained in a similar manner, where the electron capture rate is

Ucn = Cpprn (35)
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with n as the concentration of electrons. The electron emission rate is

ﬂ) (3.6)

kyT'

U.,, = nre, = nrc,ni = Npc,n; - exp(—

where n; is the number of electrons in the conduction band for the case in which the

Fermi levels falls at (E; = E7) [90].

Optical emission rate of holes, gzo,pt, from the impurity level to the valence band*

opt

is proportional to the optical cross-section for capture of holes, o7, the optical flux,

Gopt [Photons/cm?s], and the concentration of neutrally-charged centres pr.

g;pt - O-;)pt ¢optpT (3 7)

opt

oP' from the impurity level to the con-

The Optical emission rate of electrons, g

opt
n

duction band is proportional to the optical cross-section for capture of electrons, o

the optical flux, ¢, [Photons/cm?s|, and the concentration of occupied centres ny.

gt = aff’tgboptnfp (3.8)

In steady state, the net rate of change of concentration of holes must be equal to

that of electrons, then

Uep — Ucp + g;pt = Uen - Ucn + gopt (39)

n

4Tt is equivalent to the promotion of an electron from the valence band to an empty thallium
level by the absorption of a photon.
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substituting equations (3.2), (3.4), (3.5) and (3.6) into eq.(3.9) and rearranging terms,

we obtain

e, + c,p + o%Pto,
= L Dopt Ny (3.10)
cpp + e, + (Up + oy ) Gopt + Cnnt + €5,

which is the expression for neutrally-charged deep centres. The carrier capture coef-

ficients are defined as

Cn = OpUTh—n (3.11)

Cp = OpUTh—p (3.12)

where o), is the cross section of holes and o,, for electrons, and vry_p,, V7, are the
thermal velocities for holes and electrons respectively [96]. For thallium the capture
cross-section for holes is 2.4 x 10~ em? [88] and the capture cross-section for electrons

is 1.0 x 10~*cm? [97].

3.2.2 Numerical Modeling of Thallium induced absorption

Since thallium is a deep-acceptor-level, not all the impurity centres are ionized
at room temperature, where this ionization fraction depends on the concentration of
background doping, thallium doping, capture rate, emission rate and temperature. In
this section a model is developed that calculates the occupancy concentration. This
model applies to all cases where a shallow level impurity is co-doped with a deep-level
impurity. The results presented here are for the specific case of silicon co-doped with
thallium and phosphorus. Some terms described in eq.(3.3) are replaced to represent

the specific case for thallium such that, Ny is now N, and ny is N, ; providing
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Ny =N, +pr (3.13)

From the charge neutrality equation

n+ N, =p+ N (3.14)
it is assumed that all the shallow donors are ionized, N = Ny, then,
n—l—Na_ :p—l—Nd (315)

using eq.(3.13) and the expressions n = n?/p in eq.(3.15), we get

(3.16)

- en + pp + 0P Py N — p? + Nagp — n?
eop+ ept+ (7 + o) Gopt +Can+en ) P

with p = n; - exp{(E; — Ef) /kyT}. Solving this expression, one may obtain the
Fermi energy level position required in the calculation of pr, equation (3.10). Figure
3.4 shows the concentration of centres neutrally-charged for ten different thallium
concentrations as a function of varying phosphorus concentration ranging from 10
to 10¥cm™3. The maximum concentration value for thallium was limited to its solid

solubility in silicon of 3.7 x 10em=3 [98].

Figure 3.4 shows how the concentration of thallium centres neutrally-charged, pr,
changes as a function of background doping concentration. These results support
the notion that thallium levels are compensated by the presence of phosphorus up to

the maximum phosphorus concentration.
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Figure 3.4: Neutrally-charged thallium centres, pr, as a function of phos-

phorus background doping, N;, without optical excitation.

The fraction of neutrally-charged to the total concentration of thallium centres
for a constant background concentration can be increased by increasing the thallium
concentration and, for a constant concentration of thallium, the fraction can be de-
creased as the background doping concentration is increased, as shown in Fig. 3.5.
For example, for a thallium concentration of 10*cm™3 at a phosphorus background
concentration of 10*cm=3, ~60% of the thallium centres are neutrally-charged. But
this percentage is decreased as the background doping is increased up to the point
where all the centres are compensated. It is recalled that the amount of photons
absorbed is directly proportional to the amount of neutrally-charged centres, as ex-

pressed from eq.(3.1). From the previous discussion, optical modulation by ways of
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Figure 3.5: Fraction of neutrally-charged thallium centres, pr/N, as a func-

tion of phosphorus background doping, N;, without optical excitation.

varying pr, should be possible. For example, this effect can be potentially useful for
optical modulation in silicon waveguide geometry. In order to explain this application
further, we consider a waveguide structure doped with thallium with a concentration
much higher than the shallow donor background doping concentration (N, > Ny).
From the top-left area of Fig. 3.5, one observes a high density of neutrally-charged
centres which implies a high optical absorption, ayy. If a reverse bias is applied to the
waveguide, it induces a depletion effect with the result that holes would be emitted
from the thallium centres (i.e. capture of electrons from the valence band). This
hole emission decreases both pr and a4 to minimum values. On the other hand, if

the background doping concentration is comparable or higher than that of thallium
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Figure 3.6: Capture rate for electrons and holes for ten different concen-
tration of thallium (as in Fig. 3.5) as function of phosphorus background

doping without optical excitation.

(bottom-right part of Fig. 3.5), all the thallium centres will be completely compen-
sated (N, ~ N,). Hence, minimum absorption results. If a forward bias field is
applied to the waveguide structure, it causes pr to increase and enhances absorp-
tion. This behavior is possible because optical absorption by a deep-impurity level

is proportional to the neutrally-charged centres which is largely dependent on the
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capture rates for electrons and holes, eq.(3.10). For example, in Figure 3.6 when the
thallium concentration is higher than the phosphorus concentration, the hole capture
rate is ~18 orders of magnitude higher than the electron capture rate. When the
phosphorus concentration matches and/or exceeds that of thallium, the hole capture
rate drops drastically but it is still higher than the capture rate for electrons. There-
fore, for thallium centres the injected holes will be preferentially captured over the

electrons in a bipolar device [40,99].

Change in the fraction of neutrally-charged thallium centres induced by light prop-
agating trough a waveguide structure was calculated using eq.(3.10) and correspond-
ing results are reported in Fig. 3.7. For the calculation of the fraction of neutrally-
charged centres, in steady state, two conditions were assumed: first, there is no optical
transition from the trapping level to the conduction band, i.e. o2*(A = 1550nm) = 0
due to (E. — Er) > E(\ = 1550nm); second, each photon absorbed will excite an
electron from the valence band to the thallium centre. Modeling was performed for

a waveguide with cross-sectional area of 10um?.

It is noted from Fig.3.7 that the greater the number of photons propagating trough
the waveguide the greater the change in the fraction of neutrally-charged thallium
centres, pr/N,. This small change (decrease) in the fraction of neutrally-charged
centres was expected from eq.(3.10) and it is more evident for low concentrations of
both thallium and phosphorus (left-hand-side on Fig.3.7a). It is noteworthy that
the fraction of neutrally-charged thallium centres is highly affected by the ratio be-
tween the hole capture cross-section and the hole optical cross-section, i.e. since the
hole capture-cross section is ~900 larger than the optical absorption cross-section for
holes, after a photon excites an electron to the trapping level, it is more likely that

the centre will re-trap a hole. Thus, even for high concentration of photons propa-
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Figure 3.7: Fraction of neutrally-charged thallium centres, pr/N, as a func-
tion of phosphorus background doping with optical excitation for: (a)

N, =1x10%m™3, (b) N, = 7.43 x 10%cm™ and (c) N, = 3.7 x 10'"cm 2.

gating through the doped region, there is no considerable change, and practically no
change when both thallium and phosphorus concentrations are similar to the fraction
of neutrally-charged thallium centres induced by an optical transition. If the dif-
ference between cross-sections were smaller, or the quantity of photons propagating
through were comparable to the thallium concentration, the change in occupancy

fraction would be quite evident up to the point that almost all thallium centres may
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be occupied.

3.3 Experimental Determination of Thallium In-
duced Optical Absorption in a Silicon Waveg-
uide

In the following sections, sample fabrication procedure is discussed together with
the numerical model developed in order to obtain the absorption coefficient due to

thallium centres in a silicon waveguide.

3.3.1 Sample Fabrication

| si
W SiO,

W H

Photoresist
2% 2% 2

“

Figure 3.8: Summary of sample fabrication. Step 1, waveguide structure.

Step 2, thallium implantation into waveguides and thermal annealing,.
Step 3, phosphorus implantation and a second thermal annealing, and

step 4, sample ready for optical characterization.

In order to design a process flow for the fabrication of thallium doped rib waveg-
uide, a number of issues were considered: (1), thallium is a heavy mass ion with

a relatively low diffusion constant [100]; (2), the waveguide thickness was 2.5um;
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(3), ideally a homogeneous concentration of thallium and phosphorus throughout the
waveguide cross-section is desired. These three issues produced limitation for the

implantation and annealing conditions used in fabrication.
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Figure 3.9: Higher order modes are observed in a 4um width waveguide,
when the etching depth is more than 0.25ym and 0.35pm for TM and TE

polarization respectively. Waveguide dimensions based on Fig. 2.8.

Silicon rib waveguides were fabricated using a SOI wafer with a guiding layer of
2.5pm on a 0.375um thick buried oxide (BOX). Eight samples of approximately 2x2
cm? were cleaved, and then cleaned using the RCA cleaning procedure [101,102]. The
samples were annealed in a dry-oxygen environment for 30 minutes to grow ~100nm

thick oxide on the silicon over layer. Prior to the Shipley 1808 photoresist (PR)
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deposition the samples were heated at 110°C for five minutes to remove moisture.
The samples were subjected to standard photolithography so that a waveguide pattern
could be transferred to the PR, and etched into the oxide using a 10% buffered-HF.
After the PR was removed, the waveguide pattern was transferred to the silicon via
wet etching (using a 40% KOH + IPA solution, see Appendix A), where the thermal
oxide layer was used as an etching mask (Fig. 3.8-1). The etching depth in silicon
was chosen to ensure single-mode propagation (according to section 2.5), corroborated
with the simulation results obtained with the commercial software RSoft Software.
For a waveguide width of 4um, no more than 0.25um etching depth is required to
ensure single mode propagation (Fig. 3.9). The single mode profile and intensity

distribution along z and y are shown in Figure 3.10.
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Figure 3.10: Single mode for a waveguide whose dimensions are H = 2.5um,
h = 2.25yum and W = 4um, (a) Transversal profile and (b) Normalize

intensity profiles for x and y direction.

Windows of varying lengths centred on each waveguide, were defined subsequently
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Table 3.1: Summary of Tl and P implantation conditions for the SOI waveg-

uides
Thallium Phosphorus
Annealing Annealing
Dose Energy | Temp. | Time Dose Energy | Temp. | Time
[em™2] [keV] [°C] | [min] | [em™2] [keV] [°C] | [min]

7.4x10" - -
7.4x10%3 3.0x 1012
7.4x10%3 6.0x 1012
7.4x10" 1.0x1013
10 1000 1100 90 2 0101 . 1100 90
7.4x10%3 3.0x1013
7.4x10" 7.0x10%
7.4x10" 1.0x10M
1.2x101 - i,
1.2x10% 8.0x 1012
1.2x10™ 1.0x10"?

1000 1100 90 1100 90
1.2x101 3.0x10%3 | 385
1.2x10% 5.0x1013
1.2x10% 7.0x1013
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using a 4um thick PR, and used as a masking layer during ion implantation of thallium
with an energy of 1MeV for a dose of 7.4x10"¥cm™2 or 1.2x10cm™2 (Fig. 3.8-2).
After the PR was removed from all the samples, they were annealed at 1100°C in
a dry-oxygen environment for 90 minutes in order to diffuse and activate the im-
planted thallium. All samples but one were subjected to subsequent (unmasked)
phosphorus implantation at an energy of 385 keV for doses ranging from 3x102cm =2
to 1x10%ecm™2 and all samples were further annealed at 1100°C in a dry-oxygen
environment for 90 minutes (Fig. 3.8-4). This range of phosphorus doses provided
co-doping of the thallium such that the thallium mediated optical absorption could be
compared to the modeled results shown in Figure 3.5. The implantation conditions
are summarized in Table 3.1. The implantation energies, annealing temperatures and
annealing times were chosen in order to positioned the resulting thallium and phos-

phorus concentration profiles coincidentally. In addition, their peak concentration

was required to be located as close to the waveguide centre as possible.

Phosphorus implantation contributes to free-carrier absorption along the whole
waveguide length, while thallium centres contribute to the absorption only in the
unmasked window. This simple design thus allows the separation of absorption due

to free carriers and due to thallium mediated absorption.

The final sample preparation step was the definition of optical quality end-facets

using a chip thinning and edge cleaving process.

3.3.2 Optical Loss Measurements

Using a 1550nm wavelength laser, optical absorption measurements were per-
formed for all the waveguide on each sample. This was done by butt-coupling light

into the rib waveguide through a tapered optical fiber. Light was collected by an
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objective lens located at the opposite end of the waveguide. The collimated light
was propagated through free space and measured using an InGaAs photodetector.
Figure 3.11 depicts the optical set-up used for the measurements. Total measured

loss, in dB, can be summarized by the following relationship;

aror = agly + ;L + ¢ (3.17)

where g4 is the absorption coefficient of thallium centres, in dB/cm, defined by
eq.(3.1), ly is the length of the thallium implantation window, «; is the intrinsic
absorption coefficient, which includes free-carriers absorption induced by phosphorus
doping, L is the waveguide length and ( is the coupling loss.

Beam .
splitter mirror

\\%l%

. . | Infrared

Sample / _:CD:_ _f-? =

-~ .

Incandescg ! ™~ Monitor
lig.ht = oo

Figure 3.11: Experimental set-up used for the optical measurements.

Objective Photodetector

Powermeter

The change in total loss value between waveguides, on the same sample, was
dominated by the variation in ly,. In this case, free-carrier absorption and coupling
loss were expected to be the same for all waveguides on the same sample. Hence, the
last two terms in the right-hand side of eq.(3.17) can be considered to remain constant
and the value of a4 can be extracted from a linear regression of ar, vs ly,. Figure

3.12 shows typical experimental data and corresponding linear fitting. It is noted that
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Figure 3.12: Measurement results of optical loss vs thallium implantation

window length, for a dose of Tl = 7.4 x 103cm™2

and eight different phos-
phorus doses shown in figure. Error bars are similar for the rest of exper-

imental data.

the slope of the fitted curve decreases as phosphorus concentration increases, which
is a result of thallium compensation. Recall that fewer neutrally-charged centres
corresponds to less absorption. For high phosphorus concentration, full compensation
of thallium centres is expected. However, even for the highest phosphorus doping
concentration a slope in the fitted data is observed, which must be a consequence of

residual neutrally-charged thallium centres. A possible explanation for this residual
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absorption may be the conglomeration of thallium ions forming clusters that may not

be compensated by phosphorus impurities, and therefore allowing optical absorption.

Table 3.2: Thallium and phosphorus doses, peak concentration and oy

Thallium Phosphorus
Dose Peak Dose Peak oy
[em™2] | Concentration | [ecm™?] | Concentration [dB/cm]
jem™) jem]

7.4x1013 - - 7.447+0.935
7.4x10"3 3.0x10'2 1.77x10'6 7.287+0.680
7.4x10"'3 6.0x102 |  3.45x10' 6.206+0.740
7.4x1013 . 1.0x10"3 6.01x10' 5.071+0.423
roaen | 2.0x10% | 1.15x10'7 | 5.5880.316
7.4x10"3 3.0x10'3 1.80x 107 3.47640.402
7.4x1013 7.0x10%3 4.17x10%7 3.51740.269
7.4x10'3 1.0x10" | 5.90x10'7 3.639+0.232
1.2x10% - - 10.87140.695
1.2x10" 8.0x10'2 7.03x10' 9.91440.641
1.2x10 A 1.0x10"3 8.83x10' 9.57140.596
1.2x10 3.0x10%3 2.54x 107 5.46740.410
1.2x10" 5.0x10'3 4.03x10'7 7.520£0.427
1.2x10M 7.0x101 | 6.15x10'7 8.132+0.665

Another possible effect is anomalous phosphorus diffusion® [105-107] in silicon.

5Typically, Gaussian-shaped profiles will maintain its gaussian shape when broadening due to
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For high phosphorus concentration, in an already implanted material with a heavy
ion, and annealing in an oxidation environment phosphorus diffusion is enhanced and
therefore a lower concentration of phosphorus (coincident with thallium) is induced.
This implies that some of the thallium centres may not be compensated and absorp-
tion by thallium centres occurs. The values obtained for «y, are reported in Table

3.2.

3.3.3 Modeled Optical Loss

The modeled optical loss was obtained by solving eq.(3.1). In order to do so,
the concentration profiles of thallium and phosphorus were calculated using the com-
mercial software ATHENA® [108]. As an example, Figure 3.13(a) shows the active
thallium in the waveguide cross-section after it was implanted with a thallium dose
of 7.4x10%ions/cm? and subsequently annealed for 90 minutes in dry O,. Figure
3.13(b) shows the active phosphorus concentration profile after it was implanted with

2 and annealed for 90 minutes in dry O,, and

a phosphorus dose of 3x10'2ions/cm
Figure 3.13(c) shows the net doping. ATHENA® does not support the modeling
of thallium diffusion. However, the diffusivity coefficient of thallium is very close
in value to that of indium. Therefore, by modifying the atomic mass and atomic

number in the model for diffusion of indium to match the one for thallium, reasonable

approximation for the thallium profile is obtained.

The concentration profiles for the implantation conditions summarized in Table 3.1
(only T1 dose 7.4x10"¥cm™2) are shown in Figure 3.14. Tt is noted that the maximum

thallium concentration is limited by its solid solubility in silicon, represented by the

diffusion; however, phosphorus diffusion at high surface concentrations usually produces an electrical
profile having a flat zone in the surface region, i.e., a zone where the electron concentration is
constant, and is substantially lower than the phosphorus atomic concentration and exhibit a ”kink”
and "tail” for the lower-concentration part of the profile [103,104].
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Figure 3.13: Doping profiles obtained by ATHENA for (a) thallium dose of

7.4x10%ecm™2, (b) phosphorus dose of 3x10?cm™ and (c¢) net doping.

horizontal portion of the line indicating the thallium profile. All of the calculated
profiles were exported into a Matlab® code to numerically solve eq.(3.10). The
solution of this equation gives the Fermi energy level and the concentration of holes
and electrons in their respective band. Introducing these results in equation (3.16)
makes it possible to calculate the concentration of neutrally-charged thallium centres
across the whole waveguide cross-section, required to solve the overlap integral in
eq.(3.1). For example, Figure 3.15 shows the profiles of neutrally-charged thallium
centres (continuous line) obtained for a thallium implantation dose of 7.4x10¥cm ™2

and phosphorus dose of 10*3cm=2.

This concentration of neutrally-charged centres
was calculated for the whole cross-section of the waveguide and overlapped with the

corresponding waveguide mode of unit power.

Figure 3.16 shows the experimental data and its modeled absorption using the
values of solid solubility and optical absorption cross-section. It is noted that a
discrepancy exists between experimental and modeled absorption. However, if we
consider solid solubility and optical absorption cross-section as fitting parameters, we

observe that by increasing the value of the solid solubility there is a displacement of
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Figure 3.14: Doping profiles for thallium and phosphorus for the data sum-
marized in Table 3.1, obtained using the software ATHENA®,

the thallium absorption-minimum to higher peak phosphorus concentration values.
Alternatively, a change in absorption was observed when the optical absorption cross-
section was allowed to vary as a fitting parameter. The value for the optical cross-
section was increased meanwhile the solid solubility was kept constant. The best
fitting value obtained for the optical absorption cross-section was 2.9x1071740.25c¢m?
for a thallium dose 7.4x10713ecm™2. Figure 3.17 reports the experimental data for
thallium dose of 1.2x107'*cm™2 and the trend that the optical absorption would

follow using the values of solid solubility and optical cross-section obtained from the
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Figure 3.15: Distribution of neutrally-charged centres, pr, along the ver-
tical direction as a function of the thallium concentration, N, (dose

7.4x10"¥cm™?) and phosphorus concentration, N,; (dose 10"¥cm™2).

literature, as well as the best fitting curve, whose optical cross-section is 3.2x107'7 +

0.12cm?.

The modeling takes into account the free-carrier absorption within the implanta-
tion window as a consequence of the electrons and holes in each band. The free-carrier
(FC) absorption was calculated by introducing the hole and electron concentrations
in eq.(2.120) and using the result to calculate the overlapping integral of free-electrons
and free-holes with the normalized optical waveguide mode. It is noted that free-
carrier absorption is small for low phosphorus concentrations, and goes to its minimum

when the concentrations are similar. However, it increases exponentially for concen-
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Figure 3.16: Experimental and modeled absorption plotted as function of

the peak phosphorus concentration for a thallium dose of 7.4x10%3cm™2.

trations that exceeds that of thallium. For low phosphorus concentration there is
a small absorption and it is reduced to a minimum value when both concentrations
are similar (compensation). However, free-carrier absorption increases exponentially
for phosphorus concentration that exceed the concentration of thallium. It is note-
worthy to mention that both thallium concentrations present the same “anomalous”

behavior for the optical absorption for high phosphorus concentrations.
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Figure 3.17: Experimental and modeled absorption plotted as function of

the peak phosphorus concentration for a thallium dose of 1.2x10*cm™2.

3.4 Final Thoughts

In this chapter the effect of background doping type and concentration on the op-
tical absorption of thallium centres (a deep level impurity) in silicon waveguides has
been described theoretically and observed experimentally in order to discern its po-
tential use in optical modulation in silicon waveguides. The relationship between the
absorption strength of the thallium centres and their occupancy ratio was determined.
Comparing the results here obtained with those ones reported using indium [40], it is
know that indium is in fact a better candidate for optical modulation in silicon waveg-

uides because it presents a higher absorption strength. The current model predicts

McMaster University Engineering Physics PhD Thesis Edgar Huante-Cerén



96 Chapter 3. Thallium-Doped SOI Rib Waveguide

with high accuracy the behavior of the thallium centres for phosphorus concentra-
tions that are smaller or equal to that of thallium. However, for higher phosphorus
concentrations it may be necessary to consider the presence of other effects induced
by high doping concentration in order to explain the residual absorption of thallium.
Qualitatively, it is know that the diffusivity coefficient depends on the size of the
impurity atom and on the concentration of the diffused impurity [105]. For example,
the elastic interaction between a point defect and a dopant atom depends on the
mismatch in size, so that a large dopant atom may prefer to migrate with a vacancy,
while a small dopant atom may prefer to migrate with an interstitial [86]. Further-
more, it is known that phosphorus diffusion coefficient is enhanced when the surface
of silicon is oxidized [103]. This implies that phosphorus prefers to diffuse with in-
terstitials [86]. Following this idea, phosphorus diffusion is enhanced by injecting
self-interstitials, resulting from the oxidation, which recombine with vacancies in the
bulk, reducing the vacancy concentration and possibly retarding thallium diffusion.
However, more studies are required to determine how well thallium incorporates in a
silicon structure after a thermal process and the atomic interaction between thallium
and phosphorus in a silicon substrate in order to determine the high absorption for

phosphorus concentration exceed those for thallium concentration.
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Chapter 4

Indium-Doped SOI Rib Waveguide
Modulator

This chapter reports the design, simulation, fabrication and characterization of a
single mode optical modulator based on the charge state control of deep levels' and the
plasma dispersion effect. The device configuration discussed in this chapter is based
on that proposed by Li et.al. [33] consisting of pn-diode structures perpendicular to
the propagation direction of a SOI waveguide optical mode. Consistent with absorp-
tion results obtained for thallium doped silicon (Chapter 3) and the ones reported for
indium doped silicon in Logan et.al. [40]. Indium was chosen to be used as the deep
level impurity for the optical modulator. Periodic pn-junctions were made by im-
planting indium and phosphorus to form the p-region and n-region respectively. The
device operates by injecting (forward-bias) or removing (reversed-bias) free-carriers
in order to modulate the propagating signal. The presence of the deep levels and
the configuration of the pn-junctions perpendicular to the propagation direction of

the optical waveguide mode are intended to enhance the change in refractive index

!There is strong variation in absorption on 1550 nm wavelength via deep-level (indium, thallium)
doping through the variation of background n-type doping
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and absorption, and therefore the efficiency of the modulator compared to that of

equivalent dimensions which rely on free carrier absorption effects alone.

4.1 Modulator Geometry

It is important to note that for all the configurations mentioned in section 1.3, the
modulation efficiency depends greatly on how well the optical field and the carrier
modulation region overlap. For this reason, great interest is focused on how the pn-
junctions are arranged within the waveguide. Commonly, the pn-junctions are formed
parallel to the beam propagation direction in such a way that the depletion region
coincides with the maximum intensity of the waveguide mode, and the orientation of
the pn-junction can be either horizontal or vertical with respect to the wafer plane.
For example, in the carrier depletion modulator a vertically oriented pn-junction is
employed, Fig. 1.2(b), where it is possible to recognize the partial overlap between
intensity mode profile and the depletion region. A similar case exists for the carrier
accumulation configuration, Fig. 1.2(c), where carriers accumulate on ether side for
a vertically oriented oxide barrier, and only a portion of the intensity mode profile
overlap with the accumulated charges. In order to increase the optical mode and
the depletion region overlap, a new modulator structure has been proposed by Li
et.al [33], Fig. 4.1a. In this structure the pn-junctions are periodically located
along the waveguide, oriented perpendicular to the light propagation direction and
vertically to the wafer plane, Fig. 4.1b. With this configuration the whole waveguide
mode profile interacts with the depletion region instead of only a fraction of it, Fig.
4.1c. Since the optical mode passes through the successive depletion regions, the
total optical modulation is calculated by multiplying the overlap ratio between the

depletion region and optical waveguide mode, depletion region width and the total
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number of pn-junctions along the waveguide.

Phosphorus

Metal Contact

Metal Contact

(b) (©)

Figure 4.1: Design of: (a) waveguide with periodic pn-junctions; (b) close-
up of the interaction of the optical mode and the pn-junctions; and, (c)

optical mode and pn-junction overlap.

Indium is a group-III impurity, which makes it a p-type dopant in silicon with a
single acceptor level at 0.157eV above the valence band [78,109]. The optical ex-
citation of an electron from the valence band to the neutrally-charged indium level

has an optical cross-section, agpt of approximately 1.7x10cm? for a 1550nm wave-
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length [40,92]. For indium the capture cross-section for holes is approximately
8x107%cm? and for electrons 2x10722cm? [92]. The maximum indium doping that
can be achieved is limited by its solid solubility in silicon which is approximately

1.5x10'"%cm ™2 [110] at room temperature.

The occupancy ratio for indium centres as a function of background phosphorus

doping concentration is obtained by solving eq.(3.10)2.
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Figure 4.2: Fraction neutrally-charged of indium centres, pr/N, as a function

of phosphorus background doping without optical excitation.

The fraction of neutrally-charged indium centres as a function of the phosphorus

2For simplicity in the calculations described in this chapter, I follow the same notation used in
chapter 3 with the only difference that indium is the deep level
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background doping concentration is plotted in figure 4.2. Comparing these results
with the ones obtained for thallium (Fig. 3.5) at room temperature and for com-
paratively low concentrations of indium and phosphorus, relatively more centres are
ionized (approximately 75% are occupied) with respect to thallium co-doped with
phosphorus (approximately >40% are occupied). This difference in occupancy is
assumed to be influenced by the proximity of the indium level to the valence band
(more electrons are able to thermally make a transition from the valence band to
the deep-level) and to the difference in hole capture cross-section which for thallium
is approximately 10 time bigger than that of indium. Another observation is the
maximum amount of neutral-charge centres for high concentrations of deep-levels as
a function of low to medium phosphorus concentration. Whereas thallium shows
>90% of centres neutrally-charged, indium has approximately <90% of neutrally-
charged centres. These results may suggest that thallium is a better option for
optical absorption in waveguide structures. However, experimental results of absorp-
tion measurements [40] tend to suggest the contrary. It is unclear why is this so but
may be related to inaccurate reporting of optical cross section or second order effects
such as doping cluster dynamics. Indium was thus chosen as the deep-level impurity

in the modulator structures described here.

Figure 4.3 shows the capture rate for electrons and holes by the indium deep-
level. The hole capture rate can be drastically changed by adjusting the phosphorus
background concentration, for example from something around 10%° holes/cm?3s, for
phosphorus concentration lower than the indium concentration, to less than 10

holes/cm?®s for phosphorus concentration than exceeds that of indium.

The theory described in section 3.1.1 and section 3.2 is now applied to indium

and is used to describe a modulation effect in silicon waveguides. Two mechanisms
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Figure 4.3: Capture rate for electrons and holes for ten different concen-
tration of indium (as in Fig. 4.2) as function of phosphorus background

doping without optical excitation.

are envisioned to produce optical modulation by varying pr (neutrally-charged in-
dium centres) over a large range to vary ay (optical absorption by the deep-level), as

described in eq.(3.1), known as the depletion method and the injection method.

4.1.1 Depletion Method

If a concentration of indium centres, N, is introduced into a silicon waveguide

structure with a negligible background n-type doping, Ny (such as obtained via phos-
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phorus doping?) such that N, > Ny, eq.(3.13) implies that N, shall be a small
fraction of N, (depending of how many indium centres are electrically activated) and
ag will be at a maximum. If a reversed bias is applied to the diode structure inte-
grated with the waveguide, a depletion effect will be induced with the result that holes
will be emitted from the indium centres, increasing N, and decreasing the absorp-
tion coefficient to a minimum. Despite the fact that higher doping concentrations
increase the change in the refractive index in the depletion region, a contrary effect is
the reduction in the thickness of the depletion region for a given voltage. Thus, the
overlapping length between the optical mode and the depletion region is decreased
resulting in a modulator efficiency reduction. Therefore, this method is expected to

be limited to relatively low doping concentrations (~ 1017 cm™3).

4.1.2 Injection Method

If N, indium centres are introduced into a silicon waveguide structure which is co-
doped with shallow n-type donors to a concentration N, such as N;y > N,, the indium
centres would be fully compensated (as in the case (c) of Figure 3.2) with the result
that N, = N, so that minimum optical absorption occurs. Applying an electric field
in forward bias (implying an excess of carriers) to the waveguide structure causes N,
to decrease due to the high difference between the capture rates® for electrons and
holes and therefore enhances optical absorption. In this structure, in contrast to
the typical pin-diode there is no intrinsic region; thus, the propagating optical mode
would suffer more passive absorption due to the presence of deep-levels and free-
carriers. However, “ideally” if both indium and phosphorus are equally distributed
and have almost the same concentration (N; = N, ) along the waveguide cross-section,

indium centres should be fully compensated by the shallow donors and therefore

3In this research work we only used phosphorus as n-type doping
4For indium there is a high capture rate of holes.
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optical absorption should be reduced to a minimum in an off-state®. Therefore, even
for high doping concentration, there could be, in principle, a good optical intensity
transmission as a result of the indium compensation by the phosphorus background
doping. The practical challenge however with engineering a situation where Ny = N,

is considerable.

4.2 Modulator Design

When designing an optical modulator there is a set of parameters that charac-
terize the modulator and should be always considered depending on specification of
operation. These are modulation speed (bandwidth), extinction ratio (modulation
depth), device size (footprint), insertion loss, optical bandwidth and power consump-
tion [24,34]. Ideally, a silicon optical modulator should have high modulation speed
and modulation depth, small footprint, low losses, large optical bandwidths, low
power consumption and must also be CMOS-compatible. However, these require-
ments may impose contradictory requirements on the device design and compromises

are often sought.

The structure here designed is based on a p™pnn™ diode on a silicon rib waveguide
structure of width W, Fig.4.4(b). Periodically arranged pn-junctions are formed on
the rib waveguide by implanting indium as the p-type and phosphorus as the n-type
dopant. The implantation doses used in this study are reported in Table 4.2. Indium

was implanted along the entire modulator length, L, on the waveguide structure and

>This means (without electric field), that there would not be indium levels available for optical
absorption since some of (if not all) the free-carriers, introduced by the shallow donors, compensated
this centres; while at the same time those compensating-carriers reduce the free-carrier concentration
and therefore absorption to a minimum.

6Three widths were used; however, only the results obtained for 4um width waveguides are
reported. The rib waveguide etch depth is based on the single mode condition, shown in Figure
3.10.
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Figure 4.4: Optical modulator diagram showing the periodically located pn-
junctions with dimensions, (a) full device top view and (b) close-up view

of the pn-junctions dimensions.

phosphorus was subsequently introduced via a masked implantation, forming a comb
shape on the rib waveguide, where its notches, of length [ (duty cycle) and width
W, overlapped with the region previously implanted with indium, Fig.4.4(b). The
modulator lengths ranged from 0.25 mm up to 14 mm and the duty cycle length, [,
was 1 pm, 2 pm, 3 pum or 4 um. The use of these dimensions are more a choice
due to the limitations of the photolithography system used for the fabrication rather
than the optimal dimensions proposed by Li [33]. In that case, the authors chose
the dimension of the duty cycle length as a function of the maximum depletion width
obtained for a given dopant concentration and maximum bias voltage. In this study,
the optimal dimension for W, (Figure 4.4(b)) is approximately the one that matches
the width of the waveguide mode. This work seeks to create pn-junctions, hence

the phosphorus concentration is required to exceed the concentration of indium for
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. Highly doped n* and p™ regions of width W, (introduced

the co-doped regions
via ion implantation to doses of 10cm™2 that produce volume concentrations of
> 5 x 10"®cm™3), are separated from the rib by a distance of W,,, that contain the
same doping concentration used for the p- and n-regions. This separation is to
avoid excess loss as a result of the overlap between the optical waveguide mode and
the highly doped regions. Boron was used as a dopant for the p™ region. The metal
contacts (made of aluminum) overlap with the p* and n* regions. Figure 4.4(a),
shows the top view of the modulator where the pn-junctions on the waveguide, the
p—, n—, pT and n™ regions and the aluminum contacts are identified. The modulator

dimensions are summarized in Table 4.1 and its layout on the photolithography mask

is shown in appendix B.

4.3 Device Simulation

The electrical and optical performance of the optical modulator were modeled by
using a two dimensional device simulator obtained from SILVACO [108] (in particular
Athena® and Atlas®© modules) and the optical simulator BeamPROP®© from RSoft
[111], respectively. The use of the software Athena® from SILVACO is based on the
necessity to find the fabrication conditions to obtain a homogeneous doping along
the waveguide cross-section in order to ensure a complete overlap between waveguide
mode and doping profiles. With the fabrication conditions established (implantation
doses, annealing temperatures and annealing times), the concentration profiles were
calculated for all the samples. For example, Fig.(4.5) shows the concentration profile
obtained for a sample doped with an indium dose of 5x 10'%ions/cm?, and in particular

the concentration profile along y(x = 0) and x(y = 0.75um). These concentration

"In order to have a higher concentration, phosphorus dose was chosen to be three times higher
than indium.
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Table 4.1: Dimensions for the Indium modulators that correspond to the

PL-mask shown in appendix B

W W, | Wee | 1 | W | L W I W, | Wy | I | W | L
[pm] | [pm] (pm] [pm] | [pm] | [pm] [pm] | [pm] (pm] [pm] | [pm] | [pm]
1 4 - - - - - 21 | 4 7 1 6 | 12000
2 3 8 1 5 | 10000 | 22 | 4 7 1 6 | 10000
3 2 8 1 4 | 10000 | 23 | 4 7 1 6 | 8000
4 4 8 3 7 | 13000 | 24 | 4 7 1 6 | 6000
) 4 8 3 7 | 9000 | 25 | 4 7 1 6 | 4000
6 4 8 3 7 | s000 | 26 | 4 7 1 6 | 2000
7 4 8 3 7 | 3000 | 27 | 4 7 1 6 | 1000
8 4 8 3 7 | 1500 | 28 | 4 7 1 6 500
9 4 8 3 7 goo | 29 | 4 7 1 6 250
10 | 4 8 3 7 600 | 30 | 4 7 2 1 7 600
11 | 4 7 20 2 7 250 | 31 | 4 8 4 7 800
12 | 4 7 2 7 500 | 32 | 4 8 4 7 | 1500
13 | 4 7 2 7 | 1000 | 33 | 4 8 4 7 | 3000
14 | 4 7 2 7 | 2000 | 34| 4 8 4 7 | 5000
15 | 4 7 2 7 | 4000 | 35 | 4 8 4 7 | 9000
16 | 4 7 2 7 | 6000 | 36 | 4 8 4 7 | 13000
17 | 4 7 2 7 | so00 | 37 | 2 8 2 4 | 10000
18 | 4 7 2 7 | 10000 | 38 | 3 8 2 5 | 10000
19 | 4 7 2 7 | 12000 | 39 | 4 - - - - -
20 | 4 7 1 7 | 14000 | - - - - - - -
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profiles are used to analyze the modulator performance by employing the parameters
that describe (section 2.10) the change in refractive index and absorption coefficient

in silicon, induced by the free electron and hole concentrations.

‘ ‘

T T
OM-10/WG-20
0000

2

11111

Concentration [cm”]
Concentration [cm‘]]

Figure 4.5: Doping profiles obtained with ATHENA® for (a) for the sample
OM-10, (b) doping concentration profiles along y(x = 0) and (c) doping

concentration profiles along x(y = 0.75um).

Figure 4.6 shows the current-voltage characteristic obtained from the simulation
package ATLAS®, from SILVACO, in forward and reverse bias for all the doping
concentrations used. From the plots the rectifying effect associated with a diode

structure is established.

The calculation of the local variation of the effective index of refraction An.y¢(z)
and absorption coefficient Acaeff(2) can be deduced by using the overlap integral
between the optical mode and the refractive index and the absorption coefficient,

eq.(4.1) and eq.(4.2) respectively:

An = —88 x 1072 (AN,) — 8.5 x 10718 (AN,,)"® (4.1)

Aa =85 x 107" (AN,) + 6.0 x 107"* (AN},) (4.2)
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Figure 4.6: I-V curves simulated with Silvaco for all devices summarized in

Table 4.2 in (a) Forward bias and (b) Reversed bias.

such that

Angrs(z) = //(I)(x,y)And:de
z,y

Aaerr(z) = // O(z,y)Aadzdy
z,Y

where z and y are the coordinates in the waveguide cross-section and ®(z,y) is the
normalized (unit power) optical waveguide mode profile. The phase shift per unit
length A¢ [r/cm] and the free carrier absorption loss Aay. [dB/cm| can be calculated

by integrating over a length 2[ of the periodic pn-junction configuration.

2l
27
A¢ = ﬁ/Aneff(z) dz

0

(4.5)
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21
4.343
Aaj. = > /Aozeff(z) dz (4.6)

0

The p-region, in the periodically arranged pn-junctions, was formed by only im-
planting indium, hence free charge-carriers (free-holes) and neutrally-charged con-
centration of deep-levels are responsible for the optical absorption in that particular
region. The n-region was formed by masked implantation of phosphorus in the
regions already doped with indium so that the phosphorus over-compensates the in-
dium. Therefore, the optical absorption in the n-region will be proportional to the
availability of neutrally-charged deep-levels (which for this region is always negligi-
ble) and the free-charge carrier concentration (the dominant effect). The calculation
of the concentration of free-carriers and the concentration of neutrally-charged deep-
levels was done by using equations described in sections 3.2.2. Figure 4.7(a) shows
the concentration profile simulated with the software Athena® for sample a sample

2 where the phosphorus doping was

doped with an indium dose of 5 x 10'%ions/cm
implanted every 1um in windows of 1um width. Since the indium concentration can
be considered constant along z and the phosphorus concentration varies along z, Fig-
ure 4.7(b), the concentration of neutrally-charged deep-levels and the concentration
of free-carriers in a zy-plane, perpendicular to the propagation direction, for specific

z-position in a 2/ distance, as a function of the indium and phosphorus concentration

was calculated.

The refractive index variation was determined by calculating the concentration of
free-carriers, as a function of phosphorus concentration, indium fraction and occu-

pancy concentration of deep-levels.

Figure 4.8(a) shows the optical absorption by neutrally-charged indium centres,
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Figure 4.7: (a) Cross-section of the doping concentration simulated with
Athena® along plane yz for the sample OM-03, showing the periodicity
of the pn-junctions as a result of phosphorus doping of selective regions
(every 1um) on the waveguide; (b) phosphorus and indium concentration
profiles.

ag, along z.  The six different indium implantation doses® used for the simula-
tions are specified in each plot, and the corresponding phosphorus implantation doses
were three times those for indium, for example for an indium implantation dose of
3 x 10'%ions/cm? a phosphorus implantation dose of 9 x 10'%ions/cm? was used. This
absorption was calculated using eq.(3.1), and its higher calculated value corresponds
to the region where there is no phosphorus concentration, and therefore there is the
highest concentration of neutrally-charged centres. Figure 4.8(b) shows the optical
absorption by free-carriers. It is known that the presence of phosphorus will com-
pensate the indium deep-levels.

Therefore, when the concentration of phosphorus

begins to increase with respect to the indium concentration, the optical absorption by

8These doses are the same used in the fabricated samples, which are summarized in Table 4.2.
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Figure 4.8: Simulation results for 1um duty cycle, (a) optical absorption
by neutrally-charged indium deep-levels; (b) optical absorption by free
charge carriers; (c) total optical absorption and (d) change in the effective

refractive index.

indium deep-levels begins to be suppressed until a minimum value for oy is reached
when the phosphorus concentration exceeds, by far, that of indium, Fig. 4.8(a). The
dominant optical absorption is then by free-charge carriers, since virtually all of the

indium deep-levels will be compensated; however, there will always be a residual
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absorption by indium deep-levels, as evidenced by the results of simulations, in par-
ticular the results obtained for an indium implantation dose of 2 x 10ecm™2. The
total optical absorption is due to the contribution of both types and can be repre-
sented by auet(2) = aq + Aaeyy, this expression replace the term Aa.ss in eq.(4.6) in

order to calculate the total change in absorption along a 2 distance, eq.(4.7).

4.343
AOétot = — /Oétot(Z) dz (47)

Figure 4.8(d) shows the change in refractive index as a function of the free-charge
carriers concentration, the maximum reduction in index of refraction corresponds to
the maximum phosphorus concentration, as it was expected. All these results are

calculated for the optical modulator in an off-state.

The effect of the duty cycle length on the total optical absorption was analyzed
and the simulated results, in particular for an indium dose of 5 x 10*3ions/cm?, are
presented in Figure 4.9. The simulation results suggest that the optical absorption
per unit length is dependant of the implantation windows duty cycle (7). This means
that a waveguide modulator with longer duty cycle length presents higher optical
absorption in an off-state, as can be observed in the Figure 4.9. The explanation for
a reduction in absorption for the smaller duty cycle length is due to the shadowing
effects, introduced by the thick photoresist used as a masking layer. In the simulations
(and in the fabrication) the photoresist used was 4um thick and the implantation
beam was tilted at 7° respect to the surface normal?, Figure 4.10(c). This implies that
for narrow implantation windows the shadowing effect by the photoresist is higher,
and therefore limits the amount of ions that are implanted into the silicon. This

shadowing loss produced by the photoresist could in future be reduced by rotating

90n a yz-plane.
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Figure 4.9: Optical absorption for an indium dose of 5 x 10%ions/cm? as a

function of the duty cycle length with shadowing loss (solid line) and when

the shadowing loss is minimized (dotted line).

the sample such as that the ion beam is parallel to the photoresist walls of the ion

implantation windows (on a zy-plane, Figure 4.10(d)).

Figure 4.9 (dotted line), shows the simulated results obtained for a modulator that
is rotated such as the shadow effect is removed. It is noted that the absorption by free-
carriers is greatly increased for the modulators with the smallest duty cycle length.
This suggest that the shadowing effect by the masking photoresist is minimized. In
contrast the absorption by deep-levels is reduced, in part due to the presence of
more phosphorus ions but at the same time by the lateral diffusion of phosphorus

during thermal annealing, which narrows the regions which contains only indium,
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Figure 4.10: Illustration of the phosphorus implantation window (a).

and therefore the absorption by deep-levels.

4.4 Fabrication

Devices were fabricated in a Silicon-On-Insulator wafer with a 2.5um thick silicon
overlayer with a 0.375um thick buried oxide (BOX). Samples of 2x2cm? were cleaved
and cleaned using the RCA cleaning procedure, in order to ensure a clean surface
before the fabrication process, step 1 in Fig.4.11. A 100pum thick thermal-oxide layer
was grown, in an oxygen environment at 1100°C for 30 minutes [73], step 2 Fig.4.11.
Shipley photoresist 1808 was spun at 4200rpm for 30 seconds and soft-baked on the
hot-plate at 110°C for 2 minutes, Fig.4.11 step 3. Samples were transferred to the

mask-aligner equipment and exposed using standard photolithography. They were

McMaster University Engineering Physics PhD Thesis Edgar Huante-Cerén



116 Chapter 4. Indium-Doped SOI Rib Waveguide Modulator

developed in a solution 5:1 of deionized water (DI-HyO) and Developer 351 for ~30
seconds or until the transferred pattern is completely developed. Optical inspection
with an optical microscope was necessary in order to check the integrity of the pattern,
Fig.4.11 step 4. If the pattern was deemed satisfactory, the samples were hard-baked
on the hot-plate at 130°C for two minutes. The PR pattern was transferred to the
oxide by submerging the sample (previously placed in a teflon basket) in a 10% BHF
solution and gently stirring the teflon basket for ~1 minute continuously, or until the
uncovered oxide was etched, and rinsed in DI-H;O for ~5 minutes to ensure that all
the BHF was washed away. Samples were dried using a Ny gun, and the PR mask was
removed, Fig.4.11 step 6. Samples were rinsed in DI-H50O and dried, and placed under
the optical microscope to check the quality of the oxide pattern. The oxide pattern
was used as an etching mask to transfer the waveguide shape to the silicon overlayer.
This was done by using Potassium hydrozide (KOH) wet etching technique [112-114].
Before etching silicon, the oxide mask thickness was measured in each corner and the
centre of the sample to enable its use as a reference for the silicon etch depth. A
40% KOH-IPA solution was prepared and heated to 75°C, where an etching ratio of
~10.7nm/s was expected, Appendix A. The etching set-up was prepared by heating
water in a glass container (water-bath) to the desired temperature and bringing in a
smaller beaker with the 40% KOH-IPA solution in it. When the KOH-IPA solution
reached the water-bath temperature, samples in a teflon basket were introduced for
the time required to achieve etching of the rib waveguide. Samples were removed
from KOH solution, rinsed in DI-H,O and dried with N5, Fig.4.11 step 7. Samples
were transferred to an alpha-stepper and the amount of silicon etched was measured.
If the specified silicon etch depth was reached, the oxide mask was etched away with
the help of BHF, step 8. When all oxide were removed, samples were rinsed in DI-

H50 and dried in N5. All samples were inspected under the optical microscope and
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classified according to their quality.

Figure 4.11: Fabrication steps for the indium modulator, explained in text.
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A Shipley photoresist 1827 (thick PR) was spun on top of samples at 2200rpm for
30 seconds which produced a ~4pum thick PR. Samples were soft-baked at 100°C on a
hot-plate for two minutes, Fig.4.11 step 9. They were exposed with the implantation
windows aligned with respect to the waveguides, developed for ~30 seconds rinsed
and dried. The quality of implantation windows was inspected with the optical
microscope, Fig.4.11 step 10. The samples were hard-baked at 120°C for two min-
utes and transferred to the Tandetron Accelerator System (in University of Western
Ontario) for indium implantation. Indium was implanted with an energy of 1MeV
which produced a projected range of ~440nm [115] and doses were summarized in
Table 4.2, Fig.4.11 step 11. After implantation, PR was removed using acetone in a
ultrasonic bath until all PR peeled off. They were rinsed in IPA, followed by DI-H;O
and dried. Since indium is a heavy ion and it does not diffuse easily in silicon, high
temperature and long annealing time were required in order to diffuse the ions as
deep as possible to produce a homogeneous concentration along the waveguide cross-
section. Therefore, samples were annealed for 90 minutes at 1100°C in an oxygen

environment, Fig. 4.11 step 12.

Again PR S-1827 was deposited, exposed and developed to define the boron im-
plantation windows that corresponded to the p' contact, step 14. The distance
between implantation window and waveguide was chosen in order to avoid an overlap
between the optical mode and the highly-doped contact region. Low energy (shallow)
implantation was performed using the McMaster University implanter for the elec-
trical contacts. These regions require a high-concentration of boron (corresponding
to an implantation dose of 10*cm™2), step 16 in Fig.4.11. Before implanting boron,
care was taken to remove all oxide from the implantation window. After boron im-
plantation was carried out, PR was removed, and the samples cleaned. Photoresist

S-1827 was deposited, exposed and developed (using the same conditions described
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Table 4.2: Summary of In and P implantation conditions for the SOI waveg-

uide modulator

Indium Phosphorus
Annealing Annealing
Sample Dose Energy | Temp. | Time Dose Energy | Temp. | Time
[cm™?] keV] [°C] | [min] | [cm™?] [keV] [°C] | [min]
OM-02 | 3.0x10'? 2.25x10"2
OM-03 | 5.0x10*2 3.70x 1012 350
OM-04 | 8.0x10"? 6.0x10' | 550
1000 1100 90 1100 10
OM-05 | 1.0x10%? 7.50x 1012 750
OM-10 | 5.0x10" 3.75x101 | 1000
OM-11 | 2.0x10* 1.50x 101

before) to define the phosphorus implantation windows that corresponded to the n™
contacts, step 20. Again all oxide was removed in order to ensure that all the ions
were implanted in silicon. Shallow phosphorus implantation was performed using
the McMaster University implanter with an energy of 30keV and dose of 10*cm—2.
After implantation, all the PR were removed and samples cleaned. Then, all samples
were thermally annealed using a Rapid Thermal Annealer (RTA) for 10 minutes at

1100°C in an oxygen environment, Fig. 4.11 step 21.

Looking for a benchmark against which to compare the indium modulator, some
of the samples were implanted with a more traditional p-type impurity, boron. The
fabrication procedure is essentially the same as described previously with the ex-

ception of a difference of the implantation energies and annealing temperatures and
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times. Fabrication conditions are summarized in Table 4.3.

Table 4.3: Summary of B and P implantation conditions for the SOI waveg-

uide modulator

Boron Phosphorus

Annealing Annealing

Sample Dose Energy | Temp. | Time Dose Energy | Temp. | Time
[em™?] [keV] [°C] | [min] [em™?] [keV] [°C] | [min]

OM-01 | 7.5x10'2 5.0x 1012

OM-06 | 1.75x10"3 30 1050 90 | 1.30x10" | 350 550 | 1050 10
OM-08 | 2.5x10" 1.88x10" | 750 1000

For the implantation of phosphorus within the waveguide Photoresist S-1827 was
used as a masking layer in a manner identical to that used for the indium implantation.
Using the Tandetron Accelerator System, samples were implanted with phosphorus
with energies and doses summarized in Table 4.2, step 24. This implantation win-
dow has a comb-type shape, where the notches overlap with the waveguide region
previously implanted with indium such that multiple pn-junctions are defined along
the rib, described schematically in Fig. 4.4. Four different energies were used in a
multiple energy process, in order to obtain a homogeneous concentration through the
waveguide cross-section, step 24. Photoresist was removed from the samples with
acetone in an ultra-sonic bath. They were then rinsed, dried and thermally annealed
using the RTA for 10 minutes at 1100°C in an oxygen environment, Figure 4.11 step
25.

After the electrical activation of the dopants, PR S-1827 was deposited in order
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to define the via windows. These are small openings in the insulating oxide layer that
allow a conductive connection between the heavily doped regions and metal layer that
defines the electrical contacts, step 27. Photoresist was removed from the sample
and cleaned to prevent possible particles that could affect subsequent deposition of
PR 5-1827. The PR was exposed and developed in order to define the metal contact
region. An aluminum layer of ~150nm was deposited on top of the samples by a
metal sputtering system and a lift-off process followed, defining the metal contact

pattern, steps 31-32.

Contact anneal'® at 475°C for 10 minutes in a Ny environment was required to
reduce contact resistance at the aluminum-silicon interface [117]. Care was taken
not to exceed 580°C because at this temperature the Al softens and consumes some

of the silicon below forming a silicide [79].

The final step in the sample preparation was the definition of optical quality end-

facets using a chip thinning and edge cleaving process.

4.5 Experimental Results and Discussion

Optical, electrical and transient measurements were performed using the set-up
shown in Figure 4.12. Current-Voltage (I-V') curves were measured using a HP4145A
Semiconductor Parameter Analyzer (SPA) and the electrical contact probes, model
7x from Micromanipulator Company. The transient measurements were performed
using the HP54600A Oscilloscope with a maximum bandwidth of 100MHz, connected
to an InGaAs photodetector from Thorlabs with a maximum bandwidth of 17Mhz

(for 0 dB setting). The electrical signal fed to the modulator was generated by

10 At elevated temperatures, aluminum will “take” the oxygen away from the SiOs at the interface
to form Al;Osz. This aluminum oxide is then incorporated into the bulk of the aluminum, leaving
the interface free of oxide [116].
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the HP8082A Pulse Generator. Optical measurements were carried out following a

similar procedure as the one specified in section 3.3.2.

Beam Photodetector
Sampl iectivi i
ample Objective splitter m;l:f \ Oscilloscope
@
Incandescent
Infrared

o]
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A — IR
Monitor
| o | o0

[ ]
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Figure 4.12: Experimental set-up used for the optical and electrical mea-

surements and transient response of the modulator.

Optical power transmission measurements were performed for every waveguide in
each sample. A representative fraction of the results are reported in figure 4.13 as
optical power versus modulator length. A linear fitting is presented with the simple
intention to make evident the previous comments regarding compensation of indium
by phosphorus background doping. Sample OM-02 (the sample with the lowest
doping concentration in our study, not shown here) was damaged during fabrication,
such that the modulators with the shortest length were the only ones possible to
measure. The linear fitting corresponding to these values presents a positive value
(implying optical gain); however, this behavior-should be viewed sceptically due to the
small amount of data. Samples with medium to high doping concentration present
a linear fitting with small negative slopes. This slope implies that the indium levels
are compensated by phosphorus, reducing the availability of neutrally-charged indium

centres and free electrons to absorb light. Therefore, the absorption losses induced
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by doping impurities in the optical modulator are reduced in an “off-state”. Samples
with higher doping concentration present a linear fitting with a more severe negative
slope with the extreme case of sample OM-11, for which light transmission was only

possible for modulators with the shortest length.
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Figure 4.13: Optical power loss measurements and linear fitting for three

samples. Errors bars are similar for the rest of the data.

All waveguides in the six samples were electrically characterized using the SPA.
Figures 4.14 and 4.15 shows the I-V curves measured for sample OM-10 in froward
bias (@ and ¢) and in reverse bias (b and d). Figures 4.14a and 4.14b correspond to
a duty cycle length of 3um, figures 4.14¢ and 4.14d to 2um duty cycle length, figures
4.15a and 4.15b to a duty cycle length of 1um and figures 4.15¢ and 4.15d to [ =
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4pm.  All figures confirm the rectifying behavior characteristic of a pn junction. From
the forward bias plots it is noted that the resistance associated with the modulator
is inversely proportional to the modulator length; in other words, the longer the
modulator, the higher the modulator resistance (smaller the I-V curve slope). This
was observed to be independent of the duty cycle length. For reverse bias, the
amount of leakage current is small''. The smallest leakage current is observed for
sample with a 2um duty cycle length. It is possible that this behavior is the result of a
better photolithography process during fabrication and therefore a better pn-junction.
When the samples were electrically characterized, it was observed that the microscope
light intensity affected the I-V curves, in particular for sample OM-10 where an

appreciable photocurrent was measured. A thorough analysis of photodetection for

visible wavelengths is presented in section 4.6.

Optical power transmission measurements under different bias conditions were
carried out in order to identify the amount of modulation as a function of the voltage
applied. Reported here are results for the shortest and longest modulators on each
sample. These measurements are focused on the DC' absorption strength rather
than the transient response, which will be dealt with in a later section. Figure 4.16
shows the results obtained for the transmission of light for sample OM-10/WG-202.
From figure 4.16a (in forward bias) it is clear that there is a reduction in the light
intensity transmitted as the voltage applied is increased. However, it is noted that
as the intensity is reduced there is a ripple behavior associated with it. Further
measurements in forward bias were carried out for more samples and this “ripple”

behavior was always observed. In the reverse bias configuration, similar ripples were

17Tt is small when currents of the order of tenths of nano-amperes or less are measured and when
the variation on current is (Iz — I1)/(Va — V1) < I3/10 where Vo — V4 = 1[V].

12The nomenclature here used corresponds to: sample number (OM-f) /waveguide number (WG-)
according to Tables 4.2 and 4.1 respectively.
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Figure 4.14: I-V curves for sample OM-10 in: (a) forward bias for waveguide

04 to 10; (b) reverse bias for waveguide 04 to 10; (c) forward bias for

waveguide 11 to 19; and, (d) reverse bias for waveguide 11 to 19;

observed when the breakdown current was approached, figure 4.16b.

The signal ripple on the intensity transmission was postulated to be associated

with Joule heating. In order to confirm this, optical intensity was plotted against the

I? since the heat (power) dissipated by the modulator is proportional to the square of
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Figure 4.15: I-V curves for sample OM-10 in: (a) forward bias for waveguide
20 to 29; (b) reverse bias for waveguide 20 to 29; (c) forward bias for

waveguide 30 to 36; and, (d) reverse bias for waveguide 30 to 36;

the current through it (obtained from the I-V curve) and its resistance; this provides
a representation of optical intensity against power dissipated. If the optical intensity
plotted as a function of I? follows the same trend as O.P. vs V, it is possible to
associate the variation in intensity to a heating effect. The result obtained, Figure

4.17, showed a similar profile to that measured for optical intensity against voltage
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applied, and therefore strongly supports the notion of Joule heating dominating the

“ripple” effect.
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Figure 4.16: Optical power intensity as function of the voltage applied (a)
in forward bias and (b) in reversed bias. Measurements for device OM-

10/ WG-20.

Strength of modulation as function of the forward applied bias for each modulator
was measured, and from the experimental results it was identified that the modulators
with a longer length were able to sustains larger voltages, which implies a higher
modulation ratio. The modulation values varied from -1.5dB for 5V up to -7dB for
8V. However, the smallest length device showed modulation of the order of -1.5dB

for relatively low voltages (2.5V).

With the modulators connected in reverse bias the modulation in optical intensity
was relatively low, for example, from 0.05dB to 1.2dB (depending on device length)
for voltages <-10V. From the values measured in reverse bias it was noted that the

modulator with the longest length presented better response than the ones with the
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Figure 4.17: Optical power vs Voltage (solid line) and optical power vs
square current (circles), plot suggesting the effect of heating on the optical

intensity measured. Measurements for device OM-10/WG-20.

shorter length. The highest intensity modulation was observed in the sample with

medium doping concentration (OM-05/WG-04).

Using the Fabry-Perot resonant method [17,118,119], it was intended to quantify
the change in the real part of the refractive index as a function of the voltage applied
either in forward or reversed bias. In order to do so, the measurements were done
using the optical set-up, described in figure 4.12, with the addition of an electrical
source of variable voltage and the replacement of the single wavelength (1550nm)

laser with one tunable in the range 1550.0nm-1550.1nm.
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Figure 4.18 shows the intensity spectrum as a function of the wavelength for the
sample OM-04/WG-20 in forward bias. The wavelength scan was from 1550.0 nm to
1550.1 nm with a 0.001 nm step. Spectral sweeps were carried out every 0.1V from
0.1V up to 0.9V. Figure 4.18a shows the intensity spectrum for 0 and 0.9 volts and
Figure 4.18b shows the intensity spectrum from 0.9V up to 1.4V (Shown separately
for clarity). From figure 4.18a a small displacement to shorter wavelength and a
reduction in intensity is noted. This direction of displacement was in agreement with
expectation according to the resonance condition, expressed by eq.(4.8). In other
words, it is known that the presence of free carriers reduces the index of refraction
and thus according to eq.(4.8), a displacement to shorter resonant wavelengths was
expected. For a bias up to 0.9V, the modulation is thus primarily associated with
carrier dispersion. As the voltage was further increased, the intensity spectrum
started to displace to the opposite direction, indicating an increase in refractive index.
This behavior is associated with the Joule effect'®. It is thus the Joule effect that
dominates for voltages higher than 0.9V. Further increases in voltage showed a greater
effect on the intensity of the spectrum rather than a continuing displacement of the
spectrum (change in the refractive index). Similar behavior was observed for the

other modulators of similar dimension on all chips.

The resonance condition for constructive interference is defined as

n2L = mA (4.8)

and the definition of free spectral range (FSR) for a Fabry-Perot interferometer is

13Heat generated as a result of a flowing electric current
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Figure 4.18: Fabry-Perot in forward bias: (a) from 0.0V to 0.9V for every
0.1V; and, (b) from 0.9V to 1.4V for every 0.1V;
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(4.9)

where )\ is the central wavelength of the nearest transmission peak, n is the index
of refraction, 6 is the angle of incidence (which is assumed to be 0) and Ly is the
“thickness” of the cavity (in this case, the waveguide length). Using the measured
value for FSR it was possible to calculate the total optical length of the sample which
resulted to be 17.98mm and from the resonance condition a change in refractive
index of 4.31x107° corresponded to the shift in the spectrum by one fringe. By
comparing this change in refractive index to the thermo-optical effect, it is equivalent
to a reduction in the temperature of the sample of 0.239°C. From the experimental
results it is calculated that a reduction in the refractive index (by the injection of

free-carriers) for a AV = 0.9V is 4.53x1076.
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Figure 4.19: Optical power intensity as function of the voltage applied: (a)
in reversed bias from -0.1V to -0.7V; and, (b) displacement of the FP
spectral from -0.1V to -0.7V.

Similar measurement where done for OM-10/WG-20 but this time in reverse bias.
The voltage was varied every -0.1V from -0.1V to -0.7V. Figure 4.19a shows the
optical intensity versus voltage for seven wavelengths. It is possible to distinguish a
displacement to longer wavelengths, or in other words an increase in refractive index
with applied bias. Figure 4.19b summarizes the total displacement. The change in
refractive index calculated from this experimental result is equivalent to 9.61x107°

for AV =-0.6V.

Additional measurements were done in order to identify the sensitivity of the
modulators to the wavelength change and the voltage variation. Figure 4.20 shows
the intensity change as a function of the voltage applied in forward and reverse bias.
Additional to the change in intensity associated with the voltage variation, a strong

resonant effect was noted.
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In order to measure the transient response of the modulators a square pulse of 2us
width was generated using the Pulse generator HP8082A, with a rising and falling
time of 2ns, for forward and reverse bias. Figure 4.21 shows, for several samples, the
optical response for the carrier injection (forward bias configuration) of the modulator
labeled as WG-11. By injecting carries it was expected that the modulators would
increase absorption, resulting in a reduction of intensity. Ideally, the shape of the
modulated signal would be a mirror image (with respect to the horizontal axis) of the
shape of the pulse applied. In order to estimate the influence of the indium levels on
the optical modulation (depth of modulation and time response), these modulators

were compared with some that contained boron instead of indium for the p-region.

The results shown in figure 4.21 correspond to a modulator length of 250um, the
smallest length used, with a duty cycle of 2um. The data is presented such as the

scale on the left-hand-side axis corresponds to the modulating signal (input square
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signal) and the scale on the right-hand-side axis is for the modulated signal (optical
intensity transmission change). The measurements were done using a Wideband
Amplified InGaAs detector from Thorlabs (PDA-10CS) with a 17MHz bandwidth.
The calculation of the modulated signal bandwidth is based on the definition of

analog bandwidth'® described as:

0.35
tr f

fmax = (410)

where t, ; are the rising and falling times respectively, defined as the 10%-90% transi-
tion interval. From the figures, the falling time is measured from the point where volt-
age of the modulated signal (representing optical intensity) starts to decrease as the
input signal (modulating signal) voltage increases, up to the point where modulated
signal reaches the maximum modulation value (minimum voltage), corresponding to
the maximum input signal voltage. The rising time is measured in the modulated
signal from the minimum voltage measured to the point it reaches its initial value

after the input signal was stopped.

Extracted from Figure 4.21a are values of t; = 56ns and ¢, = 64ns, and using
eq.(4.10) a bandwidth of 5.5MHz was calculated, defining the slowest response time

(hading values in the tables represent samples doped with boron instead of indium).

It is necessary to mention the signal noise observed in the modulated signal after
it reaches the maximum modulation point (minimum intensity) and after the input
signal was reduced to zero. In order to identify its origin time periods between
the first and the second minimum and between the second and the third minimum

(of the ripple) were measured, resulting in a period of 79ns, and 85ns respectively.

4For more information about the definition of analog bandwidth, refer to chapter “Optical inter-
connects” pg. 131 from reference [14]
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Table 4.4: Values measured for WG-11 for samples shown in Figure 4.21.

17 fr t, fr Modulation
Sample

[ns] | [MHZ| | [ns] | [MHZ| [dB/V]
OM-01 | 56 6.25 64 5.4 0.40
OM-03 | 40 8.75 44 7.95 0.14
OM-04 | 36 10.00 | 32 | 11.25 0.30
OM-05 | 48 7.3 49 7.0 0.40
OM-06 | 120 2.9 72 4.8 0.26
OM-08 | 125 2.8 64 5.4 0.13
OM-10 | 120 2.9 100 3.5 0.27

From the tail of the modulated signal the time period between the first and second
maximum was 88ns and between the second and the third maximum was 82ns. Due
to the speed of oscillation this cannot be a thermal effect which is a rather slow
phenomena (of the order of hundreds of us). It is believed that this oscillation is
a result of electronic noise introduced by the electric setup which is not optimal for
fast bandwidth measurements. There is also the probability that this phenomenon is
influenced by periodicity of the pn junctions by the cyclic change in index of refraction

inducing an appreciable interference effect.

The rising and falling times and modulation strength for the modulators shown

in Figure 4.21 are reported in Table 4.4'5.  From these values, the recovery time!®

tends to be longer except for the OM-04/WG-11 which shows the fastest response

15Data in gray color corresponds to modulators with boron and phosphorus only.
16For forward bias, t ¢ is initial response time and ¢, is the recovering time. For reversed bias, t,
is initial response time and t; is the recovering time.
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time, and therefore the highest bandwidth. On average, falling and rising times
are slow in samples containing boron and phosphorus compute to those containing
indium and phosphorus. Samples OM-01/WG-11 and OM-05/WG-11 showed higher
modulation per volt; however, this feature is highly fabrication-quality dependant,
where a well defined pn junction and homogeneous dopant concentrations along the

waveguide cross-section may enhance this modulation.

Similar transient analysis were carried out on the same chip but on modulator
WG-29. The main difference with respect to the previously characterized modulator
is the duty cycle length, which in the case of WG-29 is 1ym. In order to identify a
possible effect of the duty cycle on modulation, the transient responses were measured,
and the shape of modulation is presented in figure 4.22. Table 4.5 summarized the

results!'’.

Table 4.5: Values measured for WG-29 for samples shown in Figure 4.22

s fr t, fr Modulation
Sample

ns] | [MHz] | [ns] | [MHz] [dB/V]
OM-01 | 44 795 | 48 7.3 0.18
OM-03 | 48 7.3 48 7.3 0.48
OM-04 | 48 7.3 48 7.3 0.30
OM-05 | 64 5.1 40 | 8.75 0.21
OM-06 | 120 | 2.9 40 | 8.75 0.21
OM-08 | 127 | 2.75 | 64 5.1 0.22
OM-10 | 175 2.0 44 | 7.95 0.12

"Data in gray color corresponds to modulators with boron and phosphorus only.
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Figure 4.22: Transient response in: (a) forward bias for OM-01/WG-29; (b)
forward bias for OM-03/WG-29; (c) forward bias for OM-04/WG-29; (d)
forward bias for OM-05/WG-29; (e) forward bias for OM-06/WG-29; (g)
forward bias for OM-08/WG-29; and, (g) forward bias for OM-10/WG-29;
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Values of ¢; and ¢, measured for WG-29 are similar to the ones obtained for WG-
11. However, the response time for modulator OM-10/WG-29 is the slowest of all
of those measured. It was expected (due to the duty cycle length of 1um) that this
group'® of modulators may show a higher modulation strength, compare to the ones

in Table 4.4; however, the opposite was observed, except for OM-03.

Transient modulation in reverse bias was observed in all samples doped with in-
dium. The ones that showed the highest modulation were those with the longest
length. For samples implanted with boron (in the waveguide region), only modula-
tors with a small length presented a rectifying behavior, characteristic of a diode. No
modulation, in either reverse or forward bias, was observed for the boron-phosphorus
devices with long dimensions. For the reversed bias modulation in samples with
indium, again a square pulse was electrically applied to the modulator. The pur-
pose was to remove free-charge carriers from the modulator, and therefore reduce

absorption which translates to an increment of optical intensity transmission.

Figure 4.23 shows modulation in forward bias and in reversed bias, one beside the
other, for WG-20 for a portion of the modulators. The versatility of these modulators
is noteworthy in that they can modulate light in both configurations. It is obvious
that there is a higher modulation of intensity when they are working in forward bias
than in reverse bias and the modulation tends to degrade as doping concentration
increases. Table 4.6 summarizes the values of t¢, ¢, and modulation strength for
the modulators shown in figure 4.23. The “F” at the front of the sample number

represent forward configuration and “R” reversed configuration.

The fact that only modulators with a long dimension (WG-20 has a length of

18Each sample has four groups of modulators, and each group is defined by the length of the duty
cycle which are four.
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Figure 4.23: Transient response in: (a) forward bias for OM-03/WG-20; (b)
reverse bias for OM-03/WG-20; (c) forward bias for OM-04/WG-20; (d)
reverse bias for OM-04/WG-20; (e) forward bias for OM-05/WG-20; (f)
reverse bias for OM-05/WG-20; (g) forward bias for OM-10/WG-20; and,
(h) reverse bias for OM-10/WG-20;

McMaster University Engineering Physics PhD Thesis Edgar Huante-Cerén



140 Chapter 4. Indium-Doped SOI Rib Waveguide Modulator

Table 4.6: Values measured for WG-20 for samples shown in Figure 4.23

17 fr t, fr Modulation
Sample

[ns|] | [MHz] | [ns] | [MHZ] [dB/V]
F OM-03 | 56 6.25 50 7.0 0.27
R OM-03 | 48 7.3 44 7.95 0.16
F OM-04 | 48 7.3 48 7.3 0.14
R OM-04 | 48 7.3 48 7.3 0.25
F OM-05 | 40 8.75 40 8.75 0.13
R OM-05 | 48 7.3 48 7.3 0.13
F OM-10 | 68 5.15 60 5.8 0.23
R OM-10 | 60 5.8 60 5.8 0.07

14 mm) showed an appreciable modulation in reverse bias is an indication of a small
change in depletion width, with the modulators that showed the highest change being
OM-04/WG-20. From all the experimental results, it is noted that samples with

3

indium concentration smaller than 3x10'"em™ (implantation doses < 5x10'cm™2)

showed the best modulation in the reverse bias mode.

4.6 Impurity Photovoltaic Effect

An interesting result was observed when measuring the I-V curves for each mod-
ulator. The light of the optical microscope, used for waveguide-fiber alignment and
electrical probing, generated a photocurrent whose strength showed a dependency
on the intensity of the light incident on top of the sample. This phenomenon was

observed in all samples co-doped with indium and phosphorus, but not in samples
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co-doped with boron and phosphorous. Sample OM-10 showed the highest photocur-
rent. Photovoltaic efficiency was measured using a system specialized in solar cell
characterization. The values obtained are reported in the present section, Table 4.7,
as well as a brief description of the phenomenon involved in the carrier generation

via impurities known as the Impurity Photovoltaic Effect (IPV) [92,97,120-123].

The TPV is a two-step process that consists of the generation of electron-hole
pairs by the absorption of two low-energy photons through a deep-impurity level
introduced in the silicon bandgap. In other words, electrons in the valence band are
optically excited to the deep-impurity level by the absorption of a photon of energy
Er < hvy < E; and then from the deep-impurity level to the conduction band by the
absorption of a photon with energy F, — Er < hvy, < E,. Therefore, enhancing the

sub-band gap wavelength absorption of the solar cell [122].

The introduction of a midgap level in the silicon bandgap was initially thought to
improve the efficiency of a solar cell by allowing carrier generation via the impurity
level, and therefore increasing the current output. However, Shockley and Queisser
argued that an increase in efficiency is unlikely because these same midgap states also
act as recombination centres [124] and hence reduce the V,.. A study from Wiir fel
[125] supported the conclusion that midgap levels do not improve the efficiency in
a solar cell. However, there have been some theoretical studies more recently that
suggest that if the energy level is carefully chosen far from the gap centre, where the
optimal position occurs when Er is located at one-third or two-third of E, [126,127],
the IPV effect can contribute to an improvement in the solar cell efficiency [128,129].
Keevers and Green [92] presented a theoretical study of the IPV effect where indium
is the deep-impurity level in the silicon bandgap. They presented a modified SRH

model in which electrons and holes can be optically excited to and from the impurity
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level in addition to the thermal capture and excitation from it, as the diagram shown
in Figure 3.3. They mention that the incorporation of indium leads to a significant
I, increase due to the subgap wavelength absorption. However, it reduces the
Voe.  Schmeits and Mani [121] suggested that this reduction in V. is related to the
fact that when the indium concentration approaches the value of the background
doping concentration (shallow n-type dopant) the effective doping concentration of
the junction is reduced and, as a consequence, the built-in voltage V; of the junction
decrease. In addition, the free-carrier concentration is reduced, which leads to an

increase of the resistance in series.

Keevers and Green computed an increase of efficiency due to the IPV effect of
only 1-2% . They suggested that the limiting process in the IPV effect is the electron
photoemission from the indium level, which competes with the hole photoemission
from the indium level and the intrinsic band-to-band absorption'?, which reduce the
available photon flux. They suggested that in order to provide a better IPV effect,
and therefore an increase of current output, it is better to keep the indium levels fully
occupied, thus suppressing competing effects such as the hole photoemission process.
This can be done by maintaining the n-type phosphorus dopant concentration higher

than the indium concentration.

Since the solar cell is a single-junction diode, its performance can be derived from
the I-V characteristic which is measured under standard test conditions (STC, Air
Mass 1.5—AM1.5—, 1000 W/m? irradiation and 25°C). Four important parameters
are extracted form this curve [130-132]: open circuit voltage V., short-circuit current

I, fill factor F'F" and energy conversion efficiency 7. The efficiency is calculated using

19Tn all the theoretical model they assume that the two photoemission process from the indium
level are only induced by sub-band gap wavelength photons. However, it does not necessarily mean
that photoemission from the indium level may not be induced by photons with energy higher than
the bandgap.
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the expression

- Pma:v o Vmpp]mpp o ‘/;c]scFF

U (4.11)

where P, is the maximum generated power, A is the area of the cell, P, is the
incident power which is 1000 W/cm? at STC and Pz = Vinpplinpp, Where V,,,, and
Ipp are the voltage and current at the maximum power point respectively. The fill

factor is defined as
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Figure 4.24: I-V characteristics of a 47 x 10™* x 0.2¢m? indium doped solar

cell measure at STC. The I,, = 143.06 pA; V,. = 0.5751V, and n = 24.7%.
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which is a measure of the ‘squareness’ of the I-V curve. The sign convention for
current in photovoltaics is such that the photocurrent is positive, contrary to the

usual convention.

In the present case, before carrying out any measurement the sample was covered,
except for the area of interest, to ensure that the current output is only generated
by electron-hole pairs formed in the active region. Figure 4.24 shows the typical
diagram for photocurrent, and the parameters extracted from the current-voltage
characteristics for sample OM-10/WG-26. The area used for the calculation is derived
from the dimensions of the modulator reported in Table 4.1, which are the length of
the modulator L and the separation distance between the p™ and n~~ terminals,
Figure 4.4. Figure 4.25a shows the dark current and the photocurrent obtained for
OM-10/WG-20 for a sweep of -2V to 2V. Figure 4.25b is a close-up of the same
curves, where is possible to distinguish the increment of photo-carriers and identify

its V. and ..

Table 4.7 summarizes the important parameters extracted from Figure 4.26. The
data are presented starting form the longest device to the shortest one. It is clear
that the V,. is almost constant but the I,. decreases as the length of the modulator
is reduced from 373.7uA to just 9.7uA. In spite of a 56 times reduction in area,
the I,. only decreases 41 times. An interesting observation of this I-V curve is the
shape, which is noticeably different from that for a conventional PV cell. Deviation
from the typical shape is the result of power dissipation through the resistance of
the contacts and through leakage currents around the sides of the device. These
two effects are electrically equivalent to connecting a resistor to a solar cell in series

(Rs) and connecting a resistor to a solar cell in parallel (Ryy), respectively. Ideally,
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Figure 4.25: Current vs Voltage measured for sample OM-10/WG-20: (a)
when there is no illumination, dark current, and with illumination, pho-

tocurrent; and, (b) a close-up view of both curves near origin.

it is always preferable that R, to be as small and Ry, to be as large as possible.
Otherwise, F'F' is reduced and therefore, so is the efficiency. From the measurements
reported here, as the length of the devices reduces, the F'F’ marginally increases and
thus therefore, the efficiency. However, maximum efficiency is not achieved for the

smallest device but for one that is almost ten times longer.

A rectifying behavior (typical I-V curve of a diode) is associated with a high value
of Ry, an indication of low leakage current. From figure 4.25a, the I-V curve showed
a rectifying behavior and the dark current values for a negative voltage between 0 and
-2V are smaller than -50u A, which suggest a relatively low leakage current. Therefore,
the atypical shape of the I-V curves, figure 4.26, is not so much attributed to the
The other factor affecting the shape of the [-V

resistance connected in parallel.

curves is the resistance connected in series. By deduction, the shape of this I-V
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Figure 4.26: I-V characteristics for waveguide 20 to waveguide 29, for Sam-

ple OM-10.

curve is assumed to be a result of high resistance in series, an indication of opposition

to current flow through the material and thin metal contacts.

It is accepted that an increase in I,. (above that seen for typical solar cells) is
associated with the absorption of sub-bandgap wavelengths. At the same time [,
is directly proportional to the photon flux, which explains why in the experimental
results the samples with the bigger area show higher current. The efficiency related
to FF' which at the same time depends on the V,.. Therefore, a reduction in V.

indicates a reduction in efficiency.
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Table 4.7: Values measured and efficiency calculated for Solar cells doped

with indium

Sample FF

OM-10/WG-20 | 0.541 | 373.76 | 0.226 | 8.1

OM-10/WG-21 | 0.543 | 365.75 | 0.266 | 9.3

OM-10/WG-22 | 0.556 | 375.79 | 0.258 | 11.5

OM-10/WG-23 | 0.556 | 341.11 | 0.258 | 13.0

OM-10/WG-24 | 0.559 | 307.31 | 0.260 | 15.8

OM-10/WG-25 | 0.564 | 276.25 | 0.264 | 21.9

OM-10/WG-26 | 0.575 | 143.06 | 0.282 | 24.7

OM-10/WG-27 | 0.576 | 53.71 | 0.333 | 21.9

OM-10/WG-28 | 0.568 | 21.44 | 0.390 | 20.7

OM-10/WG-29 | 0.575 | 9.79 | 0.473 | 22.7

Two possible contributing factors to the high I,. may be the doped area under
illumination, which consists of two doped regions, and the structure configuration. In
the first doped region, indium levels are fully compensated, since the concentration of
shallow donors (phosphorus) is approximately three time higher than that of indium.
Therefore, this region may predominantly absorb photons with energy > E,—FE;. For
the second doped region, there are no n-type shallow donors, hence only a fraction of
the indium level is occupied as a result of a hole thermal emission. This availability
of neutrally-charged states allows the possibility of hole photoemission induced by

the absorption of photons with energy > FE;. This process can only contribute to
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the output current if this electron is eventually promoted to the conduction band
by an electron photoemission process. In order to have an efficient solar cell not
only electron-hole pair creation is thus considered but at the same time how the
charge is separated and collected. Here is where the structure configuration plays
an important role. Experimental results reported by Kasai and Matsumura [133]
showed that the incorporation of indium in silicon thin films (< 10um) increases
the absorption coefficient in the infrared and visible region of the solar spectrum.
This is a result of the absorption of not only photon energy smaller than F,, but at
the same time photon energy larger than E, [134] (a result of a large cross-section
for photon/indium interaction). Unlike conventional cell designs, where a thicker
(> 10um) silicon layer is usually employed to ensure complete absorption of the
solar spectrum photons with energy higher than the band gap, we assume that our
approximately 2.5um thick silicon layer absorbs a large fraction of light due to indium
level excitation. Additionally, the position of the pn-junction in the first micron or
so in the silicon layer is oriented parallel to the light propagation®’, changing to
a perpendicular orientation to the light propagation direction, see figure 4.5a as a
reference. At the same time the buried oxide from the SOI structure confines the
electron-hole pair in a small volume, where, if they do not recombine?!, they diffuse
either to one of the contacts where the corresponding charge is easily collected, or to
the depletion region where the electron-hole pair is separated to their respective charge
type by the built-in electric field. Assuming that there is no recombination in the
depletion region, each charge is forced to move to their respective charge region where
they can freely move and be easily collected. More measurements were performed in
order to determine the influence of the duty cycle on the solar cell efficiency and FF,

results are reported on Figure 4.27 and 4.28b respectively.

20See Figure 4.5a for the orientation of the pn-junction in a zy-plane
21'Which depends of the diffusion length of the minority carrier.
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Figure 4.27: Solar cell efficiency vs area for sample OM-10 as a function of

duty cycle dimensions.

Figure 4.27 shows that cells with smaller duty cycle length, in general, present
better efficiency for all four configurations, and from the plot there is an obvious
trend for increasing efficiency as the dimension (in particular the total length, L) of
the cell is reduced. Cells with duty cycle of 1ym and 2um showed similar efficiency
when the total area of the cells are comparable or equal, reaching a maximum ef-
ficiency when the length, L, of the cell was ~2mm. This result suggests that for

two adjacent pn-junctions, the depletion regions width extend?? such as they may

22In a pn-junction with a high different in concentrations for each region, it is expected that the
depletion extend more in the region with lower doping concentration, which is the p-type region, and
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Figure 4.28: Effect of duty cycle length on: (a) V,. vs area, error bars are

similar for the rest of experimental data; and, (b) Fill Factor vs area.

therefore when we refer to two adjacent pn-junctions are the ones facing each other on the p-type
region.
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overlap, explaining why duty cycles of 1ym and 2um have similar result. When the
duty cycle length increases (3um and 4um) the efficiency drops, suggesting that the
proximity and/or overlap of adjacent depletion regions is reduced proportionally to
the increase of separation of the pn-junctions or with the diffusion length of minority
carriers. Careful choice is thus required to ensure the doping concentration and the
spacing of the pn-junctions are arranged in a comb-type structure with a continuous
proximity and/or overlapping of adjacent depletion regions. This configuration in-
creases the area/volume®? where the carriers generated by the absorption of light are
effectively collected and separated resulting in the outstanding value of photocurrent.
Fill Factor is an implicit function of V. [124] but is greatly affected by the series and
shunt resistance [80]. It is noted that V. is almost the same for all the cells, with
equal indium and phosphorus concentrations, independent of the dimension of the cell
and the duty cycle length, Figure 4.28a. However, the FF values reported in Figure

4.28b, imply that the cells are greatly affected by the series and shunt resistance.

More investigation is planed to be performed regarding the effects of indium in
solar cells, and in particular the concentration ratios of indium and phosphorus, to
more efficiently take advantage of this phenomenon based on the experimental results

here reported.

4.7 Final Thoughts

In the present chapter the implementation and characterization of an optical mod-
ulator based on a novel pn-junction configuration proposed by Li et. al. was de-
scribed. The main difference between the current modulator and that proposed by

Li et. al. was the use of indium as the p-type dopant. The use of indium was based

23Possibly from a couple of hundred nanometers up to micrometer size
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on previous knowledge of possible optical modulation by controlling the charge state
of the deep-level impurity. In the present work the successful demonstration of in-
dium mediated optical modulation was described, while optical absorption by indium
can be adjusted by changing the concentration of the n-type shallow impurity used
as background doping in a fully compatible CMOS process. An additional character-
istic is that the use of phosphorus as the background dopant compensates the indium
levels resulting in a reduction of the net doping concentration. This compensation
is translated to higher optical transmission due to the fact that each indium level
compensated by the shallow n-type impurity is not available for optical absorption of

1550nm wavelength and at the same time the absorption by free-carries is reduced.

It was observed that all modulators functioned in forward bias with a frequency
bandwidth of the order of MHz. However, the modulators with long lengths were
the only ones that showed an appreciable intensity modulation in reversed bias. This
may suggest that the interaction between the optical waveguide-mode and depletion
region may not be optimal. However, the recovery of intensity plus the frequency
bandwidth measured are promising results and with smaller dimensions and tighter

fabrication conditions better modulation may be achieved.

The outstanding values of photocurrent obtained from the samples doped with
indium open the possibility of a real efficiency enhancement in silicon solar cell by
exploiting the IPV effect. The periodic and vertically-oriented pn-junction config-
uration suggests a highly efficient way to collect and separate photo-carries. This
motivates the further investigation to fully understand the origins of these effects in
addition to the possibility of a new approach in the photovoltaic field on the pn-

junction configuration for efficiency enhancement of solar cells.
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Chapter 5

Conclusions And Suggestions For

Further Work

In this thesis a model has been developed that calculates the occupancy fraction
and the resulting optical absorption, for 1550nm wavelength, of a single deep-level
impurity in the silicon bandgap, in particular the one introduced by indium or thal-
lium. The model shows that optical absorption can be modulated by controlling the
charge state of the deep impurity level. Experimental samples consisting of doped
silicon waveguides were subsequently fabricated. These waveguides were implanted
and annealed such that a uniform concentration of thallium was achieved. The
waveguides were then co-doped with different doses of phosphorus in order to change
the occupancy fraction of the thallium. The phosphorus compensated the thallium
deep-level changing its charge state from neutral to negative, where the amount of
light absorbed would be proportional to the number of deep-levels in a neutral state.
Absorption values for a thallium dose of 7.4 x 10"cm™2 varied from 7.4dB/cm for
a low background doping concentration to 3.2dB/cm for a background doping con-
centration similar to that of thallium. Values of optical absorption for the dose of
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1.2 x 10"cm™2 range from 10.8dB/cm for low phosphorus concentration, to a reduced
value of 5.4dB/cm when the background concentration increases, matching that of
thallium. The model predicted that the thallium deep-levels would be completely
compensated when the concentration of phosphorus is in excess with respect to the
thallium concentration. However, from the optical absorption measurements, Figure
3.12, a residual absorption was obtained. This residual absorption is assumed to be
induced by thallium levels in a neutral state, first, as a result of not being compen-
sated by a shallow donor or, second, due to its high capture rate for holes. For the
first case it is suggested that this is an effect induced by high doping concentration
that affect the diffusion of phosphorus, which translated in a partial compensation of
the thallium centres. More studies on an atomic level are required in order to bet-
ter understand the integration and electrical activation of thallium in silicon and the
possible electrical interactions with phosphorus ions within the silicon lattice, which

may contradict or in the best case scenario confirm what is suggested in this work.

Optical modulation was demonstrated by control of the charge state of deep im-
purity levels in silicon by implementing an indium-doped SOI rib waveguide optical
modulator. Frequency bandwidth of the order of a few MHz were obtained. It is
the author’s understanding that this is the first report of the operation of an optical
SOI rib waveguide modulator using the configuration proposed by Li et.al. where the

addition of indium was to increase the modulation strength [33].

In terms of future work, the author suggest the implementation of 3D-2D numer-
ical model to help in the determination of the optimal dimensions for specific doping
concentrations and the reduction in dimensions of the devices where a better modula-
tion strength and transient response can be achieved by a more homogeneous dopant

distribution. Two groups of modulators should be study, one doped with boron
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and phosphorus and the other group doped with indium and phosphorus, in order
to quantify the influence of the deep-impurity level on optical modulation. Investi-
gation at an atomic level should be carried out in order to corroborate the electrical
activation on indium in silicon with the presence of phosphorus and its distribution

along the waveguide cross-section.

During the electrical and optical characterization of the optical modulators an ap-
preciable photocurrent was measured. This high photocurrent motivates the study
of its origins, where the initial assumptions suggest that this photocurrent was the
result of a two-steps photon absorption process induced by the indium level, in which
two photons with energy smaller than the silicon energy bandgap were absorbed,
generating an electron-hole pair that contributed to the increase in photocurrent.
However, measurements of solar cell efficiency showed great dependency on the dis-
tance between pn-junctions. In other words, cells with smaller duty cycle length
showed higher efficiency, which may be the result of a highly efficient separation and
collection of carries generated by the absorption of light. Although, the shape of
the IV curves and the FF values imply high losses induced by shunt and series re-
sistance, these losses can be reduced by improving the photolithography process. In
these samples, there is no surface texturization and by texturizing the surface, it is
possible to enhance light trapping, which allows the possibilities for higher efficiency
improvement of thin silicon solar cell. More studies are required to fully under-
stand why a thin silicon layer doped with indium produced such high photocurrents
and the influence of the pn-junction configuration. As future work, it is proposed
to identify which photons are the ones producing this photocurrent, by using long-
pass filters, and the amount of photons that are absorbed, to study the influence of
indium concentration and indium/phosphorus concentration ratio on solar cell effi-

ciency, to investigate the effect on efficiency by the orientation and configuration of

McMaster University Engineering Physics PhD Thesis Edgar Huante-Cerén



156 Chapter 5. Conclusions And Suggestions For Further Work

the pn-junctions, as well its position relative to the buried oxide, and to consider the
possibility of increasing photocurrent by increasing the thickness of the silicon layer

as a result of more absorption of light.
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KOH Wet Etching
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Figure A.1: Etching ration vs Temperature for a 40% KOH and 40% KOH
+ IPA, extracted from [135] .
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Appendix B
PL Mask
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Figure B.1: Photolithography mask for the fabrication of the indium mod-
ulator.
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Appendix C

Matlab Program

%Program used for the calculation of the amount of In or Thallium
occupied states in Si

%See Martin A. Green, J. Appl. Phys. Vol. 67(6) March 1990, pg.2944-2954
%hcalculating the V_bi and depletion region

b

tic

clear

points=10000;%number of point

num=10;%number of concentration for acceptors, Na

num2=100; %number of concentration for donors, Nd

cm=1000000;

Eg=1.1242;%band gap for Si at 300K.
E_T=0.157;%Impurity, energy level [eV]
g_t=4;%impurity-level degeneracy factor 4 for indium

e e e e e m m e m e e - - -
% E_T = 0.074 for Gallium (Na)

% E_T = 0.157 for Indium (Na)

% E_T = 0.246 for Thallium (Na)

% E_T = 0.19 for Nitrogen (Nd)

% E_T = 0.25 for Carbon (Nd)

% a = acceptors, d = donors

lambda=1.55e-6;
k=8.617e-5;%Boltzman’s constant [eV/K]
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h=4.14e-15;%Plank’s constant [eV-s]

T=300; %Temperature [K]

g=1;%electrical charge in [eV]

e_r=11.8;% relative dielectric constant for Si

e_0=8.85e-12;%[F/m]

m_0=9.11e-31;%electron mass [kg]

m_n=1.08+*m_0;%Density-of-states effective mass for electrons

m_p=1.15*m_0;%Density-of-states effective mass for holes

mc_n=0.28*m_0;%electron conductivity effective mass

mc_p=0.41*m_0;%hole conductivity effective mass

Nc=2x (2*pi*m_n*xk*T/h~2)~(3/2)/(1.6e-19) " (3/2);%Effective Density of
states for Conduction Band

Nv=2% (2*pi*m_p*k*T/h~2)~(3/2)/(1.6e-19) " (3/2) ;%Effective Density of
states for Valence Band

n_i=sqrt (NcxNv) .*exp(-Eg/ (2*¥k*T)) ;%intrinsict charge carriers [m~-3]

E_i=Eg/2 + (k*T/2).*log(Nv/Nc);%Instrinsic energy level

S # - # - # - # - # - # - # - # - # - #-# - # - # -
sig_n=2.0e-22;%electron capture cross section [cm~2]
sig_p=8e-15;%hole capture cross section [cm~2]

Yo m m m m m m m — — o o

% sig_n(In) = 2.0e-22 [cm"2]

% sig_p(In) = 8e-15 [cm”2] or 5.07e-15

% sig_n(Tl) = 1e-22 [cm~2] review value

% sig_p(T1l) = 2.4e-14 [cm"2]

i

OpCross_p=(1.7e-17)/10000;%in [m~2]

OpCross_n=0/10000;

%0pCross_p=(2.6e-17)/10000;%in m~2 for Thallium data from paper -
%0pCross_p=(1.7e-17)/10000;%in m~"2 for Indium data from paper -
%0pCross_n=0/10000;%in m~2 for Indium data from paper -

WG_a=2.5e-6*4e-6;%pi*((2.5e-6)/2)*((4e-6)/2) ;%;%2.5e-6%4e-6;%;%WG cross
-section area [m~2]
Opt_flux=(P_opt/((1.60217646e-19xh*299792458/1ambda)*WG_a)) ; %0ptical
Flux [1/m"2 s]

OFn=0pCross_n*0pt_flux;

OFp=0pCross_p*0pt_flux;

Vth_n=sqrt (3*xk*T*1.6e-19/mc_n) ;%electron thermal velocity [sqrt(J/kg)]=
[m/s]

Vth_p=sqrt (3*k*T*1.6e-19/mc_p) ;hhole thermal velocity [m/s]
c_n=(sig_n/10000)*Vth_n;%electron capture rate [m~3/s]
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c_p=(sig_p/10000) *Vth_p;%hole capture rate
n_1=g_t*n_i.*exp((E_T-E_i)./(k*T));% in [m~-3]
p_1=(1/g_t)*n_i.*exp(-(E_T-E_i)./(k*T));% in [m"~-3]
e_n=c_n*n_1;%electron emission rate

e_p=c_p*p_1;%hole emission rate

Na_max=24.146128;%Thallium is 23.5682,Indium is 24.146128
Na=logspace(22,Na_max,num) ; 4number of implanted acceptors ions [m~-3]
Nd=logspace(21,24,num2) ;number of implanted donors ions [m~-3]

A=(0: (Eg) /points:Eg);

N_b=6e24;%in [m~-3]

N_ref=2.2e24;%in [cm™-3]

c=2;

d=2.3;

g=0.5;

E_dop_0=45.5e-3;%[eV]

P_ion=zeros(length(Nd),length(T));

E_dop_P=zeros(length(Nd)) ;

for m=1:1length(T)

for i=1:length(Nd)

E_dop_P(i)=E_dop_0./(1+(Nd(i)./N_ref)."c);
b=1/(1+(Nd(i)./N_b)."d);
%Nc=2.86e25% (T (m)/300)~(1.58);
nl1=Nc*exp(-E_dop_P(i)/(k.*T(m)));
g_d=b./(g+(1-b) .*Nd (i) ./n11);
P_ion(i,m)=1/(1+g_d.*Nd(i)./n11);

end

p=zeros (num,points+1) ;
n_a=zeros (num,points+1);
B=zeros (num,points+1);
C=zeros (num,points+1);
C_in=zeros(num,points+1);
D=zeros (num,points+1) ;
D_in=zeros(num,points+1);
E_f=zeros(num2,num) ;
E_f_in=zeros(1,num);
n_a0O=zeros (num2,num) ;
n_a0_in=zeros(1,num) ;
N_occu=zeros(num2,num) ;
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N_occu_in=zeros(1,num);
N_al00=zeros (num2,num) ;
N_al00_in=zeros(1,num);
p_O=zeros (num2,num) ;
p_0_in=zeros(1,num);
I=zeros(1l,num);
I_in=zeros(1,num);
U_cn=zeros (num2,num) ;
U_cp=zeros (num2,num) ;
V_bi=zeros (num2,num) ;
W=zeros (num2,num) ;
x_pO=zeros (num2,num) ;
NetN=zeros (num2,num) ;

for m=1:num2,
for 1=1:num,
for i=1:points+l,

if (E_i-A(1,i)) >= 0
p(1,i)=n_i.*exp((E_i-A(1,1))./(k*T));

else

p(1,i)=((n_1)."2)./(n_i.*exp((A(1,1)-E_i)./(k*T)));

end

n_a(l,i)=(e_n+c_p.*p(1l,i)+0Fn)./(e_n + c_n.*x((n_i."2)./p
(1,i)) + OFn + e_p + c_p.*p(1,1i) + OFp);%G-R occupied by "h"

B(1,i)=(1 - n_a(1,i)).*Na(1,1);

C(1,1)=(((p(1,1)).72) + (Nd(1,m).*P_ion(m,1) .*p(1,i)) -
((n_1).72) )./p(1,1);%or only Nd(1,m)

C_in(1,1)=(((p(1,1))."2) - ((n_i)."2) )./p(1,i);%for Nd(1,m)

=0

D(1,i)=B(1,i)-C(1,1);
D_in(1,i)=B(1,i)-C_in(1,1);

end

[Dmin,I(1)]=min(abs(D(1,:)));
[Dmin_in,I_in(1)]=min(abs(D_in(1,:)));

E_f(m,1)=A(1,I(1));

E_f_in(1,1)=A(1,I_in(1));

- - Intrinsijc - - - - - - - - - -

if E_f_in(1,1) <= E_i
p_0_in(1,1)=n_i.*exp((E_i-E_f_in(1,1))./(k*T));

else

p_0_in(1,1)=((n_i)."2)./(n_i.*exp((E_f_in(1,1)-E_i)./(k*T)));

end
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n_a0_in(1,1)=((e_n+c_p.*p_0_in(1,1)+0Fn)./(e_.n + c_n.*((n_i."
2)./p_0_in(1,1))+0Fn+ e_p + c_p.*p_0_in(1,1)+0Fp)) .*Na(1,1);
N_occu_in(1,1)=((e_p+c_n.*(((n_i)"2)./p_0_in(1,1)) + OFp)./
(ecn + c_n.*((n_i.”2)./p_0_in(1,1))+0Fp+ e_p + c_p.*
p_0_in(1,1)+0Fn)) .*Na(1,1);
N_al100_in(1,1) = N_occu_in(1,1)./Na(1,1);
- - - === === Indium and Phosphorus - - - - -
if E_f(m,1) <= E_1i
p_0(m,1)=n_i.*exp((E_i-E_f(m,1))./(k*T));
else
p_0(m,1)=((n_1).72)./(n_i.*exp((E_f(m,1)-E_i)./(k*T)));
end
n_a0(m,1)=((e_n+c_p.*p_0(m,1)+0Fn)./(e_n + c_n.*((n_i."2)
./p_0(m,1))+0Fn+ e_p + c_p.*
p_0(m,1)+0Fp)) .*Na(1,1);
N_occu(m,1)=((e_ptc_n.*(((n_1)"2)./p_0(m,1)) + OFp)./
(ecn + c_n.*((n_i.72)./p_0(m,1))+0Fp+ e_p + c_p.*
p_0(m,1)+0Fn)) .*Na(1,1);
N_al100(m,1) = N_occu(m,l)./Na(1,1);
U_cn(m,1l) = c_n.*n_a0(m,1) .*x((n_i"2)./p_0(m,1));%electron
capture rate [electrons/m~{3}s]
U_cp(m,1l) = c_p.*N_occu(m,l).*p_0(m,1);
% - - - - PN-Junction - - - -
NetN(m,1)=Nd(1,m)-(N_occu(m,1)-N_occu_in(1,1));
V_bi(m,1)=(k*T/q) .*log((N_occu_in(1,1) .*NetN(m,1))./(n_1i)."2);
W(m,1)=sqrt(((2*e_r*e_0.*V_bi(m,1))/(1.6e-19)) .*((
N_occu_in(1,1)+NetN(m,1))./(N_occu_in(1,1) .*NetN(m,1))));
x_p0(m,1)=N_occu_in(1,1)./(N_occu_in(1,1)
+NetN(m,1)) .*W(m,1);
end
yA
end
h * x ok kKX x ok
K/\NININININININININININININININININ/NININ/N/N/N/N/N/\/\
% k x>k %k x>k %
figure(9)
semilogx9 = semilogx(Nd/cm, (1-(N_al100)),’LineStyle’,’none’);
set (semilogx9(1),’DisplayName’,’N_a = 10°{16} [cm”{-

3}] ? s ’LineStyle' , ;_,);
set (semilogx9(2) ,’DisplayName’,’N_a = 1.66x10°{16} [cm {-
3}, ’LineSty1e> ,0==7);

2.78x10°{16} [cm~{-

set (semilogx9(3),’DisplayName’,’N_a
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3}]’,’LineStyle’,’:’);
set(semilogx9(4),’DisplayName’,’N_a = 4.64x10°{16} [cm~{-
3}]’,’LineStyle’,’-.7);

set(semilogx9(5),’DisplayName’,’N_a = 7.74x10°{16} [cm~{-
3}]’,’MarkerSize’,4,’Marker’,’0’);
set(semilogx9(6),’DisplayName’,’N_a = 1.29x10°{17} [cm~{-
3}]’,’MarkerSize’ ,4,’Marker’,’square’);
set(semilogx9(7),’DisplayName’,’N_a = 2.15x10°{17} [cm~{-
3}]’,’MarkerSize’,5, ’Marker’,’x’);
set(semilogx9(8),’DisplayName’,’N_a = 3.58x10°{17} [cm~{-
3}]’,’MarkerSize’,5, ’Marker’,’.’);
set (semilogx9(9),’DisplayName’,’N_a
3}]1’,’MarkerSize’,5, ’Marker’,’+’);
set (semilogx9(10),’DisplayName’,’N_a = 10°{18} [cm~{-
3}]’,’MarkerSize’,4,’Marker’, ’pentagram’) ;

xlabel (’N_d [cm~{-3}]7)

ylabel (’p_T/N_a’)

e e e e e e e —— - o

figure(14)

subplot(2,1,1)
loglogl4 = loglog(Nd/cm,U_cn./cm,’LineStyle’, ’none’);
set(loglogl4(1),’DisplayName’,’N_a = 10°{16} [cm~{-

I
(¢

.99x107°{17} [em~{-

3}]’,’LineStyle’,’-’);
set(loglogl4(2),’DisplayName’,’N_a = 1.66x10°{16} [cm~{-
3}]’,’LineStyle’,’--?);
set(loglogl4(3),’DisplayName’,’N_a = 2.78x10°{16} [cm~{-
3}]’,’LineStyle’,’:’);
set(loglogl4(4),’DisplayName’,’N_a = 4.64x10°{16} [cm~{-
3}]’,’LineStyle’,’-.7);

set(loglogl4(5),’DisplayName’,’N_a = 7.74x10°{16} [cm~{-
3}]’,’MarkerSize’,4,’Marker’,’0’);
set(loglogl4(6),’DisplayName’,’N_a = 1.29x10°{17} [cm~{-
3}]’,’MarkerSize’ ,4,’Marker’,’square’);
set(loglogl4(7),’DisplayName’,’N_a = 2.15x10°{17} [cm~{-
3}]’,’MarkerSize’,5, ’Marker’,’x’);
set(loglogl4(8),’DisplayName’,’N_a
3}]’,’MarkerSize’,5, ’Marker’,’.’);
set(loglogl4(9),’DisplayName’,’N_a
3}]1’,’MarkerSize’,5, ’Marker’,’+’);
set(loglogl14(10),’DisplayName’,’N_a = 10°{18} [cm~{-
3}]’,’MarkerSize’,4,’Marker’,’pentagram’) ;

xlabel (’N_d [cm~{-3}]’)

3.58x10°{17} [cem~{-

5.99x10°{17} [cm~{-
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ylabel(’electron capture rate [electrons/cm”{3}s]’)

subplot(2,1,2)
logloglb = loglog(Nd/cm,U_cp./cm,’LineStyle’, ’none’);
set(loglogl5(1),’DisplayName’,’N_a = 10°{16} [cm~{-

3}]1’,’LineStyle’,’-?);
set(loglogl5(2),’DisplayName’,’N_a = 1.66x10°{16} [cm~{-
3}]’,’LineStyle’,’—=);
set(loglogl5(3),’DisplayName’,’N_a = 2.78x10°{16} [cm~{-
3}]’,’LineStyle’,’:’);
set(loglogl5(4),’DisplayName’,’N_a = 4.64x10°{16} [cm~{-
3}]’,’LineStyle’,’-.7);

set(loglogl5(5),’DisplayName’,’N_a = 7.74x10°{16} [cm~{-
3}]’,’MarkerSize’,4,’Marker’,’0’);
set(loglogl5(6),’DisplayName’,’N_a = 1.29x10°{17} [cm~{-
3}]’,’MarkerSize’,4,’Marker’,’square’);
set(loglogl5(7),’DisplayName’,’N_a = 2.15x10°{17} [cm~{-
3}]1’,’MarkerSize’,5, ’Marker’,’x’);
set(loglogl5(8),’DisplayName’,’N_a
3}]’,’MarkerSize’,5, ’Marker’,’.’);
set(loglogl5(9),’DisplayName’,’N_a
3}]1’,’MarkerSize’,5, ’Marker’,’+’);
set(loglogl15(10),’DisplayName’,’N_a = 10°{18} [cm~{-
3}]’,’MarkerSize’,4,’Marker’, ’pentagram’) ;

xlabel (’N_d [cm~{-3}]7)

ylabel(’hole capture rate [holes/cm”{3}s]’)

3.58x10°{17} [cm~{-

5.99x10°{17} [cm~{-

%N_a100=N_a100’;

Nd=Nd’ ;

arreglol=[Nd/cm, (1-N_a100)];
harreglo2=Nd/cm;

save Occupied_1mW.dat arreglol -ascii
%save Nd.dat arreglo2 -ascii

toc
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