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Chapter 1

General introduction

1.1 Fiber optics

The rapid growth in the use of distributed information systems such as the Internet
stimulates the demand for high data transmission rates. Currently, the highest data
rates are achieved using silica glass fiber. The information is transmitted as a series
of light pulses that travel through the fiber at approximately 200,000 km/s. Due to
the high frequency of light, the amount of data that can be transmitted is
tremendous: the " generation transatlantic fiber transmission link that is being
installed supports transmission o%x3D0 gigabits per second over four glass fiber
pairs! This is still far from the fundamental limit to the transfer rate, and future
systems are expected to reach data transfer rates of several terabitsit€)Oper
second in a single fiber.

Glass fiber contains a high refractive index core, surrounded by a lower
refractive index cladding layer. This structure functions as an optical waveguide:
light is confined in the fiber core by total internal reflection, allowing the
transmission of optical signals over large distances. Long distance data transfer also
requires high transparency. In the wavelength region of optimum transmission of
glass fiber, occurring around 1p8n, modern fibers exhibit losses as low as 5% per
kilometer (0.2 dB/km). Nevertheless, for transmission over large distances the
optical signal needs to be amplified at regular intervals in order to maintain
sufficient light intensity. This is done using erbium doped fiber amplffiers
(EDFAS), that operate at a wavelength of Arb. This wavelength is currently one
of the standard wavelengths used in optical telecommunication.

1.2 Integrated optics

Fiber optic networks contain several optical components, such as lasers, modulators,
multiplexers, splitters, amplifiers, and detectors, connected by glass fiber. A
significant reduction in system size and cost can be achieved by the development of
integrated optics, in which several optical functions are performed on a single
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Figure 1.1 (a) Schematic representation of the Stark-spfit érergy levels,
showing excitation at 0.514m, followed by rapid non-radiative relaxation and
emission at 1.54im. (b) Co-operative upconversion from the*Hirst excited
state, bringing one ion in tH%,,, state. This effect has a strong influence on the

amplification performance of highly Er doped planar waveguide amplifiers
(Chapters 2 and 3).

substrate. In integrated optical circuits, light is directed to different optical
components through planar optical waveguides. These waveguides can be fabricated
in a thin layer of a high refractive index material using lithographic techniques,
allowing for mass production of compact optical circuits. Silicon is an ideal
substrate for integrated optical circuits, because of the availability of low cost
silicon wafers with excellent surface quality. Ultimately, one would like to combine
the functionality of silicon electronics with optical data transmission, to yield
silicon opto-electronic integrated circuits (OEICs) operating atuin5 There are

two approaches to achieve such silicon OEICs, nanmglyrid and monolithic
integration. The hybrid approach involves the growth optically active materials such
as IlI-V semiconductors on a silicon surface. Monolithic silicon OEICs can be

fabricated by doping silicon waveguides with optically active elements, such as
erbium.

1.3 Erbium

Erbium is a rare earth element belonging to the group of the Lanthanides. When
embedded in a solid, erbium generally assumes the trivaléhstate, which has an
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electronic configuration [Xe]-4f. The EF* ion has an incompletely filled 4f-shell,
allowing for different electronic configurations with different energies due to spin-
spin and spin-orbit interactiorisRadiative transitions between most of these energy
levels are parity forbidden for free ¥rions. When Er is incorporated in a solid
however, the surrounding material perturbs the 4f wave functions. This has two
important consequences. Firstly, the host material can introduce odd-parity
character in the Er 4f wave functions, making radiative transitions weakly allowed.
Secondly, the host material causes Stark-splitting of the different energy levels,
which results in a broadening of the optical transitions. Figure 1.1(a) shows a
schematic level diagram of the Stark-splif'Eenergy levels, labeled using Russell-
Saunders notation.

Since radiative transitions in Erare only weakly allowed, the cross sections
for optical excitation and stimulated emission are quite small, typically on the order
of 102 cn?, and the radiative lifetimes of the excited states are long, up to several
milliseconds. When Er is excited in one of its higher lying levels (see Fig. 1.1(a)) it
rapidly relaxes to lower energy levels via multi-phonon emission. This results in
typical excited state lifetimes ranging from 1 ns to 130 The transition from the
first excited state?(13) to the ground staté'l¢s;) is an exception to this rule. Due
to the large transition energy (0.8 eV) multi-phonon emission is unlikely, resulting
in lifetimes up to ~20 ms depending on host material, and efficient emission at
1.54um.

1.4 This thesis

1.4.1 Energy transfer in Er doped,®; planar waveguide amplifiers

The first part of this thesis describes energy transfer processes that take place in Er
doped planar waveguide amplifiers operating at JuB4 Optical amplification can

be achieved in an Er doped optical waveguide by exciting the Er into the first
excited state, for example by optical pumping at JuAB8or 0.98um. If population
inversion is reached, optical amplification can be achieved by stimulated emission
at 1.54pm.

Chapter 2 describes the processes that determine the performance of Er doped
waveguide amplifiers. Firstly, due to the small optical absorption cross sections of
Er’*, large pump fluxes are required to achieve population inversion. In miniature
waveguides with a high refractive index, these large fluxes can be achieved at
relatively low pump power. Secondly, due the small emission cross section of Er at
1.54 um, high Er concentrations on the order of **400?° Er/cnt are required to
achieve appreciable gain over a waveguide length of a few cm. At these
concentrations excited Er ions can exchange energy, leading to several undesirable
processes. One of these is co-operative upconversion, in which one ion is excited
into a higher energy state, while a neighboring ion returns to the ground state (Fig.
1.1(b)). This decreases the population in the first excited state, and consequently
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Figure 1.2 (a) A simplified Si band structure diagram, showing the 1.1 eV Si
bandgap, the lowest two Erenergy levels, and energy transfer between the Si
electronic system and Ervia an Er related defect level in the Si bandgap
(Chapters 4 and 5). (b) Sketch of an Er doped waveguide detector in Si, that is
based on optical Er excitation at 1.54n followed by energy transfer to the
silicon electronic system (Chapter 6).

lowers the gain that can be achieved at a given pump power. To compensate for
non-radiative effects occurring at high Er concentration, Er doped planar waveguide
amplifiers are operated at a relatively high pump flux. In Chapter 2 it is shown that

this induces excited state absorptiar, the absorption of pump photons by excited

Er. This effect sets a limit to the waveguide length that can be used. Finally, a

review of the most successful waveguide amplifiers and their characteristics is

presented.

One of the more successful waveguide amplifier materials is Er dop€sd. Al
Aluminum oxide has been thoroughly studied as a waveguide material, and
miniature planar waveguides can be fabricated with low optical loss aufin58y
doping AbO; waveguides with Er using ion implantation, an optical waveguide
amplifier has been fabricated, with a net optical gain of 2.3 dB atiinbth a 4 cm
long waveguidé.lon implantation however is a rather costly and time-consuming
process. In Chapter 3, an Er implanted@yJ waveguide amplifier is compared with
a similar amplifier fabricated by the more economical co-sputtering process. It is
shown that co-sputtering generates a highly inhomogeneous atomic scale
distribution of the Er ions, resulting in strong co-operative upconversion at
relatively low Er concentration.

1.4.2 Energy transfer in Er doped silicon

The second part of this thesis describes energy transfer processes occurring in Er
doped silicon. In silicon, Er can be excited by energy transfer from electron-hole
pairs trapped at an Er related defect level in the Si bandgap (Fig 1.2(a)). It is
observed that the Er luminescence intensity decreases strongly as the temperature is
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Figure 1.3 (a) Schematic band structure of' &nd Si nanocrystal doped SiO
showing the recombination of a quantum confined electron-hole pair and
simultaneous Er excitation (Chapters 7 and 8). This process can be used in an
Er doped Si nanocrystal sensitized waveguide amplifier. (b) Sketch of an Er
doped Si nanocrystal waveguide. The index contrast required for optical mode
confinement is induced by the Si nanocrystals (Chapter 9).

increased. By analyzing temperature dependent measurements of the Er
luminescence intensity and lifetime, it is shown in Chapter 4 that the intensity
decrease is mainly due to a non-radiative energy backtransfer process, in which an
excited Er ion generates a trapped electron-hole pair.

When the Er is located in a $in junction, the energy backtransfer process
can generate a photocurrent under illumination with Ju&dlight. In Chapter 5 the
temperature dependent photocurrent and photoluminescence of an Er mloped
junction are investigated. It is shown that at room temperature energy backtransfer
followed by electron-hole pair dissociation occurs with a quantum efficiency of
70%. This enables the fabrication of an Er doped photo-detector sensitive at 1.54
um in a Si waveguide. Chapter 6 discusses the efficiency of an Er dwped
junction waveguide detector in Si operating at 1154. An example of such a
waveguide detector is shown in Fig. 1.2(b). Using optical mode calculations and the
parameters determined in Chapter 5 it is shown that such a 4 cm long waveguide
detector in Si can reach an external quantum efficiency of, Ehd several
approaches for further improvement are discussed.

1.4.3 Energy transfer in Er and Si nanocrystal doped,SiO

The final part of this thesis investigates the energy transfer processes that occur in
an Er doped Si/SiPnanocomposite material. It consists of small Si crystallites in
an SiQ matrix. Silicon nanocrystals have a larger bandgap than bulk Si due to
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guantum confinement, and can efficiently absorb visible light, resulting in the
generation of quantum confined electron-hole pairs. In Chapter 7 it is shown that
optically generated electron-hole pairs in Si nanocrystals can recombine and
transfer energy to Er (see Fig. 1.3(a)). The transfer is found occur withsn dnd
the transfer quantum efficiency is found to be larger than 55%. It is shown that the
resulting effective Er absorption cross section can be five orders of magnitude
larger than that for direct optical excitation. Furthermore, no temperature quenching
of the Er luminescence occurs in Si nanocrystal doped.SiO

The efficient excitation and the absence of backtransfer make Si nanocrystals
an interesting candidate for an Er sensitizer that can reduce the pump power needed
to achieve population inversion in a waveguide amplifier. Chapter 8 evaluates the
possibility of fabricating a Si nanocrystal sensitized waveguide amplifier in, SiO
and focuses on the energy transfer processes occurring at high Er concentration and
high pump power. It is shown that a single nanocrystal can excite only ~1 Er ion,
and that an optical gain of 0.6 dB/cm may be achieved in a nanocrystal sensitized
waveguide amplifier. An example of such a waveguide amplifier is shown in Fig.
1.3(b). The refractive index increase induced by the Si nanocrystals generates the
index contrast necessary for optical confinement. Additionally, the broad absorption
band of the Si nanocrystals enables the use of a broad band light source as a pump
for an Er doped nanocrystal waveguide amplifier. In Chapter 9 transmission
measurements on such a nanocrystal waveguide structure are presented, and it is
concluded that optical gain at 1.p4n may be achieved in a 1 cm long waveguide
amplifier using a pump power as low as 1 mW.
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Chapter 2

Er doped optical waveguide amplifiers on silicon

2.1 Introduction

Thin film integrated optics is becoming more and more important in optical
communications technology. The technology for the fabrication of passive devices
such as planar optical waveguides, splitters, and multiplexers is now quite well
developed, and devices based on this technology are now commercially available.
One next step to further improve this technology is to develop optical amplifiers
that can be integrated with these devit&Such amplifiers can serve to compensate
for the losses in e.g. splitters or other components, and can also serve as
preamplifiers for active devices such as detectors.

In optical fiber technology, erbium doped fiber amplifi¢tare now used in
long distance fiber communications links. They use an optical transitiorriraEa
wavelength of 1.54im for signal amplification, and their success has set a standard
of optical communication at this wavelength. Using the same concept of Er doping,
planar waveguide amplifiers are now being developed. For these devices silicon is
often used as a substrate, so that opto-electronic integration with other devices in or
on Si (electrical devices, or Si based light sources, detectors, modulators) may
become possible.

At first sight, it may seem straightforward to translate the concept of a fiber
amplifier to that of an integrated planar waveguide. However, in scaling down the
device dimensions from the long fiber length (typically 40 m) to the small device
dimensions of an opto-electronic integrated circuit, the Er concentration has to be
increased to achieve the same amount of optical gain. As it turns out, physical
processes that were unimportant in fiber technology become important in planar
amplifiers.

In the past few years, several Er doped planar optical waveguide materials
have been explored, and in some cases optical gain has been achieved. The
challenge today is to understand the processes that limit the gain, and to find
materials and structures in which these processes have a minimum effect. This
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Figure 2.1. Schematic representation of th& Hitra 4f energy levels. Figure

(a) shows the 1.54um transition, and the upward arrows indicate excitation
using 1.48um pump light and 0.98m pump light respectively. Figure (b) show
the process of co-operative upconversion, where interaction between two
excited EF* ions leads to the population of higher lying energy levels. Figure
(c) and (d) show the process of excited state absorption of auin4@& a 0.98

pm pump photon respectively.

chapter discusses the most important of these processes, and gives an overview of
the planar optical amplifiers obtained on silicon to date.

2.2 Principle of operation

In most materials, erbium assumes the trivalent charge statd) (&Eith an
electronic configuration of [Xe]-4f. Spin-spin and spin-orbit coupling in the
incompletely filled 4f shell give rise to a number of energy levels as depicted in Fig.
2.1. Each degenerate level is Stark-split into a manifold of levels, due to the
presence of the host material. The transition from the first excited Stafe (o the
ground state*(;s2) occurs at a wavelength of approximately 116d. The emission
wavelength is relatively insensitive to the host material, because the 4f shell is
shielded from its surroundings by the filled 5s and 5p shells.

In an optical amplifier, erbium is incorporated in the core of an optical
waveguide. Using an external laser, the Er is excited into one of its higher lying
energy levels. Erbium can be pumped directly into the first excited manifold using a
1.48 um diode laser, or via one of the higher lying absorption lines, for example
using a 0.98um diode laser. In the latter case, the Er relaxes rapidly into the first
excited state. When sufficient pump power is applied, this leads to population
inversion between the first excited state and the ground state. Apin5dignal
travelling through the Er doped waveguide will then induce stimulated emission
from the first excited state to the ground state, resulting in signal amplification.
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Figure 2.2. Schematic representation of waveguide structures that may be used
to fabricate a planar optical waveguide amplifier. Light is confined in the high
refractive index waveguide core (dark grey) by total internal reflection. The Er
doped core material is embedded in a low refractive index cladding layer (light
grey). The device rests on a silicon substrate (dark grey). Indicated are (a) a
channel waveguide, (b) a ridge waveguide, (c) a strip loaded waveguide, and (d)
a diffused waveguide.

2.3 Waveguide fabrication

In order to fabricate an Er doped planar waveguide amplifier on Si, one needs to use
a material that a) is transparent to the wavelength used to excite the Er, and to the
signal wavelength, b) can dissolve large amounts of Er that is optically active (i.e.
luminescent at high quantum efficiency), and, c¢) can be made into a channel
waveguide using a technology that is compatible with standard Si processing. A
number of waveguide structures can be used to realize a planar optical waveguide
amplifier, each with their own specific advantages. In all of these structures, light is
guided in a high refractive index material (the waveguide core), surrounded by a
lower index material (the cladding).

Figure 2.2 schematically shows cross sections of different waveguide
structures that can be used. A channel waveguide (Fig. 2.2(a)) can be formed by
depositing a high index layer on a low index cladding, followed by standard
lithography to define a line. The lithography is usually followed by the deposition
of a low index top cladding. Another way of forming such a channel waveguide is
by ion implantation. In this case the refractive index contrast is achieved by a
change in chemical composition (see e.g. Chapter 9 of this thesis), or by ion
irradiation induced damageA variation on the channel waveguide is the ridge
waveguide (Fig. 2.2(b)), in which the high refractive index core layer is not fully
etched back. This lowers the in-plane index contrast, and therefore in general
decreases the scattering loss. Optical mode confinement can also be obtained by
putting a strip of cladding material on a planar core layer, resulting in a strip loaded
waveguide (Fig. 2.2(c)). This type of structure requires no etching of the Er doped
core layer, thus leaving the Er unaffected by the waveguide fabrication process.
Another structure is the diffused waveguide, formed by in-diffusing an element that
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raises the refractive index (Fig. 2.2(d)). Similarly, index contrast can be achieved
using an ion exchange procéss, which ions in the core material are exchanged for
ions from the salt melt in which the waveguide is immersed. The resulting low
index contrast waveguides have low losses, due to the smoothly graded refractive
index profiles.

As the light guiding in all these structures relies on total internal reflection,
waveguide bends cannot be made infinitely sharp. The index contrast between core
and cladding layers determines the minimum bending radius of a waveguide. For
example, silica waveguides with a small refractive index contfast(.01) have a
minimum bending radius in the centimeter range. Therefore long silica based
waveguide amplifiers sometimes require a 4" wafer as a subStfde.a high
contrast waveguide, e.g. an ,®g core with an Si@ cladding Q(n=0.20), the
bending radius can be as low as|§8.2 For such a system, it has been shbtiat
a 3 cm long waveguide can be 'rolled-up' on an area of only 4 @ansequently,
if high integration densities are required, the core material must have a high
refractive index. This high index contrast also results in smaller optical mode
dimensions. Therefore, high pump intensities can be achieved at relatively low
pump powers, decreasing the pump threshold for amplification.

2.4 Gain limiting processes and parameters

2.4.1 Erbium concentration and solubility

The most important parameter for amplification is the concentration Bfi@ms

that are optically active (i.e. that have high quantum efficiency). The maximum gain
per unit length is determined by the product of the cross section for stimulated
emissiongen, and the active Er concentration. Since typical valuesfgrare in the
102%-10?° cn? range, concentrations of f010°° Er/cn? are required to achieve a
reasonable gain over a length of a few centimeters. Therefore, the host material
must have a high Er solubility.

Silica based glasses have turned out to be a practical host material, as the
composition can be tuned continuously for optimum Er solubility using various
available network modifiers. It has been shown that by incorporating for example
phosphorous in the glass matrix, the solubility of Er may be incrédseside from
glasses, ceramic materials with a high refractive index, such,&s Ahd Y,O3, are
interesting hosts. As their crystal structure is similar to that g®£rthey show a

high Er solubility?**3

2.4.2 Waveguide loss

A next important parameter is the waveguide loss, determined by absorption and
scattering of guided light. To achieve net amplification, the signal loss due to these
intrinsic waveguide losses first has to be compensated for by stimulated emission.
Moreover, at the Er concentrations needed to compensate for a typical waveguide
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loss of 0.1-1 dB/cm, Er-Er interactions reduce the gain, as will be discussed below.
Pump light is also scattered as it travels through the waveguide, lowering the
pumping efficiency. Thus, minimizing waveguide loss is crucial for good amplifier
performance.

Scattering can be induced by irregularities in the refractive index on a length
scale of the order of the wavelength. One notorious origin of scattering is
waveguide roughness, caused for example by an etching step in the fabrication
process. This effect becomes more pronounced when high index contrast structures
are used.

2.4.3 Mode overlap

For optimum gain, both signal light and pump light should be confined in such a
way that optimum overlap between the optical modes and the Er concentration
profile is achieved. For low refractive index contrast materials, a significant fraction
of the optical mode travels through the undoped cladding material, resulting in a
lower gain per unit length.

2.4.4 Pump wavelength

Erbium doped waveguide amplifiers are either pumped at @n98*l11/» level) or
1.48 pm (*1132 level). Pumping high into the first excited state of Er using a 1.48
um laser results in a quasi three-level system, with a good overlap of the signal
mode at 1.54um with the pump mode, due to similar mode sizes at these
wavelengths. Furthermore, scattering losses of waveguides usually increase for
shorter wavelengths, favoring a long wavelength pump laser. However, due to the
overlap of the 1.48m pump wavelength with tht132 » *l152 emission spectrum,
the pump also induces stimulated emission at Jud8 This effect puts an upper
limit to the degree of population inversion that can be obtained.

Stimulated emission by the pump is much weaker when a pump wavelength of
0.98 um is used. In this case the excited Er rapidly relaxes non-radiatively into the
first excited state, precluding stimulated emission by the pump from theu®98
level. However, the internal relaxation also reduces the pumping efficiency, as the
relaxation energy (about 0.45 eV per excitation event) is transformed into heat. In
general, the absorption cross section for the fu@8evel is smaller than that of the
1.48um level, resulting in an increased threshold power.

2.4.5 Pump absorption

Due to the relatively small absorption cross section of the Er energy levels, rather
high pump intensities are required to achieve population inversion. This problem
can be overcome by introducing a species with a large optical absorption cross
section that can transfer energy to the Er. One example of such a sensitizer is the
rare earth ion YH. Ytterbium has a large absorption cross section aroundGr98
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and can transfer its energy non-radiatively to an Er ion that is then excited into the
11/ level** As the Yb absorption band extends all the way from Qu&b6 to
1.02pm, it can be pumped over a broad spectral range. In polymer waveguides, Er
can be incorporated in an organic complex. This complex absorbs in a broad
spectral range, and can transfer its energy t& Bdditionally, specially designed
sensitizer molecules can be attached to the complex to further increase the
absorption efficiency.

A new approach is to use Si nanocrystals as sensitizer. Optical excitation of Si
nanocrystals in Er doped Sihas been shown to result in efficient Er excitation
(see Chapters 7-9 of this thesis). The broad absorption band of the Si nanocrystals
makes it possible to excite Er in a waveguide amplifier using a broad band light
source.

2.4.6 Co-operative upconversion

At high Er concentrations, interaction between Er ions is an important gain limiting
effect. One of such processes is co-operative upconversidH.In this process, an
excited Er ion de-excites by transferring its energy to a neighboring excited ion,
promoting it into the'lg/, level (Fig. 2.1(b)). This lowers the amount of excited Er,

or conversely, increases the pump power needed to obtain a certain degree of
inversion. Co-operative upconversion is possible due to the presence of a resonant
level at twice the energy of the first excited state. The co-operative upconversion
coefficient depends on the host material, as it is related to the exact energy level
positions, cross sections, the dielectric constant, and the typical phonon energy of
the host material. In practice, co-operative upconversion is an important gain
limiting effect for Er concentrations above'#a.0°° Er/cn?.

The effect of co-operative upconversion not only depends on the average Er
concentration, but also on the microscopic distribution of the Er ions in the host
material. The upconversion coefficient can vary by orders of magnitude in the same
host material, as will be shown in Chapter 3. In order to fabricate an efficient
amplifier, the fabrication method should be optimized to obtain an homogeneous
distribution of Er ions. Although upconversion is an unwanted effect for ins4
signal amplifiers, it may be used advantageously for the fabrication of upconversion
lasers, operating in e.g. the green.

2.4.7 Excitation migration and non-radiative quenching

An excited Er ion can transfer its energy to a nearby, unexcited Er ion. This
excitation migratiof does not necessarily reduce the Er population density, but can
become detrimental to the gain if some Er ions are strongly coupled to non-radiative
guenching sites. For example, the second overtone of the OH stretch vibration is
resonant with the transition from the first excited state to the ground state of Er.
Indeed, it has been shown that the Er luminescence lifetime correlates with the
water content in silica glassé€s®° The effect of quenching sites becomes more
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Figure 2.3. (a) Fraction of Er in the first excited state alonquan2vide, 17 cm

long ridge waveguide, calculated in the plane of the waveguide. The waveguide
is pumped with 100 mW at 1.48n. The maximum fraction of excited Er that is
reached is 68%. The dip near the front facet is caused by excited state
absorption. (b) Differential gain calculated from the excited Er distribution and
the optical mode of the signal.

pronounced at high Er concentrations, resulting in a reduced pumping efficiency.
Therefore, care must be taken to synthesize Er doped materials that are free of
impurities or defects that couple to Er.

2.4.8 Excited state absorption

Another gain limiting effect is formed by excited state absorption (ESA). In this
process, an excited Er ion absorbs a signal photon (Fig. 2.1(c)), or a pump photon
(Fig. 2.1(c) and Fig. 2.1(d)), bringing it in a higher excited state. As this effect
involves both signal and pump photons, it affects both the maximum gain and the
pump efficiency. The effect becomes important for the gain when the higher lying
states have an appreciable lifetime, leading to the buildup of significant steady state
population in the higher lying energy levels, which do not take part in the
amplification. As ESA depends on the pump intensity, it becomes important when
high pump powers are required, for example to compensate for co-operative
upconversion processes, or de-excitation of the Er by strong signals.

The effect of ESA on amplifier performance is illustrated in Fig. 2.3(a). It
shows the fraction of excited Er ions in a 17 cm long Er dope@:Alaveguide,
calculated in the plane of the waveguide as the structure is pumped with 100 mW at
1.48 ym. The Er doped waveguide core consists of an? wide, 520 nm thick
ridge, with a remaining thickness on the sides of 260 nm (see Fig. 2.2(b)). The
optical modes are centered in the ridge, but also extend into the Er doped sides,
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causing excitation outside of the waveguide core. The calculation takes into account
the measured upconversion coefficténand Er absorption and emission cross
sections>* as well as the three dimensional 1148 pump and 1.54m signal mode
distributions. The effect of ESA is seen as a dip in the fraction of Er in the first
excited state in the region where the pump power is highest (in the center of the
guide near the entrance facet). The effect on the differential signal gain across the
guide is shown in Fig. 2.3(b). It shows that at a pump power of 100 mW, ESA
causes net signal loss. As the pump power decreases along the waveguide, the effect
of ESA decreases, and initially the differential gain along the length of the
waveguide increases. Absorption (by Er and the waveguide structure) and scattering
lead to a gradual decrease of pump power along the waveguide, and near the end of
the waveguide the pump power becomes too low to obtain a positive differential
gain. The existence of an upper limit on the pump power shows that ESA puts a
maximum to the length that can be used for a single-end pumped waveguide.

2.5 The state of the art in Er doped planar amplifiers

Although many research groups are studying Er doped optical waveguide materials,
only a very limited number of groups has fabricated actual devices. Table | lists the
most successful Er doped waveguide amplifiers on silicon that have been fabricated
to date. In all cases, the waveguide materials were deposited on an oxidized silicon
Substrate.

A 43 cm long planar waveguide amplifier on silicon developed by Hagtori
al. at NTT Opto-electronics Laboratorie@apan), contains a phosphorous doped
silica based glass as a core matetfalThe waveguides were fabricated by flame
hydrolysis deposition, followed by reactive ion etching to form the ridge or channel
waveguide. The amplifier shows an internal gain of 27 dB using a | ®®ump
power of 268 mW. A low Er concentratithof ~4x10*° Er/cn? (0.45 wt.%) was
used, and was sufficient to achieve net gain, because the waveguide loss in this
material is very low (0.15 dB/cm). As a result of this low waveguide loss, it is
relatively easy to keep the pump intensity above threshold over a large distance
along the waveguide, thus allowing for a large total gain. The combination of the
large length and the low index contrast however, cause that a large surface area is
needed to support the device.

At Lucent Technologies / Bell Lalfld SA), Shmulovitzet al.fabricated a 6 cm
long Er doped soda lime silicate glass based waveguide amplifier using radio
frequency sputtering®?® A ridge or channel waveguide was formed using ion beam
etching. A fiber-to-fiber gain of 4.5 dB was measured at 80 mW of @rdgump
light. The low background loss in this glass (0.1 dB/cm) allows for the use of a
relatively low Er concentration &10"° Er/cnT), reducing the effect of co-operative
upconversion.

A 4 cm long Er doped AD; waveguide amplifier on Si was developed by van
den Hoveret al® The ALO; was deposited using RF sputtering, and doped with Er
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using ion implantation. Argon beam etching was applied to create a ridge
waveguide. A total internal gain of 2.3 dB was measured at a coupled pump power
of 9 mW at 1.48um.° The pump threshold of this device is only 3 mW, which is due
to the high mode confinement in the high index@J core (n=1.64). As a result of

this high index contrast, 3 cm interaction length could be fitted on an area of only 1
mm?. Up to now, this is the only demonstration of a miniature planar optical
waveguide amplifier on Si.

Due to the high Er solubility in AD3, concentrations of optically active Er up
to 3x10?! Er/cn? (3 at.%) could be incorporated in this matetfaHowever, at such
high concentrations, excitation migration and co-operative upconversion strongly
decrease the steady state Er population. It was found that optimum amplifier
performance was achieved at 210%° Er/cnt.

At GeeO (France), Barbieret al. developed a waveguide amplifier on Si
showing a fiber-to-fiber gain of 16.5 dB over a length of 9 cm when pumped with
200 mW at 0.981m.**?’ This was measured in an Er-Yb codoped phosphate glass,
in which a channel waveguide was formed using a two step ion exchange process.
The high gain is due to the high concentratfoof ~1.6x10?* Er/cn? (2 wt.%) that
was dissolved in the phosphate glass. Pumping of the Er is achieved ¥ia Yb
resulting in a threshold pump power around 25 mW. Net gain was measured for
wavelengths ranging from 1.52m to 1.57um, showing the potential of Er doped
planar waveguide amplifiers as broadband optical amplifiers.

22 . o4 van den . 26 van 9
Ref. (et. al) Hattor? ShmulovitZ Hover? Barbief Weerder® Yar?
date published 5-94 4-96 4-96 2-97 4-97 11-97
Yb
waveguide P-doped soda-lime co-doped P205/Al20
. - . Al,O3 Y,0; N&O
core composition Sio, silicate glass phosphate
La,0O3
glass
internal gain (dB) 27 ~6.5 2.3 >16.5 6.0 41
Er concentration _ 23 423
107 cm?) 0.4 0.7 2.7 1€ 1.3 5.3
length (cm) 47.7 6 4 9 4.3
gain / length (dB/cm) 0.6 1.1 0.6 >1.8 1.4 4.1
pump power (MW) 264 80 o* 200 12+ 21*
=inside waveguide
pump wavelengthum) 0.980 0.980 1.480 0.983 1.480 0.980
waveguide geometry gggremoerl gggﬁnoerl ridge channel ridge strip
core index of refraction ~1.46 ~1.49 1.64 - 1.9 1.53
waveguide loss (dB/cm) 0.15 0.1 0.35 ~0.1 0.8 0.9

Table 2.1. Characteristics of Er doped planar optical waveguide amplifiers operating atni.54
that have been fabricated on silicon to date.
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Figure 2.4. Small signal gain measurement on a 1 cm long Er doped phosphate
glass waveguide amplifier on Si, taken from Ref. 29. When no pump power is
applied, about -10 dB (10%) of the 1.34n signal is transmitted, due to
waveguide losses and absorption by unexcited Er. At about 7 mW ofud98
pump power in the waveguide (20 mW in the tapered input fiber), these losses
are overcome by stimulated emission from the Er. At 21 mW pump power in the
guide, a net gain of 4.1 dB is reached. The drawn line is a calculation taking
into account the effect of co-operative upconversion.

Another high index waveguide amplifier on Si was developed by van Weetdsn

at the Twente University of Technologfthe Netherlands® Their Er doped
polycrystalline ;03 waveguide amplifier shows 6 dB internal gain at only 12 mW
pump power in the waveguide. The core material was sputter deposited, and a ridge
structure was defined by Ar ion beam etching. The relatively high waveguide loss of
0.8 dB/cm is compensated for by the high concentration of Er that can be
incorporated in ¥Os.

The highest gain per unit length at low pump power was achieved bytran
al.”® The waveguide film was deposited by RF sputtering from an Er doped multi-
component phosphate glass. Strip loaded waveguides were formed by etching of the
SiO, top cladding layer. A net gain of 4.1 dB is achieved over a 1 cm waveguide, at
a coupled pump power of 21 mW at 0.98n. A gain measurement on this
waveguide amplifier is shown in Fig. 2.4. The high gain is a result of the high Er
concentration in the glass (%B0?° Er/cnT), and the low co-operative upconversion
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coefficient, which is a result of the homogeneous Er distribution in this multi-
component glass. Due to the relatively high index of the phosphate glass (n=1.56), a
low pump threshold of only 7 mW could be achieved.

As becomes clear from the overview given above, at present two classes of
materials have been successfully used to develop efficient planar Er doped optical
amplifiers. In silica based glasses, waveguides have been made with very low
losses, in the 0.1 dB/cm range. High optical gains (up to 27 dB) can be achieved,
often only using relatively long waveguide structures. Silica based waveguide
amplifiers will be most useful in areas of integrated optics where size is less
important than efficiency. Co-doping the silica with(R leads to an increased
refractive index, and hence better mode confinement. This, in combination with a
low co-operative upconversion coefficient, has lead to the development of an
amplifier with a gain of 4.1 dB over 1 cm at 21 mW pump power, the highest
reported gain per unit length at low pump power. Ceramic thin films such as
polycrystalline AbO; and Y,O3; have an even higher refractive index, allowing
miniature devices (typical area 1 Mmo be made. Minimizing waveguide losses,
and optimizing the local Er distribution in these materials in order to minimize co-
operative upconversion is essential to further increase the achievable gain.

2.6 Outlook

Future research in Er doped planar optical amplifiers will focus on further
optimization of materials composition and device geometries in order to increase
the net gain and reduce the pump power and device dimensions. Aside from
research on glasses and ceramic materials, two other materials that can be integrated
with Si are of great interest at this stage.

Polymers are interesting materials to use as optical waveguide materials. Their
synthesis and processing is quite well developed. They can be deposited at
relatively low temperatures (~20Q) using the low cost spin-coating process.
Polymer based passive devices such as splitters, and thermo-optic switches are now
commercially available. As a result of their relatively low index, polymer
waveguides are easily coupled to standard silica glass fiber. Doping these polymer
waveguide films with Er is not an easy task, as the commonly used rare earth salts
are poorly soluble in a polymer matrix. To overcome this problem, Er ions can be
incorporated in an organic compl&kthat does dissolve in a polymer matrix.
Research todd¥ focuses on studying the intra-molecular energy transfer in these
complexes, and reducing the non-radiative processes that reduce the Er
luminescence quantum efficiency.

Silicon itself would of course be the ideal host for integrated optical amplifiers
in Si-based opto-electronics. Si waveguides have extremely well confined optical
modes due to their high refractive index, and consequently a bending radius as
small as 1um can be achieved, enabling the fabrication of miniature optical
devices® It has been shown that Si can be doped with optically active Er, using e.g.
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ion implantatioi®*® or molecular beam epitaxy techniqu$® Erbium in Si can be

excited not only optically, but also electrically, through an impurity Auger process
in which electrical carriers transfer their recombination energy to Er (see Chapters
4-6 of this thesis). In principle, the latter would allow for electrical pumping of an
Er doped Si planar waveguide amplifier. However, several limitations have become
clear in the past few years. First of all, the maximum optically active Er
concentration that can be dissolved in single crystal Si of high optical and electrical
quality is limited to roughly 18 Er/cn?. Second, free carrier absorption in an
(electrically pumped) Si waveguide will cause high waveguide losses. Thirdly, non-
radiative quenching processes reduce the Er luminescence efficiency at room
temperature. These problems can be solved by the development of ,Si/SiO
nanocomposite waveguides (see Chapters 7-9 of this thesis), which combine the
advantages of the high refractive index of Si with the high Er solubility and reduced
non-radiative quenching of SO
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Chapter 3

Co-operative upconversion as the gain limiting factor in
Er doped miniature AD; optical waveguide amplifiers

Erbium doped AJO; waveguide amplifiers were fabricated using two
different doping methods, namely Er ion implantation into sputter
deposited AIO3, and co-sputtering from an £33/Al ,03 target. Although

the Er concentration in both materials is almost identical (0.28 at.% and
0.31 at.%), the amplifiers show a completely different behavior. Upon
pumping with 1.48m, the co-sputtered waveguide shows a strong green
luminescence from thé'Sy, level, indicating efficient co-operative
upconversion in this material. This is confirmed by pump power
dependent measurements of the optical transmission afuin5&nd the
spontaneous emission at 1.5 and 0.98um. All measurements can be
accurately modeled using a set of rate equations that include first order
and second order co-operative upconversion. The first order co-operative
upconversion coefficient G is found to be 3.610'° cm’s? in the co-
sputtered material, two orders of magnitude higher than the value
obtained in Er implanted AD; of 4.1x10*® cm’s™. It is concluded that

the co-sputtering process results in a strongly inhomogeneous atomic
scale spatial distribution of the Er ions.

3.1 Introduction

Erbium doped waveguide amplifiers can be used in optical integrated circuits to
compensate for signal losses, e.g. absorption loss, scattering loss, or coupling loss.
Such waveguide amplifiers use stimulated emission from the first excited state
(*l130) to the ground state'lgs;) of EF" at 1.54um (see Fig. 3.1(a)). The inte-
transition is parity forbidden, and as a result the emission cross section is quite
small (~10*! cn). Consequently, high Er concentrations (0.1-1 at.%) are required
to achieve significant amplification in waveguide structures on a cm length scale.
At these high Er concentrations the closely spaced Bns can interact. This
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Figure 3.1. (a) Schematic representation of the Stark-split étrergy levels,
showing excitation at 1.48m and emission at 1.53m. The energy levels are
indexed using Russell-Saunders notation, and the corresponding populdtions
are indicated. The emission wavelength due to radiative relaxation to the ground
state is also included. (b) Co-operative upconversion from tiefiEst excited
state, bringing one ion in th#,, state. This is followed by rapid relaxation to
the*l11/, level, causing luminescence at 0)98. (c) Co-operative upconversion
from the EF" second excited state, bringing one ion in tihb ., state that
luminesces in the green.

causes several effects, such as energy migrationyhich an excited Er ion excites

a neighboring unexcited Er ion (which may in turn be coupled to a non-radiative
quenching site), and co-operative upconver$idrin which an excited Er ion
promotes a neighboring excited Er ion into a higher lying state. Both processes are
detrimental to the optical gain, as they reduce the population in the first excited
state.

In this chapter we compare the optical gain characteristics of two different
optical waveguide amplifiers on silicon that have been fabricated either by
Er,O3/Al,0O3 co-sputtering or by Er ion implantation into,83;. We will show that
although the Er concentrations in the two amplifiers are almost identical, the gain
characteristics are entirely different due to a difference in the atomic scale spatial
distribution of the Er ions.

3.2 Experiment

One waveguide structure was fabricated using radio-frequency Ar sputtering of a
powder-pressed ED3/Al,O3 sputter target onto an oxidized Si substrate (oxide
thickness 5um). The target contained 2.8 wt.%,Bg, corresponding to 0.31 at.%

Er. The composition of the deposited film was measured by Rutherford
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Figure 3.2. Rutherford backscattering spectrometry measurement at a scattering
angle of 165° of a 570 nm thick Er doped,®4 film on SiO, made by
Er,O5/Al,O; co-sputtering. The surface channels of the various elements are
indicated. The solid line represents a fit assuming a constant Er concentrfation o
0.31 at.% over the full film thickness. The peak around channel 170 is the result
of overlapping signals from aluminum in the top,®4 layer and silicon in the
lower SiG layer.

backscattering spectrometry (RBS) using 2 MeV' ks at a scattering angle of
165° (Fig. 3.2). The film thickness and the sample composition were determined
from a fit to the data (solid line). The film thickness is found to be 570 nm,
assuming an atomic density of 9:64°> cm®. The Er concentration is constant
over the full film thickness, and amounts to 0.31 at.%. The Al concentration is
found to be 38 at.%, close to the stoichiometric composition gDAIThe film also
contains a small amount of Ar (0.25 at.%) which is incorporated during the
sputtering process. This material was annealed at 900 °C for one hour in vacuum at
a base pressure ofx20’ mbar to optimize the Er luminescence intensity and
lifetime.*

Ridge waveguides were formed in a 520 nm thick layer using standard photo-
lithography and Ar beam etching to a depth of 260 nm. The etch mask contained
straight waveguides of ~1 cm length, as well as spiral waveguides that confine a
3 cm long waveguide on an area of 1 fmrBubsequently, a im thick SiG top
cladding was deposited to reduce scattering losses. Figure 3.3 shows a scanning
electron microscopy image of au2n wide ALOs3; ridge waveguide, after removal of
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Figure 3.3. Scanning electron microscopy image of an Er dopgQs;Aldge
waveguide, fabricated by means of ,84/Al,03; co-sputtering. The SiO
cladding layers have been removed.

the SiQ cladding layers. Before waveguide fabrication the Er photoluminescence
lifetime at 1.535um in annealed co-sputtered films was found to be 6.2 ms. The
waveguide fabrication reduces the lifetime to 1.7 ms, possibly due to the
introduction of defects or impurities such as OH that are known to reduce the Er
lifetime.

A second type of amplifier structure was fabricated by sputter deposition of a
600 nm thick layer of AlO; from a pure AdOs; sputter target, followed by Er ion
implantation. An almost constant Er concentration of 0.28 at.% was achieved from
25 to 450 nm below the ADs; surface using multiple implants at energies in the
range 100 keV - 1.5 MeV. Waveguides were fabricated by etching to a depth of 300
nm. This material was previously shown to exhibit a net optical gain of 2.3 dB at
1.53um in a 4 cm long waveguide amplifier, at a coupled pump power of only
9 mW? A detailed characterization of the optical properties of this material can be
found in Refs. 4 and 6.

To compare the optical gain characteristics of the co-sputtered and ion
implanted waveguides, all measurements on the two sample types were performed
under identical conditions. The waveguides were pumped using a fiber coupled 1.49
pum laser diode with a maximum power of 60 mW in the fiber. The pump light was
butt-coupled to the waveguides using a single mode tapered fiber. Optical images of
the waveguides were taken using a CCD camera in combination with an optical
microscope. Photoluminescence (PL) measurements were done by collecting the
spontaneous emission from the waveguides normal to the sample using a multimode
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Figure 3.4. (a) Optical image of a spiral waveguide amplifier doped with 0.28
at.% Er using ion implantation into AD;. The waveguide is pumped at 1.49
pm at a pump power of 60 mW in the input fiber. The waveguide emits green
light as a result of two subsequent co-operative upconversion interactions. (b)
Optical image of a similar waveguide doped with 0.31 at.% Er using
Er,O5/Al,O5; co-sputtering. The intense upconversion luminescence is ascribed
to a strongly inhomogeneous atomic scale Er distribution.

fiber placed approximately 1 mm above the sample surface. The collected
luminescence was sent to a grating monochromator and detected using a liquid
nitrogen cooled Ge detector, in combination with standard lock-in techniques.
Optical gain measurements were performed by adding a us3€ignal from a low
power tunable laser to the input fiber, and monitoring the transmitted signal power
as a function of applied pump power. The signal power in the input fiber was kept
below 0.1 mW. The transmitted signal was collected by imaging the waveguide end
facet onto a multimode fiber using a*d@nicroscope objective, and detected as in
the PL measurements. A band-pass filter in the range 1.51pm5%as placed in
front of the monochromator entrance slit in order to suppress any pump related
background signal.

3.3 Results and discussion

Figure 3.4(a) shows an optical image of an Er implante®Akpiral waveguide.

The waveguide is pumped at 1.4#¢n at a power of 60 mW in the input fiber. At

this pump power the waveguide emits a faint green luminescence (the dark gray
spiral in Fig. 3.4(a)). Photoluminescence measurements of the visible emission (not
shown) indicate that the green emission originates fronithg, and*Ss/, levels of

Er¥*. The luminescence seen in Fig. 3.4 also contains red emission frotRothe
level at 670 nm. These higher lying levels are populated via a two-step co-operative
upconversion process, as depicted in Figs. 3.1(b) and 3.1(c). First, two Er ions in
the *l13, state interact to yield an ion in tHéy, state (Fig. 3.1(b)), which is
followed by a non-radiative relaxation to thley, level. Secondly, two ions in the
*I11/» level interact to yield an ion in thf#d11/, level (Fig. 3.1(c)), which relaxes to



36 Chapter 3

Er implanted ALO,
waveguide (1 cm)

Signal transmission change (dB)

o Er,0,/ ALO, co-sputtered

e ’ waveguide (0.8 cm)
0 y " 1 " 1 " 1 " 1 " 1 " 1
0 10 20 30 40 50 60

Power in fiber (mW)

Figure 3.5. Measured transmission change at irf3as a function of 1.4@m
pump power in a 1 cm long Er doped ,8Bt waveguide made by ion
implantation @) and in a 0.8 cm long Er doped ,®; waveguide made by
Er,Os/Al,O; co-sputtering ¢). The drawn lines are based on population
calculations using the parameters in Table 3.1. Th®#AI,O; co-sputtered
waveguide shows a lower signal change due to strong co-operative
upconversion.

the “Sgj» level. Figure 3.4(b) shows an image of thex@fAl,O; co-sputtered
waveguide taken under the same pumping conditions. This waveguide shows a very
intense upconversion luminescence, even though the Er concentration is only
slightly higher than in the ion implanted sample (0.31 at.% vs. 0.28 at.%).

The amount of optically active Erin the co-sputtered waveguide was
determined from transmission measurements in the range 1l (hot shown).

The Er related peak absorption in the co-sputtered waveguide was found to be 3.1
dB/cm. Using the calculated overl&pof the optical mode with the Er depth profile
(T'=49%), and the Er peak absorption cross seatighof 5.8x102* cn taken from

Ref. 6, the concentration of optically active Er in the waveguide is found to be
2.5x107°° cm®, 17% less than the total Er concentration determined by RBS. This
suggests that 83% of the Er is in the optically active 3+ valence state. The Er related
peak absorption in the ion implanted waveguide is only 2.5 dB/cm, due to the lower
mode overlap with the Er implantation profile.

Figure 3.5 shows the measured signal transmission change at| inb38 a
function of applied pump power at 1.48n for a 1 cm long straight waveguide
made by ion implantation, and a 0.8 cm long straight waveguide made by co-
sputtering. A maximum signal transmission change of 2.5 dB is observed in the Er
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Figure 3.6. Photoluminescence from Er dopedQilwaveguides pumped at
1.49 pm. Solid symbols refer to ion implanted material, open symbols to
Er,O5/Al,O; co-sputtered material. The drawn lines are calculations of the
fraction of excited EY obtained using the parameters listed in Table 3.1.

implanted waveguide, corresponding to the onset of Er related gain. At the same
pump power, the signal transmission in the co-sputtered waveguide has changed by
only 1.2 dB, and consequently no Er related gain is obtained. Note that the shape of
the two curves in Fig. 3.5 is quite different, the ion implanted waveguide showing a
stronger curvature. This is a consequence of the strong upconversion in the co-
sputtered sample, as will be shown below.

To investigate the upconversion in the waveguides quantitatively, we have
measured the spontaneous emission at uBB and 0.98um normal to the
waveguide as a function of pump power. The luminescence was collected from the
middle of the sample to avoid collection of pump light scattered from the input and
output facets. The luminescence intensities found in both sample types are plotted
in Fig. 3.6. At low pump power, the 1.38n luminescence from the ion implanted
waveguide increases linearly with pump power. At pump powers above 1 mW in the
fiber the intensity starts to show significant saturation, as was observed béfore.
entirely different pump power dependence is seen in the co-sputtered waveguide.
Within the full range of applied pump powers, the 1188 luminescence exhibits
an almost perfect square-root dependence on pump power. Furthermore, the
maximum 1.53um luminescence intensity in the co-sputtered waveguide is found to
be significantly lower than in the ion implanted waveguide. This is consistent with
the gain measurements in Fig. 3.5, which showed that the maximum achieved signal
transmission change in the co-sputtered waveguide is lower than in the ion
implanted waveguide. Both sample types show a similar pump power dependence of
the 0.98pm luminescence from th#&,, state, but the co-sputtered waveguide
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shows a much higher luminescence intensity at Q@8 This clearly shows that the
co-sputtered sample exhibits stronger upconversion than the ion implanted sample.
These findings are consistent with the intense green luminescence emitted by the
co-sputtered waveguide (Fig. 3.4(b)), which is the result of upconversion from Er
ions that are in th8;y, state.

In order to analyze the data in Figs. 3.5 and 3.6, we model fha€a three-
level system. This generally yields good results for the populations in the lower
lying levels, because the population build-up in the levels abovélihelevel is
small as a result of their low (<is) lifetimes® The rate equations that determine
the Er populations are:

dN
d'[3 = _(W3 + C37N3)N3 + (R24 + Cz4N2)N2 (1)
dN
dt2 - _(Wz TRy + Ry + 2C24N2)N2 +W,N; + RN, (2)
dN
o=+ R+ CuN N, = RN, + G, ®)

with N; (cm™) the concentration of Er in levél(see Fig. 3.1(a))Wi=1;* (s?) the
measured spontaneous decay rate from levB; (s') a pump induced transition
from leveli to levelj, andC;j (cm’s?!) the co-operative upconversion coefficient
from leveli, producing one ion in the ground state and one ion in lewtle have
assumed that spontaneous decay from level 3 is dominated by non-radiative
relaxation to level 2. The pump ratBg are related to the photon flyx (cm®s™) in

the waveguide and the cross sectmi (cn?) for a pump induced transition from
i»j according toR; = g;°x¢. Note that stimulated emission and excited state
absorption by the pump are included. The mean photon fiuis given by
&=nxPri/(EpnoxA) with n the coupling efficiency between the fiber and the
waveguide Psip (W) the power in the input fibeEpno (J) the photon energy, amd
(cn) the effective optical mode area. The sum of all populations is eqid| the
concentration of optically active Er in the waveguide. Note that an Er ion excited to
theN; level by second order upconversion from fadevel is assumed to relax back to
the N3 state immediately via multi-phonon emission, and hence a sibgldéerm
appears in Eq. 1 (compared toGN, term in Eq. 2). The solutions of Egs. 1-3 can be
used to calculate the Er related signal cha@ge 1.530um according to

G(dB/cm) =10<°log(e) X (0,,°'N, = 0,,°N, =0,,°N,) x f 5, xT, (4)
with g;;° the cross section for a signal induced transition, fers+ the fraction of Er

in the optically active 3+ state, arhdthe overlap of the optical mode with the Er
doped core of the waveguide.
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The rate equations 1-3 were first solved numerically for steady state using the
parameters as determined for ion implantegQAlfrom Refs. 6 and 7. Upconversion
from the second excited state (coeffici€at) is assumed to be negligible in this case,
since the green upconversion luminescence is very faint. The obtained populations
and N3 were then multiplied by a scaling factor to match the measuredpin53nd
0.98 um PL intensities for the ion implanted waveguides, and the coupling efficiency
was used as a fitting parameter. Optimum agreement between the calculations and the
measurements is obtained fgy=0.03. Using these parameters, the 1./8
luminescence is described very well. The 098 luminescence at high power
however is overestimated, suggesting that the used cross section for excited state
absorption (taken from Ref. 6) is too high for this sample. A good fit is obtained using
0,,=0.25<10%* cnf. Using these parameters the gain measurement for the ion
implanted sample can be fitted assuming an optically active Er fraction of 83%. All
parameters used are summarized in Table 3.1. The calculations are included in Figs. 3.5
and 3.6 (drawn lines). All three data sets are well reproduced for all applied pump
powers.

A similar analysis was done for the co-sputtered waveguide. The luminescence
intensity curves in Fig. 3.6 were calculated using the cross sections found for the ion
implanted sample and the luminescence lifetimgsnd 73 as measured in the co-
sputtered waveguide (see Table 3.1). The upconversion coeffi@entnd Cs;, and
the coupling efficiency) were used as fit parameters. Using the values listed in Table

ion implanted co-sputtered
Cer (cm®) 2.7x10%° 3.0x10%°
fEr3+ (%) 83 83
T, (MS) 7.8 1.7
T3 (US) 30 55
Cas (cm’s?) 4.1x10'8 3.5x101°
Ca7 (cm’s’?) - 8x10*°
0. (cm?) 2.7x10% id.
01" (cm?) 0.77%10% id.
0>4° (cm?P) 0.25x10% id.
012° (cm?) 5.8x10% id.
0>:.° (cm?) 6.1x10%! id.
024° (cn) 0.25¢x102* id.
L (cm) 1 0.8
n (%) 3 7
[ (%) 36 49

Table 3.1. Parameter values used in the gain calculations in Fig. 3.5 and the calculations of the
pump power de@endentphotoluminescence intensities ingkFi3.6.
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3.1, the experimental data are reproduced quite well. In order to achieve the square
root-like behavior over the full range of pump powers, a high upconversion coefficient
C,4 of 3.5x10™"® cm’/s is required. The square root-like behavior can be understood as
follows: in case of strong upconversion, the population in the first excited state will
remain low at most applied pump powers, and the Er decay rate will be dominated by
the term Z,N, in Eq. 2. In the low population limit, we havwd, O Ry =
R12/(2C24Np). This givesN,O(R12)”, which indeed produces the observed square root-
like dependence adfi, on pump power.

The upconversion coefficier@,, found for the co-sputtered sample (815°
cm’s?t) is two orders of magnitude higher than the value measured in ion implanted
waveguides (4410'® cm’s?). This strong Er-Er interaction at low Er concentration
suggests that the Er in the co-sputtered material is not distributed homogeneously.
Regions with a high local Er concentration could form in different ways. The use of an
Er,Os/Al,0O3 powder-mixed sputter target could for example result in the deposition of
Er,O; molecules, which yields a small Er-Er separation at low average Er
concentration. Alternatively, during sputter deposition the Er ions may migrate over the
sample surface, and form regions of high Er concentration. Such mechanism would be
favored by the large difference in ionic radius of*And Ef* (0.68 and 1.03 A
respectively), making incorporation of an Er ion onto an Al lattice site unlikely.

To distinguish between the presence of 'molecular’ aggregates or more extended
regions with high Er concentration we performed ion beam mixing experiments, in
which a co-sputtered film was irradiated with 2 MeV Xe ions to a fluence sfl@'5
cm?. Under these conditions each atom in the film will be displaced >5 times, as was
calculated using the simulation program TRIM. If the high upconversion coefficient is
caused by the presence of separatgdf£molecules, the ion beam mixing should
substantially reduceC,,. However, no influence of ion beam mixing on the gain
characteristics or the pump power dependent luminescence was observed. It is therefore
more likely that the co-sputtered film contains regions of relatively high Er
concentration, possibly due to surface migration during the sputtering process. Such
regions were not observed in high resolution transmission electron microscopy nor in
X-ray diffraction measurements. A technique more sensitive to the local atomic
environment of the Er ions, such as extended X-ray absorption fine structure
spectroscopy (EXAFS) may resolve this issue.

The success of ion implantation in this comparison lies in the non-equilibrium
nature of the implantation process, allowing for a relatively homogeneous Er
distribution. lon implantation however is a rather slow and costly fabrication method.
For commercial applications of miniature optical amplifiers, different growth methods
and different materials compositions should be further investigated. A low
upconversion coefficient may for example be obtained by increasing the Er solubility
by varying the waveguide composition. Alternatively, depositing at low temperature or
at a high deposition rate will minimize effects as surface diffusion, and may also reduce
the effect of upconversion.
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3.4 Conclusions

We have fabricated two types of miniature optical waveguide amplifiers, by Er ion
implantation into AJO3, and by EfO3/Al,0O3 co-sputtering. It is found that the co-
operative upconversion coefficie@b, in the co-sputtered material is two orders of
magnitude higher than in the ion implanted material. As a result the co-sputtered
material shows poor amplification characteristics. The high upconversion
coefficient is attributed to a strongly non-homogeneous Er distribution resulting
from the co-sputtering process.
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Chapter 4

Excitation and de-excitation of Erin crystalline silicon

Temperature dependent measurements of the 1.54 um photo-
luminescence of Er implanted N co-doped crystalline Si are made. Upon
increasing the temperature from 12 K to 150 K, the luminescence
intensity quenches by more than a factor thousand, while the
luminescence lifetime quenches from 420 us to 3 us. The quenching
processes are described by an impurity Auger energy transfer model that
includes bound exciton dissociation and a non-radiative energy
backtransfer process. Electron and hole trap levels are determined. It is
concluded that the observed decrease in the Er luminescence intensity is
mainly caused by a reduction of the Er luminescence efficiency due to
energy backtransfer. At temperatures above 100 K, exciton dissociation
is found to reduce the Er excitation efficiency. Direct evidence for a
backtransfer process followed by exciton dissociation is obtained from
analysis of spectral response measurements on an Er implanted Si solar
cell.

4.1 Introduction

With the increasing importance of combining optical and electronic technology, the
need for an effective light source in silicon grows. One way of realizing such a light
source is by optical doping, in which optically active elements are incorporated in
the silicon matrix. Erbium is an interesting optical dopant, as its intra-4f transition
from the first excited staté'l(s) to the ground staté'l{s;;) causes luminescence at
1.54 um, a standard wavelength in telecommunication.

Erbium luminescence in crystalline silicon has been extensively studied in the
past years:’ Excitation spectroscopy has shown that Er photoluminescence in
silicon is not caused by resonant absorption of pump photons, but by excitation via
optically generated electrons and holes. The excitation mechanism that has been
proposed to describe Er excitation in Si is shown in Fig. 4.1. In this model,
electrons are trapped (T) at a deep level in the silicon bandgap, where they form a



46 Chapter 4

Er®* ion
s
E. o } AE,

4 } AEgT
1312

T E

P — P —
D B
Qe *l15/p —— } AE;,
Ey /
7/

Figure 4.1. Model of excitation and de-excitation of*'Hn Si. Exciton trapping
(T) and dissociation (D), Bt excitation (E) and energy backtransfer (B) are
indicated by the horizontal arrows.

bound exciton. The deep level can for example be an impurity induced tavel

level corresponding to a hybridization between thé"Bsd state and silicon
conduction band stat@sRecombination of a bound exciton can excite (E) th& Er
4f-shell in an Auger process. The erbium ion can then decay radiatively, resulting in
1.54 pm luminescence.

Although relatively bright Er luminescence is commonly observed at low
temperature (T<100 K), the luminescence intensity is found to decrease rapidly
upon increasing the temperature to room temperature. This luminescence quenching
can be due to a lowering of either the excitation efficiency or the Er luminescence
efficiency. The excitation efficiency can decrease due to an increase of the bulk
recombination rate at higher temperatures, which competes with recombination at
the Er related trap level. Alternatively, the Er excitation efficiency may decrease
due to the reverse of process (T), which is dissociation of a localized exciton (D).
This process lowers the fraction of trapping events that results in Er excitation. The
dissociation process must be phonon-assisted, since it requires an activation energy
of AE., AE, as shown in Fig. 4.1. Consequently, the dissociation rate increases with
increasing temperature.

The Er luminescence efficiency can decrease as a result of energy
backtransfer (Bfrom excited erbium to a trapped carrier state. Such backtransfer,
followed by either exciton dissociation, or exciton recombination at the trap,
decreases the Er excited state lifetime, and with it the Er luminescence efficiency.
Due to the energy mismatch between excited Er and the localized exciton state, the
backtransfer process also requires thermal energy, indicatéxEpyin Fig. 4.1.
Consequently, as the temperature is increased, the Er lifetime is expected to
decrease. The luminescence efficiency can also be influenced by Auger energy
transfer to free carriefs,f these are present at sufficiently high concentration.
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These carriers are present either because of active optical pumping, or due to
electrical doping of the Si. The latter possibility also induces a temperature
dependent quenching, since the electrical dopants ionize as the temperature is
increased, leading to an increasing Auger quenching and a lower luminescence
lifetime.

Although the model outlined above has been used to describe the
luminescence quenching of erbium in crystalline silicon, no direct proof of the
dissociation and backtransfer processes has been supplied. Furthermore, few reports
have been made of the position of the relevant deep levels in the bandgap. In this
chapter, we present measurements of the temperature dependence of the erbium
photoluminescence intensity and lifetime in nitrogen co-doped crystalline silicon.
We acquire information on the position of the energy levels involved in excitation
and de-excitation of the erbium. From the data we find that backtransfer is the main
guenching factor. The data are used to explain the (inb4¢hotoresponse observed
in Er doped solar cells presented by Keeeral®

4.2 Experiment

A single crystal Czochralski grown silicon wafer (p-type, B-doped, [100], 1-10
Qcm) was implanted with Si, N and Er at room temperature, at a pressure below
10° mbar. Silicon was implanted at 450 keV to a fluence 0kB05° cm®. Nitrogen
was co-implanted at 225 keV to a fluencel@* cmi?, followed by an erbium
implant at 1.46 MeV to a fluence of X80 cm. The sample was annealed in
vacuum for two hours at 490 °C and for one hour at 600 °C, to recrystallize the
implanted layer. Rutherford backscattering spectrometry showed that the Er has a
Gaussian depth distribution at a depth of 490 nm, with a full width at half maximum
(FWHM) of 310 nm and a peak concentration of16'® cm?®° The nitrogen
concentration profile as determined from secondary ion mass spectrometry peaks at
a depth of 580 nm and shows a FWHM of 200 nm and a peak concentration of
6x10™ cm®,

Photoluminescence (PL) measurements were done using the 515 nm line of an
Ar ion laser as a pump beam. The pump beam was modulated by an acousto-optic
modulator. The sample was mounted in a closed cycle helium cryostat, using silver
paint to ensure good thermal contact. The PL signhal was focused into a grating
monochromator, and detected using a liquid nitrogen cooled Ge detector in
combination with standard lock-in techniques. Luminescence decay traces were
obtained by averaging the detector signal on a digital oscilloscope. The system
response time was 0.5 ps. Measurements were taken at temperatures ranging from
12 Kto 170 K.
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Figure 4.2. Photoluminescence spectrum of Er and N doped crystalline silicon
at 12 K. Schematically indicated are the processes of (a) exciton trapping
followed by Er excitation and (b) radiative relaxation of the Er.

4.3 Results and discussion

Figure 4.2 shows a PL spectrum of Er and N doped silicon, taken at a temperature
of 12 K. The observed erbium spectrum is typical for erbium in sili€@howing a
series of sharp lines due to the Stark-splitting of the intra-4f levels, and a main peak
at a wavelength of 1.535 um. The small signal observed at wavelengths below 1.520
um is often seen in Er implanted Si, and is attributed to luminescence from ion
implantation induced defects in Si that remain after annealing.

Figure 4.3 shows an Arrhenius plot of the integrated Er PL intensity (open
circles). To achieve optimum signal-to-noise ratio, the data in Fig. 4.3 were taken at
different pump powers in the range of 1 mW to 100 mW, and then normalized to
pump power. All data were taken in the regime where the PL intensity depends
linearly on pump power, precluding effects of beam heating, saturation of the
erbium excited state, and beam induced free carrier Auger quenching ofthe Er
excited state. A slight intensity quenching is observed up to a temperature of 85 K,
above which a much stronger quenching sets in.

Luminescence decay measurements were performed at 1.535pum, at
temperatures ranging from 12 K to 170 K. At low temperatures, the luminescence
decay is almost purely single exponential. At higher temperatures the decay
becomes strongly non-exponential. The 1/e decay tirpeare included in Fig. 4.3
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Figure 4.3. Arrhenius plot of the temperature dependence of the 1.54 um PL
intensity (circles, left axis) and the 1/e luminescence lifetime (crosses, right
axis) of Er and N implanted crystalline Si.

(crosses). A strong decrease in lifetime is observed above 85 K, indicating that a
decrease in luminescence efficiency is an important factor in the measured intensity
guenching. The slight intensity decrease observed in going from 12 K to 85 K is not
accompanied by a decrease in lifetime, indicating that this intensity quenching is
caused by a change in excitation efficiency, and not by a change in luminescence
efficiency. This might be due to the detrapping of holes weakly bound to a filled
trap.

The observed temperature dependence of the lifetime can be described using
the model in Fig. 4.1. Once excited, an Er ion can decay through two pathways:
either by emitting a 1.54 um photon, or by energy backtransfer to a deep level in the
gap, generating a bound exciton. The exciton can then either re-excite the Er,
dissociate, or recombine at a rates Without exciting Er. The latter process is
assumed to occur at a higher rate than the low temperature spontaneous Er decay
rateWp. The total decay raté/, equal to 1fg,, is then given by

W =W, +W e “Fer kT (1)

The exponential term accounts for the phonon assisted backtransfer process, where
Wt is a pre-factor and\Egt the energy difference involved in the backtransfer
process (see Fig. 4.1). From the high temperature slope of the lifetime curve, we
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find AEgr=135+5 meV. Furthermore, by fitting Eq. 1 to the lifetime data we find
We=10%-10'° s,

It should be noted that the trap level mentioned in the discussion of the model
is not the only carrier recombination center present in the silicon. In reality,
recombination at dislocations and point defects introduced by the ion implantation
process are likely to dominate the minority carrier lifetipeWe therefore assume
that retrapping of a dissociated exciton is negligible. Inserting this in the model, we
find the following low pump power behavior for the PL intensity:

W, W,

lp, O—2% = XGT 2
PL W WE +WR +Whe—AEh/kT +Wehe_(AEe+AEh)/kT p ( )

where AE. is the depth of the electron trapF, the hole binding energy at an
occupied trap, W the rate constant for exciton recombination at the tiépthe
prefactor for hole detrappindMen the prefactor for exciton dissociation, G the
carrier generation rate, arg the minority carrier lifetime. The prefactovs, and

Weh contain the carrier velocity and the electron and hole capture cross sections.
Depending on the nature of the trap, these prefactors scale with temperatire as T
with -1.5<0<0.5.

The first factor in Eq. 2 gives the Er luminescence efficiency. Consequently,
we can obtain a measure for the Er excitation efficiency by dividing the measured
intensities by the measured luminescence lifetimes. This was done using a spline fit
through the lifetime data (dashed lines, Fig. 4.3). The resulting excitation efficiency
iIs shown in the inset in Fig. 4.3 (squares). The curve clearly shows two activated
regimes: a region with a small activation energy up to 100 K attributed to hole
detrapping, and a highly activated region above 100 K attributed to exciton
dissociation. Note that at 85 K the exciton dissociation is still negligible, while the
Er lifetime already starts to decrease strongly. This implies that at these
temperatures the observed reduction in Er lifetime is mainly due to energy back-
transfer, followed by exciton recombination at the trap level. At higher
temperatures, energy backtransfer followed by exciton dissociation starts to occur.

The efficiency data in Fig. 4.3 were fitted using the second and third factor in
Eqg. 2, by varyingAE;, AEe, and the prefactorg, and Wy, as well as the absolute
scaling. Assuming a temperature independegnt and taking into account the
allowed range foo in the prefactors, we findE;=125+3 meV and\E,=12+6 meV.

The fitting result fora=-% is shown in the inset in Fig. 4.3 (solid line). It is clear
that the proposed model describes the two activation regimes in the excitation
process quite well.

The mismatch between the *Erexcited state *(132) energy and the silicon
band gap at 150 K amounts to ~350 meV. The fitted activation energies together
bridge only 27210 meV. One possible explanation of the difference is that the
erbium excitation occurs through a level different from that involved in the de-
excitation process. For example, impurity related levels such as those introduced by
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Figure 4.4. Photocurrent spectrum of an erbium implanted PERL silicon solar
cell, from data in Ref. 9. The dashed line is a linear interpolation of the
background signal. Schematically indicated are the processes of (a) Er
excitation and (b) energy backtransfer followed by exciton dissociation.

nitrogen, are spatially rather extended, and couple strongly to conduction band
states. Such levels are effective electron-hole recombination centers, which makes
them probable excitation channels for the erbium. The predicted Er related 5d-like
levef however, is localized near the erbium, resulting in a weak coupling to
conduction band states, and a relatively strong coupling to the first excited state of
the erbium. Carrier recombination at the latter erbium related energy level could
therefore be the main de-excitation channel. This would imply that the erbium PL
emission may be optimized by increasing the excitation rate using different
impurities and reducing the de-excitation rate by changing the local structure
around the erbium (which can in itself also be modified by the addition of
impurities).

In order to further investigate the backtransfer process, spectral response
measurements on a passivated emitter, rear locally diffused (PERL) Si sotar cell
performed by Keeverst al® were analyzed. The solar cell was implanted with 3.5
MeV Er ions to a fluence of 0" cm?. After implantation the cell was annealed
at 1060C for one hour and at 1000 for 75 min. The solar cell was made at the
University of New South Wales, and its detailed electrical characteristics are
reported in Ref. 9.

Figure 4.4 shows the measured photocurrent as a function of wavelength.
Superimposed on a decreasing background signal, which is attributed to absorption
by implantation induced defects, a pronounced room temperature erbium absorption
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spectrum is observed, peaking at a wavelength of 1.535 um. These data are direct
experimental evidence for a backtransfer process leading to the generation of free
carriers from an excited state in®ErTemperature dependent measurements of the

Er related photocurrent, as well as the Er photoluminescence intensity and lifetime

measured in the PERL solar cell, are analyzed in Chapter 5. The Er induced

photocurrent can be used to fabricate an Er doped waveguide detector in Si.

Preliminary measurements on such a waveguide detector structure are discussed in
Chapter 6.

4.4 Conclusions

The 1.54um Er* luminescence intensity in crystalline Si, co-doped witi@®®°

N cm?®, quenches by three orders of magnitude as the temperature is increased from
12 K to 150 K, while the luminescence lifetime decreases from 2@ 3 pus.

Using an impurity Auger model to describe the data, we find that the luminescence
guenching at high temperature is mainly due to non-radiative Er relaxation, and
only partly due to a decrease in excitation efficiency. The Er excitation rate
decreases presumably due to electron detrapping with an activation energy of
125t3 meV and hole detrapping with an activation energy af6l@eV. A non-
radiative erbium de-excitation process with an activation energy ot5l8&V
reduces the erbium luminescence efficiency at high temperatures. The obtained
activation energies show that the level causing erbium excitation may be different
from the level causing erbium de-excitation. Analysis of photocurrent data of an Er
implanted solar cell gives evidence for a non-radiativé’ Be-excitation process,
resulting in the generation of free carriers.
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Chapter 5

Energy backtransfer and infrared photoresponse in Er
doped silicorp-n diodes

Temperature dependent measurements of the photoluminescence (PL)
intensity, PL lifetime, and infrared photocurrent, were performed on an
erbium implanted silicomp-n junction in order to investigate the energy
transfer processes between the silicon electronic system and the Er 4f
energy levels. The device features excellent light trapping properties due
to a textured front surface and a highly reflective rear surface. The PL
intensity and PL lifetime measurements show weak temperature
guenching of the erbium intra-4f transition at 1.5886 for temperatures

up to 150 K, attributed to Auger energy transfer to free carriers. For
higher temperatures, much stronger quenching is observed, which is
attributed to an energy backtransfer process, in which Er de-excites by
generation of a bound exciton at an Er related trap. Dissociation of this
exciton leads to the generation of electron-hole pairs that can be
collected as a photocurrent. In addition, non-radiative recombination
takes place at the trap. It is shown for the first time that all temperature
dependent data for PL intensity, PL lifetime, and photocurrent can be
described using a single model. By fitting all temperature dependent data
simultaneously, we are able to extract the numerical values of the
parameters that determine the (temperature dependent) energy transfer
rates in erbium doped silicon. While the external quantum efficiency of
the photocurrent generation process is small (1.8}1due to the small
erbium absorption cross section and the low erbium concentration, the
conversion of Er excitations into freeh pairs occurs with an efficiency

of 70% at room temperature.
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5.1 Introduction

Erbium doped silicon is an interesting material, in which energy transfer can take
place between the semiconductor electronic system and the internal 4f states of the
rare earth io.” Previously, this material has mainly been studied because it
provides a means to attain light emission from silicon, a phenomenon that is of
great importance in Si-based opto-electronic technology. Indeed, room temperature
photoluminescence (PL) from Er doped silicon has been reported, and room
temperature light emitting diodes have been fabric&f8dThe excitation
mechanism of Er in Si can be described in terms of an impurity Auger excitation
process as indicated schematically in Fig. 5.1. Electron-fesl® pairs, generated
either optically or electrically, can be trapped at an Er related defect M#ein(

Fig. 5.1). Subsequently, treeh pair can recombine and energy is transferred to the
Er ion \We in Fig. 5.1), which then becomes excited from the ground statg)(to

the first excited statelqs,). The Er may then decay\f in Fig. 5.1) by the
emission of a photon with a wavelength of 1,64.

It is well known that the photo- and electroluminescence from Er in Si both
decrease strongly ("quench") as the temperature is incréa$édiwo quenching
mechanisms have been identified. First, at temperatures typically above 30 K,
Auger quenching takes plaédn which an excited Er ion is de-excited by energy
transfer to a free electron or hold/{. andW,a , in Fig. 5.1). The strength of this
process depends on the free carrier concentration, which in turn depends on the
dopant concentration and the temperature. Second, at temperatures typically above
150 K a much stronger quenching process becomes significant, which is attributed
to an energy backtransfer process characterized by a rate congtaas shown in
Fig. 5.1. In this process an excited Er ion decays by generationeshgmair bound
at an Er related trap. This backtransfer process is the reverse of the excitation
processWe depicted in Fig. 5.1. Once the boumdh pair is formed, it can
recombine and re-transfer its energy to the Er ion or it can dissociate, either by
absorption of a photon or by absorbing energy from lattice vibrations, leading to the
generation of a free electron hole pair (rate consfténin Fig. 5.1).

At present this energy backtransfer mechanism from an excited Er ion to the
Si electronic system limits the room temperature performance of erbium doped
silicon photo- and electroluminescence devices. On the other hand, the backtransfer
process may also be used in an advantageous way, namely to detect infrared light in
silicon. Normally, silicon only weakly absorbs infrared light at photon energies
below the bandgap at 1.1 éVHowever, if the silicon is doped with Er, 1.54n
photons may be absorbed by the Er, which in turn can generate free carriers via the
backtransfer process as described above, followed by the dissociation process. If the
Er is located in or near the depletion region op-a junction these free carriers
generate a current, an effect known as the impurity photovoltaic effect. Early
demonstrations of an Er related photocurrent can be found in Refs. 6, 12, and 13, in
which Sip-njunctions show an enhanced photoresponse arounduin58s a result



Energy backtransfer and infrared photoresponse in Er doped silicon ... 57

Silicon Er’
WA,eT
Ec * —— 1 Er
7 E 4
R BT 1372
WT i: D:IE WE |o T@
= 2 T
Wp Wgr l
Y

...... [V R/ _ 4
E, O 2 l15/2

Figure 5.1. Energy transfer processes in Er doped silicon. Optically generated
carriers in Si can be trapped at an Er related trap level in the Si bandgap. The
bound exciton may then recombine and transfer its energy to the&r which

can then emit a photon at 1.58B. In the reverse process, an optically excited

Er ion decays by the creation of a bound exciton, which can then dissociate
resulting in the generation of a free electron-hole pair. Ip-a junction
geometry these carriers can be collected leading to a net photocurrent at 1.534
pm. Exciton recombination at the Er related trap is also included.

of Er doping. Based on this process, Er doping of silicon may be used to improve
the efficiency of Si-based solar cells or to fabricate Si-based infrared detectors.
Although all processes in Fig. 5.1 are known, little is known about their
relative importance. In particular, the parameds Wg, as well as the absorption
cross section of Er in Siofsss) which are all needed to predict the quantum
efficiency of an Er dopeg-n junction, are not known. In this chapter, we perform a
quantitative study of all excitation and de-excitation processes in Er doped Si.
Temperature dependent measurements of the Inb#L intensity, PL lifetime and
photocurrent are performed on an erbium implante@-8ijunction. By comparing
the data with calculations using a rate equation model that takes into account all
energy transfer processes as depicted in the model of Fig. 5.1 the energy transfer
rates and activation energies are derived. It is found that after optical excitation of
the Er, the generation of free carriers that can be collected (i.e. backtransfer
followed by exciton dissociation) occurs with an efficiency of 70% at room
temperature. At 300 K, the rate limiting step in this process is the backtransfer. All
these measurements were only possible because of the use of a specially textured
solar cell geometry, in which enhanced light trapping significantly enhanced the
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effective optical excitation rate of Er ions in then junction. Finally, the
implications of this work for solar cell and infrared detector technology are
addressed.

5.2 Experiment

A 200 um thick float zone grown silicon (100) wafer (B doped, resistivityQc#n)

was processed for the fabrication of a passivated-emitter rear-locally-diffused
(PERL) solar celf at the University of New South Wales. To enhance the light
trapping in the cell, the wafer top surface was textured by anisotropic etching,
yielding square based inverted pyramids with facets inclined at 55° from the sample
normal. Next, 3.5 MeV Er ions were implanted into the textured surface layer to a
total fluence of 10" ions/cnf. The emitter region was formed by surface doping
with phosphorous, carried out from a gas source in a tube furnace, followed by
thermal annealing at 835 °C and two oxidation steps at 1030 °C for 60 min. and
1000 °C for 75 min. During these high temperature processes most of the damage
generated during implantation was annealed out. The surface P concentration after
annealing was 210" ions/cnt, with the emitter region extending to a depth of 0.7
pm, measured normal to the facets. The Er projected range and straggle jame 1.0
and 0.2um respectively. The mean implant range normal to the facets then is 0.6
pum, placing Er near the junction region of the cell. Part of Er will therefore be
located in the space charge region of the junction, while the remaining Er will be
located in the emitter and base regions of the cell.

Current-voltage measurements on the Er implanted PERL cell show an open
circuit voltage of 0.664 V, a fill factor of 0.74 and an efficiency of 19.2% under
AM1.5 illumination. This is lower than the typical efficiency for standard PERL
cells, which is attributed to carrier recombination at defect levels caused by
remaining ion implantation damage. The cell was placed in a closed cycle helium
cryostat using silver paint to ensure good electrical and thermal contact. Infrared
photocurrent measurements were done in short circuit condition using a tunable
solid state laser diode with a wavelength ranging from 1.50 pm to 1.58 pm at a
power of typically 1 mW, and spectral resolution of 0.01 nm. The area of the laser
spot on the sample was 1.5 Znin the same setup, the 1.54 um photoluminescence
resulting from excitation with the 515 nm line of an Ar ion laser was measured. A
grating monochromator was used in combination with a liquid nitrogen cooled Ge
detector and phase sensitive detection techniques. The spectral resolution was 6 nm.
The 1/e PL lifetime was measured by modulating the pump bearoff and
recording the time dependent luminescence signal on a digital oscilloscope.
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Figure 5.2. Photocurrent spectrum of a PERL Si solar cell implanted with Er at
3.5 MeV to a fluence of 210™ ions/cnf. An external quantum efficiency scale
is provided on the right hand side.

5.3 Results

Figure 5.2 shows an infrared photocurrent spectrum measured on the textured PERL
solar cell at 300 K under 1.5 mW irradiation. The spectrum displays the
characteristic features of an Er absorption spectrum peaking aroundpirb3¢he

short circuit current at 300 K was 3.3 nA at 1.5@¢#h. The external quantum
efficiency, defined as the number of colleceth pairs per incoming photon, thus is
1.8x10° at 1.534pm. Note that due to the textured top surface and the highly
reflective backside of the PERL cell, each incoming photon experiences multiple
internal reflections and will therefore pass several times through the Er doped
region. In fact, similar experiments on untextured Si solar cells showed a
photocurrent at 1.53gm at 300 K of only 0.5 nA, seven times lower than the PERL
cell. At this low current the signal-to-noise ratio was too poor to measure the
temperature dependence of the photocurrent of this planar cell such as will be
shown below for the PERL cell.

Figure 5.3 shows the temperature dependence of the photocurrent afith534
plotted in an Arrhenius graph. It can clearly be seen that the photocurrent increases
over nearly two orders of magnitude, as the temperature is increased from 100 K to
300 K. Also plotted in Fig. 5.3 is the photoluminescence at 1 p85neasured on
the same sample, under 515 nm excitation. Three distinct temperature regions can
be identified for the PL intensity as a function of temperature: 1) a temperature
independent region below 30 K, IlI) a weakly temperature dependent region between



60 Chapter 5

LI 1 ¥ 1 v ) v

10 (1 (1D 10, {10
é ' photocurrent ' ]
e B\ g

I PL lifetime =
2 lF {1 &
_ F ] 3
_Dc' A PL intensity g
& ' 1 =
S 01k {01 S
S E E c
s ] o
> [ ] 3
= 8
S 001 40.01 o

3 3 e
E 3 3 o
I
o MR N 1 N 1 N

0 20 40 60 80

1000/T (K™)

Figure 5.3. Temperature-dependent photocurrent at lJus84measured on the

Er implanted PERL cell. The temperature dependence of photoluminescence
intensity and PL lifetime at 1.535m excited by 515 nm light are also included.
Three quenching regimes are indicated, and are labeled (1), (lI), and (lll). The
drawn lines are fits of the model, using the parameters in Table 5.1.

30 K and 150 K, and Ill) a strongly temperature dependent decrease of the intensity
above 150 K. Figure 5.3 also shows the temperature dependence of the PL lifetime
at 1.535 um, which shows the same trend as the PL intensity. Note that a
measurable photocurrent is only observed in the temperature range where both PL
intensity and PL lifetime show strong temperature quenching.

Spectral photocurrent measurements at temperatures below 150 K show a
small signal, not related to Er, most likely due to implantation induced defects in
the p-n junction. Indeed it has been shown that implantation damage induces an
infrared photoresponse in silicon solar céfisThe observed defect current can be
described by an activated process, with an activation energy of 55 meV as indicated
by the dotted line in Fig. 5.3.

5.4 Energy transfer processes

In order to calculate and predict the temperature dependence of the PL intensity and
PL lifetime as well as the photocurrent, the following five processes must be taken
into account.

5.4.1 Optical absorption and emissiogh 35

The EFf* emission cross section is temperature dependent, due to changes in the
thermal distribution over the Stark levels in the excited state manifold®6fa&rthe
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Figure 5.4. Temperature dependence of the Er emission cross section at 1.535
pum, derived from PL spectra such as shown in the inset (taken at 15 K and
145 K). The drawn line through the data is described by Eq. (1)

temperature is increased. This can be seen by comparing the normalized PL
emission spectra taken at 15 K and 145 K, shown in the inset in Fig. 5.4. This effect
must be included in the analysis of both the infrared photocurrent and of the

photoluminescence data.

From the shape of the PL spectra, the optical emission cross section of Er in Si
can be calculatetf, assuming that the measured PL lifetime at 15 K (1.0 ms, see
Fig. 5.3) is equal to the radiative lifetime of Er in Si. From such a calculation, using
the PL spectrum taken at 15 K, it follows that the emission cross section at 15 K at
1.535um (01539 equals 2.8102° cn?.

The temperature dependence of the Er emission cross section aph 53 be
determined by taking normalized measurements of the integrated PL emission
spectrum as a function of temperature, as shown in Fig. 5.4. The drawn line is a
smooth fit through the data described by the following equation:

0, 655(T) (10°cm?) =1.8+1.2 exp(- 0.02x T (K)). (1)

From the McCumber reciprocity formdfa® it follows that the temperature

dependence of the absorption cross section is similar to that of the emission cross
section at the location of the emission peak. Experimentally, it is generally observed
that the magnitude of the absorption cross section at this wavelength is close to the
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emission cross section. The rate constant for optical excitation of Er under 1.534
pm illumination is then given by:

Oe =(1-R)L 0550 (2)

with @ the photon flux (cnis?), R the reflectivity of the cell around 1.53%m
(taken equal to zero), andes the effective number of light passes through the
depletion region. The rate constagy; is defined as the probability per unit time
that an Er ion in the ground state is optically excited.

5.4.2 Auger quenching (N, Wa n)

An excited Er ion can decay by Auger energy transfer to free carriers. Such carriers
are provided by the P doping in the emitter region of the cell, the B doping of the Si
substrate, and by the Er ions which can act as a donor'inT8e Auger quenching
effect causes a decrease in the PL lifetime and in the luminescence intensity, but
does not generate freeh pairs. The Auger quenching rate constant to free electrons
in erbium doped silicon containing a donor concentraligr{cm™) is given by:

-1
)

E,-E
wW = C,Np L+ 2exp-——F 3
o) = Cuulo A+ 20t == 1 ©

where Cae (cm®s™) is the Auger quenching coefficient for free electroBg,the
donor ionization energy, anBg the Fermi energy. For Auger quenching to free
holes Wan) a similar relation holds. The Auger quenching coefficient for Er in Si
has recently been measured by Prietal®> and amounts toX8.0"° cmPs™* for both
electrons and holes. In the fitting procedure we Mdpyand E4, while the Fermi
energy as a function of temperature is numerically determined.

5.4.3 Er excitation and backtransfer £W\gT)

Erbium can be excited by recombination of a trapgdtpair at an Er related defect

level in the Si bandgap (see Fig. 5.1). The temperature independent rate constant for
this process is denoted a8:. Conversely, an excited Er ion can decay non-
radiatively by the formation of such a trappedh pair. The temperature dependence

of the backtransfer process may be described either by a single activation barrier or
by a phonon-assisted procé&sin both cases, the rate constant for energy
backtransfer becomes:

E
K

W, (T)=w, exp% o @ (4)
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Measurements of the Er luminescence quenching in Er doped silicon have indicated
a typical backtransfer energy of 150 meV at temperatures above $00K.the
bandgap of silicon decreases by 45 meV upon going from 15 K to 38@hi, trap
energy will most likely be temperature dependent. The depth of the trap as a
function of temperature is assumed to show the same relative variation as the silicon
bandgap.

5.4.4 Electron-hole pair trapping and dissociationp(W\,)

The rate constant for carrier trapping at an Er related trap is giv@%byr vin Nt ,

with or a temperature independent carrier trapping cross seatjprnhe carrier
thermal velocity given by @/me)*? andNr (cm?®) the trap density, which we
assume to be equal to the Er density. Once-arpair is trapped, it can recombine
and excite the Er ion, or it can dissociate with an activation erterggenerating a

free electron hole pair. Inside the depletion region these carriers are immediately
separated by the built-in electric field (1@/cm) . Assuming that photon assisted
dissociation is negligible at the low applied photon flux18'® cm?s?), the rate
constant for the-h pair dissociation process is given by

E
W, (T)=0,v, N, exp%—ﬁ @ (5)

The dissociation energ¥r is given by the temperature dependent difference
between the trap energy and the conduction band energy. The description of
backtransfer and detrapping imposes that the total energy of the thermal processes
leading to free carrier generation corresponds to the silicon bandgap:
Ee+EgsTtET=E,, with Eg, the energy of the Er intréf transition (809 meV) anéy

the temperature dependent bandgap of Si.

5.4.5 Carrier recombination at the Er related trap level

The Er PL intensity is found to quench strongly at temperatures above 150 K. The
PL lifetime seems to follow this behavior, although the PL intensity quickly
becomes too low to determine the PL lifetime. This type of PL lifetime quenching is
generally observed for Er doped silicon?® showing that at these temperatures a
large fraction of the Er decay is occurring non-radiatively. If these non-radiative
events are generating current, the infrared photocurrent should saturate already well
below 300 K. The fact that no such saturation is observed (see Fig. 5.3) implies that
the initial PL lifetime quenching at temperatures around 150 K is due to non-
radiative decay processes that do not generateeffie@airs. To account for this
effect, an additional recombination process must be included in the model of Fig.
5.1, of which the associated rate constant is denote@rad his is an important
observation, since this recombination process has not been included in any of the
previous modefs® to describe the temperature dependence of the Er related PL in
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Si. As no PL is observed at the energy characteristic for this transition (0.96 eV;
1.3um), it must be assumed that this recombination occurs non-radiatively.

5.5 Comparison between model and experiment

5.5.1 Photoluminescence rate equations

In PL measurements, the Er is excited through optically generated carriers (see Fig.
5.1). In the depletion region, these carriers are immediately swept away, which
means that the PL signal mostly reflects Er located in the B-doped (p-type) base
region of the cell. We will assume that a fixed fraction of the generated minority
carriers is captured at the Er related trap, resulting in a temperature independent
trappede-h pair generation rate, with a rate constaggt The concentration of
trapped electron hole pailg, (cm®) and excited Er ionslg, (cm®) resulting from

this excitation are then determined by the following coupled rate equations:

dNeh

X = Gen +WBTN;r - (VVE +W, +WR)Neh1 (6)
ON’ .
atEr =WeNg, = (\No +W, +WBT)NEr . (7)

5.5.2 Photoresponse rate equations

In the case of photocurrent measurements, the Er ions are excited directly by 1.534
pum light, at a rategg,. Moreover, as the photocurrent is primarily generated by Er
located within the depletion region, Auger quenching to free carriers is expected to
be negligible. The rate equations then become:

oN .

d[eh :WBTNEr _(\NE +WD +WR)Neh’ (8)
ON’ .

atEr =g Ng, +*WeN, - (\No +Wgr )N Er - (9)

Both sets of differential equations were solved analytically for steady state
conditions.

5.5.3 Model calculations

All experimental data in Fig. 5.3 can be described as a function of temperature by
solving Egs. 6-9: the photocurrent is given @Men(T)xWp(T)xVxneon with q the
electron chargeyV the illuminated volume of the depletion region, ang, the
carrier collection efficiency, which for visible radiation was measured to be ~1 for
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all temperatures probed, the PL intensity is proportionat tagT)xNg, (T), and the
photoluminescence lifetime is to first order given by:

To (T) = Wy (T) + W, (T) + W, (T)] ™. (10)

Figure 5.3 includes calculations of the photoluminescence intensity, the
photoluminescence lifetime, and photocurrent as a function of temperature, using
the parameters listed in Table 5.1. All parameters were derived by fitting the
experimental data in Fig. 5.3 and 5.4, except for the backtransfer energy, which was
taken from Ref. 6 and the Auger quenching coefficient, that was taken from Ref. 5.
In the calculations it is assumed that all implanted Er can contribute to the
photocurrent.

Figure 5.3 shows that as the temperature is increased to 100 K the Er
photoluminescence lifetime and intensity decrease slightly with temperature, due to
Auger quenching. This effect does not lead to the generation of free carriers, and
hence the Er related photocurrent is negligible in this temperature range. At higher
temperatures (above 150 K) backtransfer sets in, leading to a further decrease of the
luminescence lifetime and intensity. As the temperature increasesg-ithpair
dissociationWp starts to be competitive witb-h pair recombination occurring at
the Er related trap leveWg). The dissociation process generates free carriers in and
near the depletion region that can be collected, leading to the buildup of a

parameter symbol value source

Er areal density Ne; 1x10" cm? this work
photon flux ) 7.7x10" cmi’s® this work

Si indirect bandgap (15 K-300 K) Ey 1.168 - 1.123 eV Ref. 19

Er absorption / emission cross section (15 K)o 535 2.7x10%° cnf this work, Fig. 5.4
Er radiative decay rate Wo 1.0x10°s* this work, Fig. 5.3
backtransfer pre-factor We 2x10° s* this work (fitted)
backtransfer activation energy (150 K) Egt 150 meV Refs. 3,4
carrier trapping cross section Or 3x10™° cnf set
dissociation activation energy (150 K) Er 199 meV set alEy-(EgrtEg)
Auger quenching constant Ca 5x10" cnt's® Ref. 5
Auger quenching activation energy Ean 30 meV this work (fitted)
dopant concentration Np 3.5x10" cm? this work (fitted)
trap recombination rate Wk 2x10%s? this work (fitted)
light trappingx collection efficiency Left Neoll 9 this work (fitted)

Table 5.1. Input parameters for the model used to calculate the PL intensity, PL lifetime, and
photocurrent data in Fig. 5.3.
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rates (s% symbol 15 K 300 K
radiative decay rate W 1.0x10° 1.0x10°
free carrier Auger quenching rate W ~0 1.7x10°
backtransfer rate Wer ~0 1.7x1¢°
trap dissociation rate Wp ~0 5.2x10°
trap recombination rate Wk 2x10° 2x10°

Table 5.2. Comparison of the various rates in the model of Fig. 5.1, calculated from the steady state
solution of the rate equation model, using input parameters listed in Table 5.1. Results are shown
for 15 K and 300 K.

measurable photocurrent. Finally, whfy becomes larger thaWg, the Er related
photocurrent is expected to saturate. This effect can be seen in Fig. 5.3 as a change
in the slope of the calculated current at high temperatures.

In fitting the data, it was found that the values for the parameigré/ir, and
Wt are correlated. In order to reproduce PL lifetime quenching above 150 K, the
backtransfer rate has to become significant compared to the Er radiative lifetime,
and consequently the prefactd has to be larger than ~18*. Furthermore, in
order to observe PL lifetime quenching the backtransfer has to be followed by either
e-h pair dissociation (scaling witblry) or recombination at the Er related trapkj.

The observation that the photocurrent has not yet saturated at room temperature
implies that thee-h pair dissociation is limiting the current generation, and
backtransfer followed by recombination at the Er related tvélg {s causing the

initial PL lifetime quenching. Within these constraints tmr, Wk, andWg, similar

fits can be obtained with either a |IoMWe and a highWg or a highWe and a lowWk.

The absolute slope of the photocurrent data near room temperature in Fig. 5.3
corresponds to an activation energy that is lower than the backtransfer energy and
the dissociation energy. In order to reproduce this behavior, the current generation
process must approach saturation near room temperature. This means that at room
temperaturee-h pair dissociation\(/p) is competitive with recombination at the Er
related trap, which determines the ratig\Wg. Electron capture cross sections in Si
are typically in the range 19-10° cn?. For the fits in Fig. 5.3 we have chosen
= 3x10™"° cnt.

In order to obtain the correct absolute value of the room temperature
photocurrent, the produtisxnco was found to be 9. Assuming =1, this implies
that the number of internal reflections is 9, which is a reasonable value for a PERL
cell’* For a good description of the Auger quenching up to 100 K, a dopant
concentration of 3:810"° cm™ was found, which is in correspondence with the B
doping level in the base region of the cell. The ionization energy was found to be
30 meV, which is smaller than that of boron in Si (45 meV), which may be
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attributed to the donor behavior of Er itstif° or to the presence of a potential
gradient near the edge of the depletion region.

Table 5.2 lists various energy transfer rates calculated at 15 K and 300 K. As
can be seen the backtransfer rate constant increases from a negligible value at 15 K
to 1.7%10° s* at 300 K. The dissociation rate constant increases from a negligible
value at 15 K to 5210° s* at 300 K. At 300 K the dissociation rate constant is
more than two orders of magnitude larger than the backtransfer rate constant, and
more than a factor two larger than the recombination rate condtt ¢howing
that the photocurrent is approaching saturation. Note that the backtransfer rate
constant at 300 K is much larger than the radiative rate consteh®(§') and the
free carrier Auger quenching rate constant ¥6® s'). From the data it can be
calculated that at 300 K, the excited Er ions generate free carriers that can be
collected with an efficiency of 70%.

5.6 Implications for solar cell and infrared detector design

As demonstrated above, the internal quantum efficiency due to backtransfer at
300 K is calculated to be 70%e. once a 1.54im photon is absorbed by an’®Er
ion, the probability that it leads to the generation oganpair that can be collected
is 70%. The external quantum efficiency, defined as the numbes-lofpairs
collected per incoming photon, derived from the photocurrent data amounts to
1.8x10° at 300 K. This number is low due to the small absorption cross section of
the Ef*ions, combined with the relatively low Er concentration in the sample. In
order to have a significant effect on the infrared response of a Si solar cell, the Er
concentration in the cell must be significantly increased, or the interaction length of
the light with the Er should be strongly enhanced.

In the latter respect it is interesting to note the possibility to use Er doped Si in
a waveguide detector geometry, in which the light path can be of centimeter length,
rather than the micrometer range in the PERL cell discussed in this chapter.
Experiments on the photoresponse of such Er doped Si infrared waveguide detectors
are described in Chapter 6. The maximum time response for such a detector at room
temperature is given by the slowest of the backtransfer and trap dissociation rates.
From Table 5.2 it follows that this is equal to 417° s* at room temperature.
Detectors with such a response time could e.g. find applications in all-optical
interconnects used to electrically isolate the driver circuits from Si based high
power diodes and transistors, which typically operate at frequencies of 10 kHz.

5.7 Conclusions

PL intensity, PL lifetime, and infrared£1.5 um) photocurrent measurements have
been performed on an Er implantpeh junction in the temperature range 15 K -
300 K. All data can be fitted using a model for the energy transfer processes in Er
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doped silicon that is centered around an Er related trap that mediates the energy
transfer between the Si electronic system and the Er 4f energy levels. The
temperature dependent excitation transfer rates and energies are determined, and it
Is found that non-radiative recombination at the trap must be included in the model.
A significant photocurrent is measured from the junction around Ju&85which is
attributed to energy transfer from optically excited Er to the Si electronic system.
The efficiency of this process at room temperature is 70%. Such energy conversion
processes may be useful in Si solar cells and infrared detector technology once the
Er concentration or light path length can be significantly increased.
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Chapter 6

Quantum efficiency of an Er doped waveguide detector
in silicon operating at 1.54m

A new concept for an Er doped waveguide detector in silicon is
introduced. The detector structure can be fabricated using silicon-on-
insulator material, and consist of an Er dojed junction located in the
core of a silicon ridge waveguide. The detection scheme relies on the
optical absorption of 1.54im light by the E¥" ions in the waveguide
core, followed by an efficient electron-hole pair generation by the
excited Er and subsequent carrier separation by the electric field of the
p-n junction. By performing optical mode calculations and including
realistic doping profiles, we show that an external quantum efficiency of
10 can be achieved in a 4 cm long waveguide detector fabricated using
standard silicon processing. The quantum efficiency of the detector is
mainly limited by free carrier absorption in the waveguide core, and may
be further enhanced by optimizing the electrical doping profiles.
Preliminary photocurrent measurements on an Er doped Si waveguide
detector at room temperature show an Er related photocurrent at 1.54
pum.

6.1 Introduction

Silicon is an ideal material for the fabrication of optical waveguides that are
compatible with optical telecommunication technology at [im», because of its

high transparency and high refractive index at this wavelength. The high
transparency is due to the large mismatch between thgm.photon energy (0.8

eV) and the silicon bandgap energy (1.1 eV at room temperature). The energy
mismatch also excludes the fabrication of all-silicon active waveguide devices such
as detectors and emitters operating at nd. This problem may be solved by
doping the silicon with small amounts of erbium (Er). In silicon, the rare earth ion
Er** can be electrically excited and subsequently emit JuB# light due to an
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electronic transition in its incompletely fille4f shell, as was shown in Chapters 4
and 5. Er doped LEDs in Si operating at 16 have been made, with a quantum
efficiency of up to 1¢ at room temperatur€® In Chapter 5 it was shown that an Er
doped Sip-n junction can generate a photocurrent when illuminated with 64
light. This effect allows the fabrication of a silicon photodetector that is sensitive at
1.54pm.*

The Er related photoresponse at 1164 is caused by an interaction between
the Er ion and the Si matrix. When Er in Si is optically excited into the first excited
state, it can de-excite and generate a localized electron-&dlepair, which then
dissociates thermally. If this process occurs near the depletion regionpeai a
junction, the generated charge carriers produce a photocurrent. As was shown in the
previous chapter, excited Er can generate electron-hole pairs with a high efficiency
at room temperature (70%). However, due to the small optical absorption cross
section of the Er ions and the limited width of the depletion region, the fraction of
the light that is absorbed at normal incidence on supkngunction is very small
(~107). To improve the absorption efficiency, a high Er concentration and a large
interaction length are required. The maximum concentration of Er soluble in
Czochralski grown silicohis ~13® cm™. It can be further enhanced by co-doping
with impurities such as oxygétl. The interaction length of the light with the Er
doped junction can be increased by using a waveguide geometry, in whipknthe
junction extends over the full length of the waveguide. In this chapter we will
describe the effects that determine the performance of such a waveguide detector,
and calculate the quantum efficiency that can be achieved. Finally, preliminary
measurements of the photoresponse of such an Er doged fsinction waveguide
detector are presented.

6.2 Device layout

Figure 6.1 shows a possible waveguide detector structure. The device is based on
commercially available silicon-on-insulator (SOI) material, consisting of a thin
crystalline Si top layer separated from a thick Si substrate by anl&yer. In this
material, light can be confined in the high refractive index Si top layef£3.5)

by total internal reflection at the interface with am §~=1.0) and with the Si®

layer (154=1.44), provided that the SyQs sufficiently thick to avoid coupling to

the Si substrate. Lateral confinement is achieved by etching a ridge structure in the
Si top layer (see Fig. 6.1). A ridge width of uth and an etch depth of |Z2m are
chosen, ensuring good optical mode confinement. The center of the waveguide is
doped with Er. Ap-n junction is formed near the waveguide center by means of a
shallow boron implant into the-type Si layer. This also generates therpgion
required for good electrical contact. Thé (P doped) side contacts are located 10
um away from the waveguide core. Electrical contact is made via metal stripe
contacts running along thé and g regions, as indicated in Fig. 6.1.
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Figure 6.1. Schematic cross section of an Er doped waveguide detector in Si.

6.3 Contributions to the external quantum efficiency

The external quantum efficienayy: of the detector structure shown in Fig. 6.1 is
determined by the fraction of the incoming light that is absorbed by the Er, and the
conversion efficiency of excited Er to freeh pairs nin, which in Chapter 5 we
determined to be 70% at room temperature. This gives

Next = (1_ g ot )::i XMint (1)

WG

with ag; (cm™) the absorption coefficient due to optical absorption at juSdby

Er, aws (cm™) the total waveguide loss including absorption and scatteringlLand
(cm) the waveguide length. For a sufficiently long detectpk is dominated by
agd/aws, Which gives the magnitude of the Er absorption relative to the total
waveguide loss.

Apart from the absorption loss, the waveguide lasgs also contains
scattering loss. It has been shown that a scattering loss below 0.5 dB/cnmuat 1.5
can be achieved in SOI waveguidebk the quantum efficiency calculations this
loss will be neglected. The remaining loss contributions in the waveguide detector
are: optical absorption by the Er ions, absorption by free carriers, and absorption by
the metal contacts.

6.3.1 Absorption by the metal contacts

The presence of a contact on top of the ridge waveguide is required for current
collection, but introduces a strong absorption. For example, the absorption
coefficient of aluminum at 1.54m is 1.3x10° cm™. It can be calculated that the
presence of an aluminum top contact in the structure in Fig. 6.1 would cause the
guided 1.54um light to be absorbed within 10@m. In order to reduce the
absorption by the top contact to an acceptable level, the light intensity near the top
contact should be reduced. This can be achieved by lowering the effective index just
below the top contact, e.g. by performing an additional etch to narrow the top
region of the waveguide core, or by partial oxidation of the ridge below the metal
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Figure 6.2(a) Concentration depth profilesxaD for boron ¢&), erbium @), and

the Er induced free carrier (electron) concentratio)) {or the device layout in

Fig. 6.1. The Si bulk doping is indicated by the dotted line, and the calculated
TE(0,0) mode intensity foh=1.54 um is indicated by the solid line. The light

grey region represents the waveguide core, and the dark grey region represents
the depletion region formed at then junction. In this region, free carrier
absorption is strongly reduced. (b) Local absorption coefficient for each of the
individual curves in Fig. 6.2(a), obtained by multiplying the curves in (a) with
the corresponding absorption cross sections, as listed in Table 6.1.

contact. Alternatively, a transparent conductive layer, e.g. indium-tin-oxide
optimized for 1.54um transmission, may be used as a buffer layer between the
metal contact and the waveguide core. Since absorption by the top contact is not
intrinsic to the detection scheme, it is not included in the following quantum
efficiency calculations.

6.3.2 Optical absorption by Er

The magnitude of the Er related optical absorption in the waveguide detector
structure is given byag=0gXCerpear<T & With og, =1.8¢<10%° cn? the optical
absorption cross section of Er at 15 as determined in Chapter GEr,pea;(cmG)

the Er peak concentration, ar@, the effective overlap of the Er concentration
profile with the intensity distribution in the waveguide core. To optimize the mode
overlap, the Er should be located near the center of the waveguide. In the structure
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in Fig. 6.1 this can be achieved by means of Er ion implantation at an energy of 5
MeV. The optimum Er concentration will be discussed in section 6.6.

6.3.3 Free carrier absorption

Free electrons and holes in silicon can be excited higher in their respective bands by
absorption of sub-bandgap radiation. This free carrier absorption occurs inside the
waveguide core due to three sources of electrical carriers: free electrons from the n-
type Si waveguide layerag), holes in the ptop contact ¢,.), and Er related free
electrons in the center of the waveguide) which are present due to the donor
character of EF: The cross sections for optical absorption by free electrons and
holes are 9.510*8 cn? and 6.410® cn? respectively® Note that these cross
sections are two orders of magnitude larger than the cross section for optical
absorption by Er. Consequently, for optimum detector performance the overlap of
the intensity profile with the highly doped pontact should be as small as possible.

6.4 Numerical calculations

Calculations of the detector performance were made for the detector layout shown
in Fig. 6.1. A 70 keV boron implant to a fluence of46m? was used for the*ptop
contact formation, and the Si background doping was taken toxhe*2cm?
(corresponding to a resistivity of Qcm). The Er implantation energy was chosen
such that the Er was placed in the center of the waveguide core (5 MeV) and the Er
fluence was 18 cm®. This fluence is sufficiently low to prevent amorphization of
the Si, avoiding Er segregation during subsequent crystal regfowth.

Figure 6.2(a) shows the resulting free carrier distributions and the Er
distribution as a function of/-position in the waveguide core, with=0 pm
corresponding to the Si/SyOnterface and/=3 um corresponding to the top of the
ridge. Indicated are the hole distribution in thegentact ¢), the Er concentration
profile (e), the Er induced electron concentratiar),(which is taken to be 10% of
the Er concentration assuming 10% electrical activatiand the Si background
doping (dotted line). The depletion region induced by these doping profiles extends
from y=1.7 to y=2.1 um as indicated by the dark grey area, and contains
approximately 30% of the implanted Er.

The requirement of low intensity in thé pegion and high intensity at the Er
doped center of the waveguide core is optimally fulfilled Byo®der optical modes.

The intensity distributions of the"gorder transverse electric mode TE(0,0) and the
oM-order transverse magnetic mode TM(0,0) at 154 were calculated using a
finite difference method. Figure 6.3 shows a graph of the calculated TE(O,0)
intensity distribution, withk=0 corresponding to the center of the ridge sr0 to

the Si/SiQ interface. The location of the waveguide core has been indicated. Due to
the large core size, almost all power is confined within the Si core. The TM(0,0)
mode (not shown) has an almost identical intensity distribution, with a slightly
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Figure 6.3 Plot of the calculated TE(0,0) mode intensity on a linear scale at
1.54pum in a 3pym x 10 pum silicon ridge waveguide on S}OA sketch of the
waveguide structure is included.

lower intensity at the top and bottom interfaces. The calculated TE(0,0) intensity
distribution atx=0 has also been included in Fig. 6.2(a) (solid line).

In order to compare the magnitude of the different contributions to the total
absorption, we have multiplied the concentrations in Fig. 6.2(a) by the
corresponding absorption cross sections (see Table 6.1). These data are shown in
Fig. 6.2(b), using the same symbols as in Fig. 6.2(a). This plot clearly shows that in
the present geometry optical absorption by Er is only a small contribution to the
total absorption. However, since the interaction between the separate doping
profiles generates a depletion region, in part of the waveguide the optical absorption
by Er will dominate. The total detector response will thus be determined by
absorption in this region, relative to the free carrier absorption losses outside this
region.

In order to obtain the absorption of-@rder modes, we have determined the
overlap ' of the normalized optical modes with the peak-normalized dopant
distributions. In the case of free carrier absorption we have taken into account the
absence of free carriers in the depletion region of the (unbigseg)nction. These
data, listed in Table 6.1, together with the known peak concentrafigngsof the
distributions and the relevant cross sectiongive the separate contributions to the
total absorption according ta=oxCpeaXI . The results are summarized in Table
6.1. The main contribution to the absorption is found to be free carrier absorption
by holes in the top contactr{,=0.65 cni' and 0.56 cnit for the TE(0,0) and
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TM(0,0) modes, respectively), even though the mode overlap with these carriers is
only ~5%.

From the results in Table 6.1 we find that the total waveguide absorption of
the detector structure shown in Fig. 6.1aigc= 0.71 cm! and awe= 0.62 cmt for
the TE(0,0) and TM(0,0) modes respectively. This means that more than 90% of the
guided light is absorbed in a ~4 cm long waveguide. The fraction of the TE and TM
polarized light absorbed by the Er is 192 and 1.&10° respectively. Together
with the knownn;,: of 70%, and assuming an electron-hole collection efficiency of
1, we find an external quantum efficiency of *16r a 4 cm long waveguide
detector. This is three orders of magnitude higher than measured in Er ploped
junctions illuminated at normal incidence (see Chapter 5), due to the increased
interaction length that can be achieved in a waveguide geometry.

6.5 Preliminary measurements

An Er doped Sip-n junction waveguide detector was fabricated according to the
layout in Fig. 6.1, using a 3 MeV Er implant to a fluence of1n?, a 40 keV B
implant to a fluence of 0 cm?, and a total waveguide length of 5 mm. These
conditions, though somewhat different from those used in the simulations, were
identical to those used in the experiments described in Chapter 5, in which the
concept of the photocurrent generation process was shown. A sketch of the detector
structure is shown in Fig. 6.4, showing the Si ridge waveguide with the aluminum
top and side contacts. The detector exhibits an open circuit voltage of 0.7 V.
Photocurrent measurements were performed by coupling the output of a tunable
diode laser Xen=1.51-1.57um) into the detector waveguide using a single mode
tapered fiber. The laser signal was mechanically chopped at 267 Hz and the
photocurrent was measured using lock-in detection. The collected current was
converted to external quantum efficiengy: by dividing the collected photocurrent

by the 1.5um photon flux in the input fiber. Henagy: also includes the fiber-to-
waveguide coupling efficiency. Figure 6.4 shows the thus obtajggds a function

of wavelength, measured at a forward bias of 0.4 V. The spectrum indeed shows an
Er related signal at 1.53m, on top of a relatively flat background. The background

o (cnf) Ceak (CT°) o) oS em)  M™ew o™ cm)
Oer 1.8x10%° 1.4x10Y 43 0.0011 44 0.0011
Oere 9.5x10"® 1.4x10% 29 0.039 31 0.041
an 9.5x1018 2x10%° 79 0.015 79 0.015
ps 6.4x10*® 2x10'® 5.2 0.65 4.4 0.56

Table 6.1. Optical absorption cross sections and peak concentrations used in the quantum efficiency
calculations, as well as the calculated mode overlap and absorption coefficients.



76 Chapter 6

15 - T - T

External quantum efficiency (10°)

0.0 . 1 . 1 . 1 . 1
1.52 153 1.54 1.55

Wavelength (um)

Figure 6.4. Photoresponse of an Er doped waveguide detector fabricated in
silicon-on-insulator material using standard silicon processing technology,
showing an Er related photocurrent at 1.58%. A sketch of the waveguide
structure is included. The detector response may be enhanced by three érders o
magnitude by lowering the optical mode overlap with the metal contacts
(indicated by the dark stripes).

current was also observed for the ion implanted plgnarjunction described in
Chapter 5, and is thought to be related to implantation damage prrijanction.
The Er related photocurrent was found to be roughly independent of the bias
conditions, while the background current increased by a factor 14 upon increasing
the reverse bias from 0OV to 5V. This increase may be related to the spatial
distribution of the Er induced implantation damage, which is expected to be mostly
located at the end-of-range of the Er implantation profile. As the reverse bias is
increased the depletion region reaches the defect rich region, possibly leading to a
large defect related current. The defect related current generation mechanism could
also be considered as a candidate for a Si based infrared detector.

The observed Er related external quantum efficieney=4x10" is much
lower than the value calculated in section 6.4, which is due to the strong absorption
of the aluminum top contact. The absorption of the TE(0,0) mode by the top contact
is estimated to berc=10> cm* using the calculated mode overlap ofl9° and the
absorption coefficient of bulk aluminum. Taking this absorption into account, the
maximumrex that can be obtained in the present detector designli@®7 which is
about a factor 20 higher than observed. This difference may be related to coupling
losses, a low current collection efficiency, or the excitation of higher order modes

which are more strongly absorbed by thHedoping and the metal contact than low
order modes.
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6.6 Device optimization

As was already shown in the preceding sections, the presence of free carriers in the
waveguide core strongly influences the detector efficiency. The efficiency can be
increased by reducing the electrical doping levels. The minimum carrier
concentration that can be used is determined by the field required for efficient
charge separation. This sets a limit to the doping levels on either side of the Er
doped core region.

Another way of increasing the detector efficiency is by increasing the amount
of Er in the waveguide core. This however also has a number of undesired
consequences. Firstly, because of the donor character of Er, the absorption by Er
induced electrons increases. As can be seen from Table 6.1, increasing the Er
concentration by a factor 10 already generates an Er related free carrier absorption
with a magnitude similar toap:, which significantly influences the quantum
efficiency. Incorporation of large concentrations of erbium may also introduce
undesired crystal damadewhich increases the carrier recombination rate and
reduces the collection efficiency.

The combination of a good crystal quality and a high Er concentration has
only been achieved by the use of oxygen co-doping and high temperature &nneals.
Unfortunately these are also the conditions that lead to a high Er donor activity (up
to 80%)° Consequently, further experiments are required to find the appropriate
impurity co-doping and annealing conditions for optimum detector performance.
Note that most studies of the incorporation of Er in Si have focused on optimizing
the Er luminescence intensity and reducing the thermal quenching of the intensity.
The thus obtained 'optimized' processing conditions may in fact be non-ideal for the
desired current generation process.

The proposed detector length of 4 cm is impractical for integration with
electrical integrated circuits. However, due to the high refractive index of silicon it
is possible to create low loss waveguide bends with a bending radius on the order of
1 pm.* This makes it possible to design a 4 cm long waveguide spiral confined on
an area < 2 mfmwith a 40 pm waveguide spacing. Another issue related to the
device dimensions is the junction capacitance. The junction area of the 4 cm long
waveguide, given by the product of the ridge width and the waveguide length, is 0.4
mm?. The capacitance associated with such a lgrgeunction limits the detector
response time. This problem may be solved by '‘photon recyciliaghy designing
a waveguide structure in which light makes multiple passes through a smaller
junction. A simple design could involve a Bragg reflector at the waveguide end
which reflects the remaining 1.54m light back into the detector, reducing the
required waveguide length by a factor 2. More sophisticated designs may include
micro-ring resonators and waveguide microcavitfe€ventually the optimum
detector response time will be determined by the rate limiting step in the energy
transfer process from Er to the Si electronic system, which in Chapter 5 was
determined to be ®210° s'. Detectors with such a response time could e.g. find
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applications in all-optical interconnects used to electrically isolate the driver
circuits from Si based high power diodes and transistors, which typically operate at
frequencies of 10 kHz.

6.7 Conclusions

We have shown that an Er doped waveguide detector in silicon can be fabricated.
The proposed structure consists of a silicon waveguide containing an Er ploped
junction along the waveguide. The detection scheme is based on an energy
conversion scheme in which the excitation energy of optically excited Er is
transferred to the Si electronic system, causing a photocurrent underuh54
illumination. From optical mode calculations it is concluded that an external
quantum efficiency of 16 can be achieved in a 4 cm long waveguide structure. It is
shown that free carrier absorption is an intrinsic limiting factor for the external
guantum efficiency. Optimization of the detector design should therefore focus on
obtaining optimum overlap of the Er doping profile with the depletion region and
minimum overlap of the optical modes with free carriers in the waveguide.
Preliminary measurements on an Er doped waveguide detector in silicon indeed
show an Er related photocurrent at 115%. The measured low quantum efficiency

is quite low (4«107) due to the presence of a strongly absorbing metal top contact.
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Chapter 7

Strong exciton-erbium coupling in Si nanocrystal doped

SIO,

Silicon nanocrystals were formed in Si@sing Si ion implantation
followed by thermal annealing. The nanocrystal doped, 3&yer was
implanted with Er to a peak concentration of 1.8 at.%. Upon 458 nm
excitation the sample shows a broad nanocrystal related luminescence
spectrum centered around 750 nm and two sharp Er luminescence lines
at 982 nm and 1536 nm. By measuring the excitation spectra of these
features as well as the temperature dependent intensities and
luminescence dynamics we conclude ti{a) the Er is excited by
excitons recombining within Si nanocrystals through a strong coupling
mechanism(b) the Er excitation process at room temperature occurs at a
sub-microsecond time scalé;) excitons excite Er with an efficiency
>55%, (d) each nanocrystal can have at most ~1 excited Er ion in its
vicinity.

7.1 Introduction

Erbium doped silica glass is used in optical telecommunication technology as an
amplification medium. The Bt ions in the glass matrix exhibit a number of sharp
emission lines due to electronic transitions within the 4f shell. The transition from
the first excited state to the ground state occurs at [Inb3a standard wavelength

in optical telecommunication. Optical amplification at this wavelength can be
achieved if sufficient Er can be brought into the first excited state. Unfortunately,
the optical cross sections for the intra-4f transitions are rather small, typically on
the order of 1G8* cn?. For this reason there is considerable interest in sensitizing
the EF* ions by adding a strongly absorbing species that can transfer energy
efficiently to Er. Examples of such sensitizers are the rare earth ion yttérhndn
various organic dye$.
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Figure 7.1. (a) Schematic Er excitation model, showing the electronic band
structure of Si nanocrystal-doped Siénd the Er 4f energy levels. An optically
generated exciton (dotted line) confined in the nanocrystal can recombine and
excite EF*. (b) Schematic representation of $iGontaining Er (crosses) and
nanocrystals (circles). The nanocrystals that couple to Er (black circles) show
no exciton luminescence.

Several years ago, it was shown that Er incorporated in silicon rich &idd be
excited outside of the Eroptical absorption line$? The same effect was observed
in Er doped porous silicoh® which consists of silicon nanoclusters surrounded by a
thin layer of SiQ. More recently, Fujiiet al. reported that the presence of Si
nanocrystals in Er doped Si@onsiderably enhances the effective Er absorption
cross sectio.Following the latter observation, a number of articles appeared that
showed similar results for samples prepared by means of cospufterymglysis®
and ion implantation®'! Although the exact structural properties of the
nanocrystals depend on the fabrication method employed, all observations strongly
suggest that energy is transferred from Si nanocrystals to the Er. A possible
excitation model is shown in Fig. 7.1(a), which shows a schematic band diagram of
SiO, containing a Si nanocrystal and*ErFirst a photon is absorbed by the
nanocrystal, which causes generation of an exciton inside the nanocrystal. This
exciton can recombine radiatively, emitting a photon with an energy that depends
on the nanocrystal size. If an Er ion is present close to the nanocrystal, the exciton
can recombine non-radiatively by bringing Er into one of its excited states.

Although the excitation model sketched in Fig. 7.1(a) is often referred to, the
following issues have not been solved: (1) lifietime paradox:recently Franzdet
al.!! found that the nanocrystal luminescence decay time is not affected by the
presence of Er. They argued that this would be inconsistent with the model in Fig.
7.1(a), since in this model erbium adds a non-radiative decay path for exciton
recombination, which should lower the nanocrystal lifetime. (2) Gdmeperature
dependence the nanocrystal luminescence intensity and the Er luminescence
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intensity are thought to be proportional to the excited concentration of excitons.
Nevertheless, in temperature dependent measurefrténtise Er luminescence
intensity has repeatedly been observed to behave independently of the nanocrystal
luminescence intensity. (3) Thexcitation efficiencyit is not known how efficiently

the exciton energy can be transferred to Er. (4) &mtable Er fraction excitation

via Si nanocrystals enhances the Er luminescence intensity, but it is not known
which fraction of the Er is actually excitable. This knowledge is essential for the
design of optical amplifiers and lasers based on Er and nanocrystal dopednSiO

this chapter these four points will be addressed and resolved.

7.2 Experiment

Silicon ions were implanted at 35 keV to a fluence s1®®° cm? into a 100 nm
thick SiG, layer that was formed by wet thermal oxidation of a lightly B-doped
Si(100) substrate. The material was subsequently annealed at 1100 °C for 10 min. in
vacuum at a base pressure belowl®’ mbar. This procedure is known to produce
well passivated Si nanocrystals in the size range 2-5°nfihe corresponding
nanocrystal concentration is approximately-*l@anocrystals/cth The nanocrystal
doped region was then implanted with %10 Er/cn? at 125 keV resulting in an Er
peak concentration of 1.8 at.% at a depth of 50 nm. This material was annealed at
1000 °C in vacuum in order to remove implantation induced damage. To further
reduce defect related luminescence, the material was passivated by performing an
anneal at 800 °C for 30 min. in forming gas:({¥: at 1:9) at atmospheric pressure.
Photoluminescence (PL) spectra were measured using an Ar laser at
457.9 nm as excitation source. The excitation power was 1-10 mW in a ~1 mm
diameter laser spot. The laser beam was modulated at 11 Hz using an acousto-
optical modulator. The photoluminescence was focused onto the entrance slit of a
grating monochromator and detected using standard lock-in techniques.
Luminescence spectra were measured in the 600-1150 nm range using a AgOCs
photomultiplier tube, and in the range 1100-1700 nm using a liquid nitrogen cooled
Ge detector. All spectra were corrected for the system response. Photoluminescence
decay traces were recorded using either a photomultiplier in combination with a
photon counting system, or a Ge detector in combination with a digitizing
oscilloscope. The system response time in the two cases was 150 ns apsl, 160
respectively. The sample temperature was controlled between 20 K and 300 K using
a closed cycle He cryostat.

7.3 Results and discussion

Figure 7.2 shows PL spectra taken at 20, 60, 180, and 300 K at a pump power of
10 mW. At all temperatures a broad luminescence band is observed, extending from
0.6 um to 1.1um, which is attributed to radiative recombination of excitons inside
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Figure 7.2. Photoluminescence spectra at 20 K, 60 K, 180 K and 300 K showing
a broad nanocrystal spectrum in the range 0.64inl, and two clear Er
luminescence lines at 982 nm and 1536 nm.

Si nanocrystal$? The exciton luminescence appears at energies above the bandgap
energy of bulk Si due to quantum confinem&hThe large spectral width of the
nanocrystal luminescence is the result of the rather broad nanocrystal size
distribution (2-5 nm diameter). Superimposed on the nanocrystal luminescence
spectrum a relatively sharp peak is observed at 982 nm, corresponding to the
4112- %15 transition of E¥". Another clear emission line is observed at a
wavelength of 1536 nm, corresponding to the— *115/, transition of EF".

Figure 7.3 shows photoluminescence excitation spectra of the nanocrystal
luminescence at 750 nm and the Er luminescence at 1536 nm. At a fixed pump
power, both the nanocrystal luminescence intensity and the Er luminescence
intensity are seen to increase by a factor two when the excitation wavelength is
decreased from 514 nm to 458 nm. The absence of absorption resonances in the Er
excitation spectrum indicates that the Er is not excited directly by absorption of
pump photons, but indirectly via an energy transfer process from Si nanocrystals, as
was shown beforé®!! we attribute the observed wavelength dependence of the
luminescence intensity to the increasing nanocrystal optical absorption cross section
for increasing photon energy, leading to a higher exciton generation rate. It is
tempting to conclude that the luminescent nanocrystals are the nanocrystals that are
responsible for the Er excitation. This turns out not to be true, as will be shown
below.

In Fig. 7.2 it can be seen that increasing the temperature from 20 K to 300 K
first causes the nanocrystal luminescence to increase by 16% and then to decrease
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Figure 7.3. Excitation spectrum of the nanocrystal luminescence at 750 nm and
the Er luminescence at 1536 nm. The dotted line is a guide to the eye.

by 75% upon going from 60 K to 300 K. This kind of temperature dependence is
commonly observed for Si nanocrystals, and can be fully deséfibbgda model

that takes into account the temperature dependent population of the exciton singlet
and triplet states (with low and high radiative decay rate, respectively) in
competition with non-radiative processes. The Er luminescence peak atnb36
exhibits an entirely different temperature dependence. The temperature increase
only induces spectral broadening due to the thermal redistribution over the Stark
levels, while the integrated intensity remains constant within 10%. These
observations contradict any model that directly links the observed nanocrystal and
Er luminescence intensities.

Figure 7.4 shows luminescence decay curves of the nanocrystal luminescence
at 750 nm and the Er luminescence at 1536 nm, measured at 15 K and 300 K at a
pump power of 1 mW. It is found that the nanocrystal decay rate (Fig. 7.4(a))
increases from 1:8.0° s* to 4.8x10" s* upon going from 15 K to 300 K, which is
consistent with the exciton singlet-triplet decay moderhe Er decay rate at 1.536
um (Fig. 7.4(b)) is found to be 500" st all temperatures between 20 K and 300 K,
which implies that the Er luminescence efficiency is temperature independent.

A consistent description of the observed temperature dependencies can be
obtained if we assumstrong couplingbetween a Si nanocrystal and Er. If the
energy transfer from a nanocrystal to Er is fast, we expect to see no luminescence
from a nanocrystal that is coupled to Er, since any generated exciton will
immediately recombine non-radiatively by exciting Er. Such fast transfer might
occur because at the high nanocrystal density ‘&&0r®) the maximum distance
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Figure 7.4. Luminescence decay measurements taken at 15 K (dots) and at
300 K (drawn lines) of (a) nanocrystal luminescence at 750 nm, and {b) Er
luminescence at 1536 nm.

between an Er ion and the nearest nanocrystal is ~1 nm. The Er luminescence
intensity will then be determined by the product of the nanocrystal absorption cross
section, which is approximately temperature independent and the Er luminescence
efficiency, which is also temperature independent (Fig. 7.4(b)).

The fact that the Er luminescence is constant up to room temperature, implies
that the energy transfer to Er must occur well within the nanocrystal decay time at
300 K, which is 21us. Consequently the transfer rate constant must be larger than
~1¢f st at room temperature. This fast transfer explains the paradox encountered by
Franzo et al., who found that while the incorporation of Er does reduce the
nanocrystal luminescence, it does not affect the nanocrystal decay time. This
behavior is now expected, since in the strong coupling case all observed nanocrystal
luminescence originates from nanocrystals that do not couple to Er, while
nanocrystals that do couple to Er show no luminescence. This model is shown
schematically in Fig. 7.1(b).

In order to determine the Er excitation efficiency, we measured both the
nanocrystal and the Er luminescence e time ¢;) and decay timerj at 5 mW
pump power (see time dependent data in Fig. 7.5(a)). From these two time constants
we can deduce the excitation rd&te (1/1, - 1/1), assuming that both the Er and the
nanocrystals effectively behave as two-level systems. At a pump intensity of 5
mW/mn? we find for the nanocrystal excitation rai.= 940 §' and for the
excitation rate of the Etli3, level Rg, = 570 s'. Note that this Er excitation rate
may contain a contribution of excitation into the higher lying Er energy levels,
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Fig. 7.5. Luminescence rise time and decay measurements at 5 mW pump power
at 15 K for (a) nanocrystal luminescence at 750 nm, and (b) Er luminescence at
1536 nm.

followed by non-radiative relaxation to the first excited state. Comparing the
nanocrystal and Er excitation rates, we conclude that at least 55% of the generated
excitons recombine by transferring energy to"Efhis high conversion efficiency

Is in agreement with the strong coupling picture.

The high excitation efficiency also raises a new question. At the peak
concentration of 1.8 at.% Er, the Er-to-nanocrystal ratio is approximately 100:1,
which implies that in principle many Er ions compete for the same exciton.
Nevertheless the observed Er excitation rate is close to that of a single nanocrystal.
This leads to the conclusion that a single nanocrystal can effectively excite only ~1
Er ion. This has important implications for the design of nanocrystal sensitized Er
doped lasers or optical amplifiers operating at JuB% as will be further discussed
in Chapters 8 and 9.

7.4 Conclusions

We have shown evidence for strong coupling between excitons and Er in Si
nanocrystal doped SpOThe energy transfer takes place at a sub-microsecond time
scale. The exciton-to-Er energy transfer efficiency is larger than 55%, and the
maximum number of excitable Er ions around a single nanocrystal is near unity.
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Chapter 8

Exciton-erbium interactions in Si nanocrystal doped,SiO

The presence of silicon nanocrystals in Er doped, Si& enhance the
effective Er optical absorption cross section by several orders of
magnitude due to a strong coupling between quantum confined excitons
and Er. This chapter discusses the fundamental processes that determine
the potential of Si nanocrystals as sensitizers for use in Er doped
waveguide amplifiers or lasers. Silicon nanocrystals were formed in SiO
using Si ion implantation and thermal annealing. The nanocrystal doped
SiO, layer was implanted with different doses of Er, resulting in Er peak
concentrations in the range 0.015 at.% - 1.8 at.%. All samples show a
broad nanocrystal related luminescence spectrum centered around 800
nm and a sharp Er luminescence line at 1536 nm. By varying the Er
concentration and measuring the nanocrystal and Er photoluminescence
intensity, the nanocrystal excitation rate, the Er excitation and decay
rate, and the Er saturation with pump power, we conclude #)ahe
maximum amount of Er that can be excited via exciton recombination in
Si nanocrystals is ~1 Er ion per nanocrysbdlthe Er concentration limit

can be explained by two different mechanisms occurring at high pump
power, namely Auger de-excitation and pair induced quenclunghe
excitable Er ions are most likely located in an SliRe environment and

have a luminescence efficiency < 18%, af)dat a typical nanocrystal
concentration of 18 cm®, the maximum optical gain at 1.54n of an

Er doped waveguide amplifier based on Si nanocrystal doped iSiO
~0.6 dB/cm.

8.1 Introduction

Erbium doped optical amplifiers are an important component in optical
telecommunication networks. The operation of these amplifiers relies on an optical
transition of E¥* at 1.54um, which is in the region of optimum transmission of
silica based glass fiber. The transition responsible for the gnd4uminescence
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occurs within the partially filled 4f shell of &t which is electrically shielded from

its surroundings by filled 5s and 5p shells. As a result of spin-spin and spin-orbit
interactions, the 4f shell can be optically excited into several discrete energy levels,
for example at 0.8um, 0.98um, and 1.54um. The optical cross sections for these
transitions are small, typically on the order of“4@n?, because optical transitions
between the 4f levels are parity forbidden. Consequently, rather high pump
intensities are needed to reach population inversion, typically on the order of 1
kW/cn?.

Several years ago, it was shown that Er incorporated in silicon richceudd
also be excited outside of theEpptical absorption lines® The same effect was
observed in Er doped porous silicbh,which consists of silicon nanoclusters
surrounded by a thin layer of SiQCand more recently in Si nanocrystal doped SiO
containing Er? It was shown that the addition of Si nanocrystals to Er doped SiO
strongly enhances the effective Er absorption cross sedtio@hapter 7 it was
demonstrated that exciton recombination inside Si nanocrystals causes the
excitation of Er through a strong coupling mechanism.

This energy transfer process could enable the fabrication of an optical
amplifier operating at 1.54m that is optically excited at pump intensities as low as
a few mwW/mni. Additionally, it may be possible to excite Er electrically by
supplying electrical carriers to an Er and Si nanocrystal dopeg I8y@©r. However,
little is known about a number of crucial parameters that determine the performance
of such devices, such as the Er excitation efficiency, the Er luminescence
efficiency, and the maximum Er concentration.

In Chapter 7 we have shown that at high Er concentration (1.8 at.%) the Er
excitation process is efficient (quantum efficiency > 55%), while the excitable
fraction of the Er is low. In the present chapter we report the Er concentration
dependence of the optical properties of Si nanocrystal doped Bi®©show that the
maximum concentration of excitable Er in this material is ~0.02 at.%, and propose
mechanisms that could give rise to this concentration maximum. Furthermore, we
show that the Er luminescence efficiency is less than 18%. Finally, we show that the
maximum gain that can be obtained in this material is ~0.6 dB/cm apin54

8.2 Experiment

A 100 nm thick layer of Si@was grown on a lightly B-doped Si(100) substrate by
means of wet thermal oxidation. This layer was implanted with 35 keV Si to a
fluence of &10'® cm? The implantation yields an approximately Gaussian depth
distribution of excess Si in the Si@iIm, with a peak concentration of 19 at.% at a
depth of 45 nm. The samples were subsequently annealed at 1100 °C for 10 min. in
vacuum at a base pressure belowl®’ mbar, in order to induce nucleation and
growth of Si nanocrystals. This treatment has been shown to produce Si
nanocrystals with a diameter in the range 2-5'fssuming a typical nanocrystal
diameter of 3 nm (~10Si atoms), the nanocrystal peak concentration is estimated
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Figure 8.1. RBS measurement of Si nanocrystal doped 8mplanted with
4.5x10™ Er/cntf, taken at a scattering angle of 96.2° using a 2 MeV tram.

The surface energies of Er, Si, and O are indicated by the arrows. The inset
shows the corresponding Er and Si concentration profiles.

to be ~16° cm™ at the center of the SjQayer. The samples were then implanted
with different Er fluences in the range 81" cm? — 5.1x10"° cm? at a fixed
energy of 125 keV. These implants result in an approximately Gaussian Er depth
distribution, with Er peak concentrations ranging from 0.015 at.% to 1.8 at.% at a
depth of 61 nm. A non Er implanted sample was kept as a reference. Figure 8.1
shows a Rutherford Backscattering Spectrometry (RBS) measurement of a sample
containing 4.%10* Er/cnt taken at a scattering angle of 96.2° using a 2.0 MeV He
beam. The energies corresponding to erbium, silicon, and oxygen located at the
sample surface are indicated. Note that the rise of the RBS signal around 1.13 MeV
Is the combined effect of signal from oxygen at the sample surface and signal from
silicon in the substrate. The inset shows the Si and Er concentration profile in the
SiO, layer as obtained from the RBS data. Note that the Er ions were implanted
slightly deeper than the Si ions.

All samples were annealed for 10 min. in vacuum at 1000 °C to remove
implantation induced damage. In order to further reduce defect related luminescence
and to saturate dangling bonds on the Si nanocrystal surface, a passivating anneal
was performed at 780 °C for 30 min. in forming gas:KH at 1:9) at atmospheric
pressure.
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Figure 8.2. Photoluminescence spectra of Si nanocrystal dopedc8iaining
different Er concentrations in the range 0 - 1.8 at.%, measured at 15 K using a
pump power of 1 mW at 458 nm.

Photoluminescence (PL) spectra were measured using the 458 nm line of an Ar laser
as excitation source at a peak power of 1 mW in a ~F taser spot. The laser
beam was modulatedn-off at 11 Hz using an acousto-optical modulator. The
emitted light was passed through a grating monochromator and detected using
standard lock-in techniques. Spectra were measured in the range 600-1150 nm using
an AgOCs photomultiplier tube, and in the range 1100-1700 nm using a liquid
nitrogen cooled Ge detector. All spectra were corrected for the detector response.
Photoluminescence decay traces were recorded using a multichannel photon
counting system in combination with the photomultiplier and a digitizing
oscilloscope in combination with the Ge detector. The system response for the two
cases was 150 ns and 188, respectively. For all luminescence measurements the
samples were cooled to 15 K using a closed cycle He cryostat.

8.3 Results and discussion

8.3.1 Photoluminescence vs. Er concentration

Figure 8.2 shows a PL spectrum of a Sflm doped with Si nanocrystals (marked

"no Er"). The sample shows a broad luminescence band peaking at 790 nm. We
have previously shown that this luminescence is caused by the radiative
recombination of electron-hole pairs (excitons) confined within the Si nanocrystals.

19 Due to quantum confineméntthe exciton luminescence appears at energies
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above the bandgap energy of bulk Si (1.17 eV at 15 K). The large spectral width of
the nanocrystal luminescence is the result of the broad nanocrystal size distribution
(2-5 nm diameter). The luminescence peak at wh3s caused by phonon-assisted
electron-hole pair recombination in the Si substrate. Figure 8.2 also shows
luminescence spectra for samples containing Er at various concentrations. The
incorporation of 0.015 at.% Er reduces the nanocrystal luminescence by more than a
factor two, and a luminescence peak appears at a wavelength of lin&36his
wavelength corresponds to the radiative transition from the first excited 4tatg (

to the ground staté'lgs;;) of EF*. Increasing the Er concentration leads to a further
reduction of the nanocrystal luminescence intensity, accompanied by an increase of
the Er luminescence intensity. This behavior is consistent with the strong coupling
model presented in Chapter 7, in which a nanocrystal becomes 'dark' once it couples
to a nearby Er ion. Increasing the Er concentration therefore increases the fraction
of dark nanocrystals.

Upon increasing the Er concentration, the nanocrystal luminescence
spectrum is first seen to shift to longer wavelength, and then to shorter wavelength.
This effect is related to the slight mismatch in the Er and Si implantation depth (see
Fig. 8.1). As was shown previousi§the long wavelength emission originates from
relatively large nanocrystals located at the center of the Si implanted region, while
the emission at short wavelength originates from relatively small nanocrystals
located in the tails of the Si concentration profile. Since in the present work the Er
is implanted slightly deeper than the silicon, the incorporation of a small amount of
Er will first affect the (small) nanocrystals near the 88D interface, leading to a
reduction in the emission at short wavelength. As the Er concentration is increased,
the (large) nanocrystals at the center of the,Silth are also affected, leading to a
reduction in the emission at large wavelength, as observed in Fig. 8.2.

8.3.2 Internal quantum efficiency vs. Er concentration

The power conversion efficiency of potential optical amplifiers or lasers making use
of Er excitation via Si nanocrystals will depend on the internal quantum efficiency
(IQE) of the energy transfer processs. the efficiency with which nanocrystals
coupled to Er can generate excited Er. To determine the Er concentration
dependence of the IQE, the intensities in Fig. 8.2 were converted to photon flux and
then integrated over the nanocrystal emission spectrum and the Er emission
spectrum respectively. Figure 8.3 shows the thus obtained nanocrystal related
emissiong,. (®) and Er related emissiog, (o) on the same relative scale. At zero

Er concentrationg,=0 and @=100. At the highest Er concentratiag,=9 and

@7, which indicates that 9 Er related photons are obtained at the cost of 93
nanocrystal related photons. These values giverekative measure of the
concentration dependent IQE, since we do not know the Er and nanocrystal
luminescence efficiencies. Thus we have:
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Figure 8.3. Integrated emission of the nanocrystal-related luminescenead
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with @(0) the nanocrystal related emission at zero Er concentration. This IQE is
depicted in Fig. 8.3 for all Er concentrations).( The IQE first increases with Er
concentration, and then saturates above 0.2 at.% Er. The fact that the internal
guantum efficiency reaches a fixed value at high Er concentration confirms that the
observed reduction in nanocrystal luminescence is caused by energy transfer to Er,
and not for example by the destruction of nanocrystals during the ion implantation
process. We conclude that the IQE of nanocrystals coupled to Er is essentially
independent of the Er concentration. The relatively low efficiency at low Er
concentration will be discussed further in section 8.3.6.

Using independent measurements of the nanocrystal and Er excitation rates
published presented in Chapter 7, we have shown that at an Er concentration of 1.8
at.%, the IQE> 55%. The observation in Fig. 8.3 that only 10% of the nanocrystal
photons yield 1.54um photons then implies that the Er luminescence efficiency
from the first excited state); s4< 18%. Implications of this observation will be
discussed in section 8.3.7.

8.3.3 Nanocrystal luminescence lifetime vs. Er concentration

Figure 8.4 shows nanocrystal luminescence decay traces taken at 750 nm and
T=15 K for samples containing different Er concentrations. In a sample containing
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Figure 8.4. Photoluminescence decay traces of the nanocrystal luminescence at
750 nm for different Er concentrations in the range 0-1.8 at.%, measured at
15 K using 1 mW pump power at 458 nm. The pump is switched dffGatThe

drawn lines represent stretched exponential decay wizh0 ms ang3=0.65.

no Er, the nanocrystal luminescence shows a 1/e lifetime of 2.0 ms. The decay is
well described by stretched exponential decay of the fttimexp(-¢/7)") with

1=2.0 ms and3=0.65 (solid line). The same curve has been overlaid on all data in
order to facilitate comparison between the different traces.

Incorporation of Er leads to a significant reduction of the nanocrystal
luminescence intensity at 750 nm, as was already observed in Fig. 8.2. The decay
time however varies only slightly from sample to sample, and no trend is observed
with increasing Er concentration. The highest Er concentration sample shows a
small initial fast decay, which is attributed to luminescence from defects in the SiO
matrix 2

These lifetime measurements confirm the strong coupling model proposed in
Chapter 7, which states that the decrease in nanocrystal intensity for increasing Er
concentration in Fig. 8.2 is due to a reduction in the number of luminescent
nanocrystals. All remaining nanocrystal luminescence therefore originates from
nanocrystals that are not coupled to Er, which show their intrinsic decay
characteristics. These nanocrystals are expected to be mostly located near the
sample surface, where the Er concentration is relatively low (see RBS data in Fig.
8.1).

The fact that the nanocrystal luminescence decay time does not depend on the
Er concentration has been observed previously by Franzil® They explained
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Figure 8.5. Photoluminescence rise (a) and decay traces (b) of the nanocrystal
luminescence at 750 nm, measured at 15 K using 5 mW excitation at 458 nm for
samples containing no Er (dots) and 1.8 at.% Er (solid line).

their experimental findings by assuming that the nanocrystal related luminescence
around 750 nm is not emitted by quantum confined excitons, but rather by a
luminescent center at the nc-Si/Sil@dterface that is excited via optically generated
excitons. In this scenario, excitons can transfer their energy either to such a center
or to an Er ion, after which the Er ion and the center do not interact. Consequently,
varying the Er concentration would only shift the balance between these two
processes, and indeed leave the lifetime of the 750 nm luminescence unaffected.
However, according to this model, the reduction of the nanocrystal luminescence in
Fig. 8.2 should be accompanied by a reduction of the apparent nanocrystal
excitation rate Such a reduction is not observed, as will be shown below.

The effect of Er on the nanocrystal excitation rate was measured by
monitoring the time dependence of the 750 nm luminescence while modulating the
pump beam. Figure 8.5 shows normalized luminescence traces at 750 nm after
switching the pump laser on (a) and off (b) for a sample containing no Er (dots) and
a sample containing an Er peak concentration of 1.8 at.% (solid line). The applied
pump power was 5 mW at 458 nm. The defect related fast component (see Fig. 8.4)
has been removed from the data to facilitate comparison. The nanocrystal
luminescence decay characteristics (Fig. 8.5(b)) are identical for the two samples,
with a 1/e decay tim@gecay1.30 ms. This is somewhat shorter than the 1/e times
observed at a pump power of 1 mW, possibly due to exciton-exciton interactions or
saturation of nanocrystals with a long lifetime. The 1/e rise timgsare 0.47 ms
and 0.56 ms for samples containing no Er and 1.8 at.% Er, respectively.
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Figure 8.6. Photoluminescence intensity of the nanocrystal peak luminescence
and the Er peak luminescence as a function of pump power for samples
containing 0.015 at.% and 1.8 at.% Er, measured at 15 K using 458 nm pump
light in a ~1 mm spot.

The measured;ise and 74ecayCan be used to determine the excitation Rgg If we
model the luminescence at 750 nm by a two-level sysigis given by

Rexc=i- L (2)

Trise Tdecay

This gives a nanocrystal excitation rate of 1360 a& 750 nm in the sample
containing no Er. Incorporation of 1.8 at.% Er reduces the nanocrystal excitation
rate to 1020°8. The 25% reduction in excitation rate is insufficient to explain the
observed twenty-fold decrease of the nanocrystal luminescence intensity at 750 nm
upon incorporating 1.8 at.% Er (Fig. 8.2). Hence the data can not be described using
the model proposed by Franzi al. The data can be described by the strong
coupling model, since this mechanism indeed leaves the Iuminescence
characteristics of the luminescent nanocrystaés,those which are not coupled to

Er, unaffected.

8.3.4 Er luminescence intensity vs. pump power

The data in Fig. 8.2 show a sub-linear increase of the Er luminescence intensity
with Er concentration. This can be ascribed to the fact that as the Er concentration is
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increased, at a given pump power the exciton concentration available for Er
excitation is reduced. At sufficiently high pump power however, the Er
luminescence intensity is no longer limited by the exciton concentration but rather
by the total amount of excitable Er. Therefore we can compare the total amount of
excitable Er in samples with different Er concentrations by comparing Er
luminescence intensities at high pump power.

Figure 8.6 shows the effect of pump power on the Er and nanocrystal
luminescence intensity for samples containing 0.015 at.% Er and 1.8 at.% Er
respectively. For both samples the nanocrystal luminescence intensity was scaled to
coincide with the low power Er luminescence intensity. Below |88 the Er
luminescence and the nanocrystal luminescence depend linearly on pump power. At
these low pump powers the Er luminescence intensities from the two samples differ
by a factor ~2. Increasing the pump power causes a sublinear increase of the Er
luminescence in both samples, suggesting that a significant fraction of the excitable
Er is brought into the first excited state. At a pump power of 50 mW the nanocrystal
luminescence continues to increase, while the Er luminescence intensity levels off.
In this pump power regime the exciton generation rate is no longer the limiting
factor for the Er luminescence intensity. Nevertheless, the Er luminescence
intensities for the two samples at 50 mW pump power differ by only a factor 5, even
though the total amount of Er in the samples differs by more than a factor 100.

The above shows that the concentration of excitable Er in the high
concentration (1.8 at.%) sample is at most 5 times higher than in the low
concentration (0.015 at.%) sample. This suggest that the concentration of excitable
Eris < 0.1 at.%. The existence of such a concentration limit is also observed in the
Er excitation rate, as will be shown in the next paragraph.

8.3.5 The Er excitation and decay rate vs. Er concentration

When the amount of Er coupled to a nanocrystal is increased, the Er excitation rate
per ion should reduce, since several Er ions then compete for the same exciton. In
order to determine the concentration dependent Er excitation rate, we performed
rise time and decay time measurements of the Er luminescence atuin534 the
applied pump power of 1 mW all samples show approximately exponential time
dependencies. Figure 8.7 shows the measured r#llgs=1/T;ise (2) and
Wiecay=1/Tdecay (V) Obtained by exponential fitting of the data.

The Er decay rate increases from 500 ® 700 & as the Er peak
concentration is increased from 0.015 at.% to 1.8 at.%. This increase is attributed to
a concentration quenching effect which is known to occur when rare earth ions are
spaced closely enough to allow for energy exchange between neighboring ions. As a
result, excitation energy can migritéo neighboring ions, which may in turn be
coupled non-radiatively to quenching sitesy. defects or OH groups present in the
matrix. In a simple concentration quenching model, the Er decay rate increases
linearly with Er concentration, which is indeed observed in Fig. 8.7. By measuring
the slope of the decay rate data in Fig. 8.7, we can estihiag the concentration
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Figure 8.7. Rise A) and decay ratesvj of the 1.536um Er luminescence,
measured at 15 K using a pump power of 1 mW at 458 nm, and the Er excitation
rate o) derived from these data. The drawn lines serve as a guide to the eye.

of quenching sites in the Er implanted Si nanocrystal doped i@ is as low as
10" cm®.

Data for the Er excitation ratR.yc calculated fromtyise and Tgecay using Eq. 2
are also shown in Fig. 8.70) At an Er concentration of 0.015 at.%, the Er
excitation rate is 6005 Increasing the Er concentration to 0.17 at.% reduces the
excitation rate by a factor 2. A further increase of the Er concentration has no effect
on the excitation rate, even though at these concentrations several Er ions might
couple to the same nanocrystal, which would reduce the excitation rate per Er ion.
The fact that such a reduction is not observed, shows that there is an upper limit to
the number of Er ions that can be excited by a single nanocrystal. From the data in
Fig. 8.7 it is clear that this limit is reached at an Er concentration < 0.17 at.% Etr,
which is consistent with the maximum value of 0.1 at.% Er found in the preceding
paragraph.

From the measured Er excitation rate of ~30G&s1 mW we can determine an
effective absorption cross sectiogi for the Er excitation process. We find thag
=10™ cn’ at 458 nm, which is a factor ~1@arger than what can be achieved using
direct optical pumping of the Er ions. This value is of the same order as a typical Si
nanocrystal absorption cross section at this wavelefgtbnfirming that a single
nanocrystal can excite only a limited number of Er ions. In fact, in Chapter 7 we
measured both the Er excitation rate at 1.AB6and the nanocrystal excitation rate
at 750 nm in a sample containing 1.8 at.% Er, and found that the Er excitation rate
was a factor ~2 lower than the nanocrystal excitation rate. This proves that in the
high Er concentration limit a single nanocrystal can excite only 1-2 Er ions. This



100 Chapter 8

observation, together with the estimated nanocrystal concentration'dfca(’,
implies that the maximum excitable Er concentration is approximately 0.02 at.%.

It is intriguing to note that the Er excitation rate in the low concentration limit
is approximately a factor two higher than in the high concentration limit. This
suggests that increasing the Er concentration either increases the number of
excitable Er ions per nanocrystal from 1 to 2, or decreases the number of
nanocrystals that can excite the same Er ion from 2 to 1.

The higher Er excitation rate at low concentration is also reflected in the pump
power dependent Er luminescence intensity in Fig. 8.6. At high pump power, where
the number of Er ions determines the luminescence intensity, the intensity from the
high concentration sample is approximately 5 times higher than that from the low
concentration sample. At low pump power, where the Er excitation rate is the
limiting factor for the intensity, the intensity from the low concentration sample is
relatively higher by a factor ~2.5, as was expected from the higher excitation rate at
low Er concentration.

8.3.6 Models describing the Er concentration limit

The existence of an upper limit to the amount of excitable Er could indicate that
there is a limit to the amount ofptically activeEr that can be incorporated in this
material. This may for example be caused by Er clustering or Eo@nation at the
Si/SiO, interface, which would prevent the Er from being in the 3+ valence state.
However, measurements on Er and Si nanocrystal doped waveguides that are
presented in Chapter 9 show a stront Eelated absorption, suggesting that a large
fraction of the Er is in the optically active state.

Alternatively, the observed concentration limit could be an intrinsic property
of the excitation process. The amount of excitable Er will be low when the effective
Er excitation efficiency is influenced by the presencexafitedEr. Such a situation
arises when the formation of an exciton near an excited Er ion immediately leads to:
(a) Auger de-excitationin which the already excited Er ion transfers its energy to
the generated exciton (Fig. 8.8(a)). This process has been shown to occur in Er
doped bulk Si® After such Auger de-excitation the exciton can relax and
subsequently excite an Er ion, effectively bringing the system back to the situation
before the exciton was formed; @) pair induced quenchingat sufficiently high
Er concentration, two excited Er ions can interact yielding one Er ion ifflghe
state, which rapidly decays to the first excited state, and one Er ion in the ground
state (Fig. 8.8(b)). This co-operative upconversion effect usually produces a
shortening of the Er decay rate at high pump power, which has not been observed.
However, if the Er-Er coupling is sufficiently strong, no effect on the lifetime is
seen. This special case is usually called pair induced quenching.

An interesting point to note is that both these processes reduce the internal
guantum efficiency at high excitation rates. Figure 8.7 showed that at 1 mW pump
power, the Er excitation rate is relatively large at low Er concentrations.



Exciton-erbium interactions in Si nanocrystal doped SiO; 101

(a) (b)

~—>

Si  SiO, Si SiO,

Figure 8.8. Schematic band diagram of Er and Si nanocrystal doped SiO
showing the process of (a) Auger de-excitation, and (b) pair-induced quenching.
These processes can account for the observed Er concentration limit in Si
nanocrystal doped SiO Note that the Er energy levels represent collective
states of the Bf 4f electrons, which are in fact well below the Si@lence

band edge.

Consequently, the internal quantum efficiency is expected to be relatively low at
low Er concentration, which is indeed observed in Fig. 8.3.

8.3.7 The Er local environment

The maximum Er luminescence lifetime in these Si nanocrystal dopedfiBi@ is
approximately 2 ms, corresponding to a decay rate of 500Tkis decay rate is
much higher than the radiative decay rate in pure,Suthich is ~50 8.'" The
relatively fast decay can be caused by two effects, namely by additional non-
radiative decayW,,) or by an increased radiative decay raf¢)( We will now
discuss the influence of these two effects in our samples. From the measurements in
Fig. 8.3 we find that the Er luminescence efficiency givemby,= Wi/ (W;+Wy,) is

less than 18% (see section 8.3.2). Since we know that the total dec&y; +¥lig is

500 s' (Fig. 8.7), we estimate that the Er radiative decay Yéte 90 s'. In fact,

we expect the radiative decay rate to be higher than the value &f iBObsilk SiQ
because of the presence of the Si substrate. If an ion is placed sufficiently close to a
region with a high refractive index, its radiative decay rate increases due to an
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Figure 8.9. Local optical density of states (LDOS) relative to the LDOS in
vacuum, calculated at a wavelength of 1{i%. The dotted lines indicate the
corresponding bulk value. The right hand axis indicates the Er radiative decay
rate in the Si@layer, assuming a bulk radiative lifetime of 20 Hs.

increase of the local optical density of states (LD&SY.Figure 8.9 shows the
calculated LDOS as a function of depth, relative to the value in vacuum for a
wavelength of 1.54m. Also indicated is the Er radiative decay rate in the,SiO
assuming a radiative lifetime in bulk Si®f 50 s’. The calculation shows th&,
increases smoothly from 50'sat the sample surface to 120 sear the Si@Si
interface. This corresponds quite well with the radiative decay \Wte 90 s'
obtained from our experiments. The fact that the observed decay rates can be
described using the radiative lifetime in Si€uggests that the excitable Er ions are
not located inside the Si nanocrystals, but in an,3iik& environment near the
nanocrystals.

8.3.8 Device implications

In section 8.3.5 it was found that the effective Er absorption cross sextj@t 458
nm is approximately 1€ cn?. This large cross section could be used in Er doped
waveguide lasers and amplifiers, in which population inversion is reached at low
pump power. It is important to mention here that although all luminescence
measurements in this chapter were performed at 15 K, we have shown in Chapter 7
that the effective Er cross section is temperature independent up to at least 300 K.

In a Si nanocrystal sensitized optical amplifier based on the material studied
here, the Er concentration should be kept low, since we have shown that only ~0.02
at.% Er can be simultaneously kept in the excited state (see section 8.3.5). At higher
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Er concentrations a large fraction of the Er will be in the ground state due to the
processes discussed in section 8.3.6, which will result in significant losses at
1.54pm. The maximum gain per unit lengthn.x that can be achieved in a
waveguide amplifier is given bygma{dB/cm)=4.34&0exNg; with Ng, the Er
concentration ande, the emission cross section at 1.p#h. Taking a typical
value®® 0.,=7x10°! cn? and the maximum Er concentrationx{®*° Er/cnt) we

find a maximum gain of 0.6 dB/cm.

In order to achieve net amplification at 1., the Er induced gain should
overcome the intrinsic device losses, including background absorption, scattering
losses, and free carrier absorption. The latter process deserves special attention,
because the presence of electron-hole pairs in the amplification medreouised
for the Er excitation process. In free carrier absorption, free electrons and holes are
excited higher in their respective energy bands by incoming photons. This process
can occur at sub-bandgap energies, and can therefore affect theputh54
transmission.

In bulk silicon, free carrier absorption cross sections at jb4are on the
order of 10'" cn?,*! which is ~1d times larger than the cross section for stimulated
emission of Er at 1.54m. Consequently, the exciton concentration in an Er doped
optical amplifier should be at least a factor®1l@wer than the excited Er
concentration. This means that at a typical nanocrystal pump rate*of'1@he
exciton lifetime should be well below Oiis. The achievement of net optical gain
thus requires that the Er excitation and the non-radiative processes listed in section
8.3.6 occur within 0.1ps, which appears well possible. Furthermore, the
concentration of nanocrystat®t coupled to Er should be kept low, since they show
room temperature exciton lifetimes > iI8. The above shows that the achievement
of optical gain requires careful optimization of the Er distribution. If the Er
concentration is too low, some nanocrystals will not be coupled to Er, and these will
induce free carrier absorption. If the Er concentration is too high, part of the Er
cannot be excited, which will introduce loss at 154. These narrow concentration
limits suggest that stochastic methods for Er incorporation, such as ion implantation
and sputtering, are not desirable. A more promising method would be chemical
synthesis, in which the number of Er ions per nanocrystal can be accurately tuned.

In order to investigate the processes of optical gain and free carrier absorption
in Er and Si nanocrystal doped $iQve have fabricated optical waveguides using
Si nanocrystal doped Sy(as the guiding medium. Measurements on these samples
are presented in Chapter 9.

8.4 Conclusions

We have shown that the maximum amount of Er that can be excited via exciton
recombination in Si nanocrystals is ~1 Er ion per nanocrystal, corresponding to
~0.02 at.% Er. This observation can be explained by two different mechanisms
occurring at high pump power, nameBAuger de-excitationand pair induced
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guenching The luminescent Er ions are most likely located in an,&ik@
environment near the Si nanocrystals, and have a Iuminescence efficiency
Nis4< 18%. Using the obtained parameters, we can predict a maximum optical gain
of 0.6 dB/cm at 1.54um for a Si nanocrystal sensitized Er doped waveguide
amplifier in SiQ, provided that free carrier absorption can be suppressed.
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Chapter 9

Gain limiting processes in Er doped Si nanocrystal
waveguides in Si®

Erbium doped Si nanocrystal based optical waveguides were formed by
Er and Si ion implantation into SpPOOptical images of the waveguide
output facet show a single, well confined optical mode. Transmission
measurements reveal a clear Er related absorption of 2.7 dB/cm at 1.532
um. The Er absorption cross section at 1.h82in Si nanocrystal doped
Si0, is found to be 810% cn?. Upon optical excitation of the Si
nanocrystals at 458 nm, the waveguides emit guided Er photo-
luminescence. No pump induced change of the Er related absorption was
observed. Instead, optical pumping is shown to introduce a broad
absorption in the near infrared, which is attributed to trap assisted free
carrier absorption in the Si nanocrystal doped oxide layer. It is
concluded that an Er doped Si nanocrystal sensitized optical amplifier
will show optical gain if the Er concentration is kept below ~1 Er ion per
nanocrystal, and if the applied pump power is kept low to avoid free
carrier absorption.

9.1 Introduction

The rare earth ion Etis widely used for optical amplification. The transition from

the first excited state'lgs/,) to the ground staté'lgs;) within the Er4f shell occurs
around 1.53 um, which is one of the standard wavelengths in optical
telecommunication. To achieve the population inversion required for optical
amplification, rather large pump powers are needed, because of the small absorption
cross sectiorts(~10%! cn?) of the intra-4f transitions. This problem can be solved

by adding a sensitizer that more efficiently absorbs pump light and subsequently
transfers the absorbed energy to th& En. As we have shown in Chapters 7 and

8, silicon nanocrystals can serve as an efficient sensitizer for Er. Optically
generated excitons inside the nanocrystals can recombine and transfer energy to Er
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at a rate > 10s’ and an efficiency of at least 60%. Due to the broad absorption

bands of Si nanocrystals the sensitization scheme would allow for optical pumping
of Er doped amplifiers using a broadband light source. In addition, electrical

pumping of the Er may be possible.

Although the principle of Er excitation using Si nanocrystals has been shown,
there have been no convincing demonstrations of optical gain using this excitation
scheme. To study the gain perspective of this new type of waveguide material, we
have performed transmission measurements on a highly Er doped optical waveguide
in Si nanocrystal doped SyQhat shows excellent mode confinement. We observe
no change in the Er related optical absorption upon intense optical excitation of the
Si nanocrystals. This finding confirms the results presented in Chapters 7 and 8,
which indicated the existence of an upper limit of ~1 Er ion that can be excited by a
single nanocrystal. At very high pump power, the optical pumping of the Si
nanocrystal doped SiOvaveguides is shown to generate a broad absorption in the
infrared, which is attributed to trap assisted free carrier absorption in the Si
nanocrystals.

9.2 Experiment

Silicon ions were implanted at 165 keV to a fluence o1’ cm? into a S5pm

thick layer of SiQ that was grown by wet thermal oxidation of Si(100). The
material was annealed at 1100 °C for 10 min. in flowing Ar in order to induce
nucleation and growth of Si nanocrystals. The temperature of 1100 °C was found to
yield maximum nanocrystal luminescence. Part of the sample was implanted with Er
at 700 keV to a fluence of 1x20™ cm? and annealed at 1000 °C for 10 min. in
flowing Ar to remove implantation induced damage. The samples were then
annealed at 800 °C for 10 min. in forming gas;:(H at 1:9) to optimize the
nanocrystal and Er photoluminescence intensity.

The Er and Si concentration profiles were determined using Rutherford
backscattering spectrometry (RBS). The results are shown in Fig. 9.1(a). The excess
Si concentration profile peaks at a depth of 240 nm, and has a full width at half
maximum (FWHM) of 160 nm. The Si peak concentration is 42 at.%, corresponding
to an excess Si concentration of 13 at.%. Assuming an average nanocrystal diameter
of 3 nm? the nanocrystal concentration at the peak of the Si profile is estimated to
be 1.310" cm™. The Er concentration profile peaks at a depth of 240 nm, with an
Er peak concentration of 1.3 at.% and a FWHM of 130 nm.

A series of 3.5um wide ridge waveguides was formed in the implanted and
annealed Si@film using standard photolithography and Ar beam etching to a depth
of 0.5 um, i.e. well beyond the Si doped region. The excess Si inside the ridges
locally raises the index of refraction, providing the index contrast required for
optical mode confinement. To reduce scattering losses, the waveguides were
covered with a 1.2%m thick SiQ cladding layer using microwave sputtering. The
samples were subsequently cut to a length of 8 mm, and the waveguide input and
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Figure 9.1. (a) Er and Si concentration profiles in an ion implanted planar
waveguide sample as determined by RBS. (b) Optical mode image at a
wavelength of 1.4&m taken at the output facet of an Er doped Si nanocrystal
based ridge waveguide. The contour lines indicate constant intensity. A sketch
of the waveguide structure is included.

output facets were mechanically polished. A sketch of the final structure is drawn in
Fig. 9.1(b), wherey=0 corresponds to the position of the Si€urface before the
etching process. The light grey area represents the remaininga8#D etching of
the ridge, and the location of the implanted Er and Si is indicated by the dark grey
line at y=0.24 um. The smooth solid line at=1 um corresponds to the sample
surface after deposition of the Si@adding layer.

Optical transmission measurements were performed using a fiber-coupled
white light source emitting in the 1000-1800 nm range, which was modulatexdf
at 270 Hz for lock-in detection. The white light was butt-coupled to the nanocrystal
waveguides using a single mode tapered fiber. The transmitted light was collected
by imaging the waveguide output facet onto a multimode fiber using »xa 10
microscope objective. A reference spectrum was obtained by directly imaging the
light emitted from the input fiber. The collected light was led to a grating
monochromator and detected using a liquid nitrogen cooled Ge detector, in
combination with standard lock-in techniques. Optical mode images were obtained
by coupling 1.49um light from an InGaAsP diode laser into the waveguide, and
imaging the waveguide output facet on an infrared camera using aniddoscope
objective.

For photoluminescence (PL) measurements, the Si nanocrystal and Er doped
waveguides were optically pumped using the 458 nm line of an Ar laser, which was
mechanically chopped at a frequency of 18 Hz. The pump light was projected onto
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the waveguides from the top using a cylindrical lens. The elongated spot was
aligned with the waveguide, and covered the full waveguide length (see inset in Fig.
9.3). In this way the pump power can be evenly distributed over the full length of
the waveguide. Despite the small thickness of the nanocrystal doped layer a
significant fraction of the pump power (~5%) can be absorbed, because of the large
nanocrystal absorption cross section at this wavelength. The guided
photoluminescence signal was collected from the output facet as in the transmission
measurements. Gain measurements were performed by measuring transmission
spectra around 1./m at different constant pump powers.

9.3 Results and discussion

Figure 9.1(b) shows iso-intensity contours of the optical mode image ofpuh49
laser light guided in one of the waveguides. At this wavelength the waveguide only
supports a single mode. The mode is slightly elliptical, with a FWHM ofu18n

the x-direction, and 3.Jum in they-direction. Due to the small dimensions of the Er
doped core region in this particular sample structure, the Er related absorption and
gain will be lower than in a homogeneously doped waveguide. In fact, the effective
overlapl” of the optical mode with the Er profile is only 1%. This low value can be
easily increased by changing the size of the nanocrystal dopedyggrerforming
multiple Er and Si implants or by depositing a layer of Er and Si dopeg 8iQ.

using sputter depositidror chemical vapor depositidh.

Figure 9.2(a) shows normalized transmission spectra of Si nanocrystal
waveguides containing no Er (dotted line) and 1.3 at.% Er (solid line). A clear
absorption line is observed around 1448, due to the!l 150 > *liap absorption of
Er**. The overall transmission in the Er doped sample is a factor ~2.4 lower than in
the undoped sample, which is possibly related to changes in the etching process, or
to surface contamination. The transmitted intensity in Fig. 9.2(a) is given by

| = |0 ane_(aWG+0ErNErr)L (1)
with 1o(A) the spectral distribution of the intensity in the incoming fibgf)) a
function that contains the wavelength dependent coupling and collection
efficiencies, awg(A) the waveguide loss including scatteringg(A) the Er
absorption cross sectior\g, = 8.2<10%°° cmi® the Ef* peak concentration, and
L=0.8 cm the waveguide length. From Eq. 1 it follows that we can obtain the Er
related absorption by dividing the normalized curves in Fig. 9.2(a). The thus
obtained Er related absorption is shown in Fig. 9.2(b) (solid line). The peak
absorption at 1.53@m is found to be 2.7 dB/cm. From this value we can obtain the
Er absorption cross section, using Eg. 1 and the measured valuEsafuat Ng,.
Assuming all Er is in the optically active 3+ valence state, we find that
0e/(1.532um) = 8<10?° cn?. This value is rather large compared to values found in
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Figure 9.2. (a) Normalized transmission spectra of Si nanocrystal based
waveguides containing no Er (dotted line) and 1.3 at.% Er (solid line) (b) Er

related absorption spectrum (solid line) derived from the data in (a) and Er
photoluminescence spectrum (dashed line) collected at the waveguide output
facet (pump power 180 mW at 458 nm).

Er doped Si and SiObased materials,which are typically 13*-102° cn?. The
large cross section may be due to the strong asymmetry of the local dielectric
environment of the excitable Erions. This may also explain the relatively short
luminescence lifetimes typically observed in this type of material.

When optically excited at 458 nm (normal incidence) the waveguides show
guided Er PL that can be collected at the output facet. The spectral shape was found
to be independent of the applied pump power. Figure 9.2(b) shows a PL spectrum
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Figure 9.3. Waveguide transmission at 1.5®5% as a function of the applied
continuous-wave 458 nm pump power. A sketch of the measurement
configuration is included. The inset shows the time-dependent
photoluminescence signal at 1.5@8& collected at the output facet during pump
modulation.

taken at a pump power of 180 mW (dashed line). To determine the Er excitation rate
Rer=(Trise 1)-(Tdecay ), the PL rise timer;se and decay timegecay at 1.535um were
measured at different pump powers (see inset in Fig. 9.3). At all pump pawegss,

was found to be 3.6 ms, whilgise was system response limited, and was found to
be 1.2 ms at all applied pump powers. From these data it follows that at the lowest
applied pump power (25 mW) the Er excitation rRtgis at least 570°Y which is
sufficient to keep 70% of the excitable Er in the first excited state.

Transmission measurements were performed at different 458 nm pump powers
up to 250 mW. Because of the high Er excitation rate, these pump powers are
expected to reduce the Er related absorption at Ins3However, no change in the
Er related absorption could be detected within the measurement accuracy. This puts
an upper limit to the amount of Er in the waveguide that is excited via Si
nanocrystals. From the experimentally obtained valueggpandl’, and the known
noise in our transmission spectra of 1% we conclude that the concentration of
excitable Er in the Si nanocrystal doped region is less thaa'3 cmi®, which is
close to the estimated nanocrystal peak concentration of1@'3 cm?® in our
samples. This provides strong support for our finding in Chapters 7 an 8 that the
amount of excitable Er in Si nanocrystal doped Si©limited to ~1 Er ion per
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nanocrystal. Any Er in excess of this limit cannot be excited and will introduce an
unbleachable absorption at 1.%38n. Note that the peak Er concentration in the
waveguides was 80°° cm>.

Although no change in the Er related absorption is observed, the overall
transmission of the waveguides is found to be reduced during optical pumping.
Figure 9.3 shows the transmitted signal at 1.a8bas a function of applied pump
power at 458 nm. The same transmission decrease was observed at all wavelengths
in the range 1.4-1.7um. The data points were measured after steady state was
reached, and the input and output fiber position were re-optimized at each pump
power to exclude effects related to changes in the coupling or collection efficiency.
Apparently optical pumping at 458 nm induces an absorption in the waveguide
material. After pump switch-off, the transmission converges to its original value
over a period of several minutes. The time dependence of the absorption coefficient
after pump switch-off (not shown) is strongly non-single exponential.

The observed transmission change could be related to free carrier absorption, a
well known effect in bulk silicon, in which free carriers absorb sub-bandgap
radiation due to intra-band transition§he transmission change cannot be due to
absorption by quantum confined electron-hole pairs, since these recombine at a rate
>10° s' at room temperature’ However, if the charge carriers are physically
separated, their lifetime can increase by orders of magnitude. Such separation can
occur when optical excitation leads to the ejection of a carrier into a deep trap state
near the nanocrystal surface. This nanocrystal photo-ionization process is also
thought to be responsible for the observed 'blinking' of luminescent nanocfystals.
In this case, the lifetime of the free carrier and the induced absorption is determined
by the time it takes the trapped carrier to tunnel back into the nanocrystal, which
can indeed be on the order of minutddote that the pump induced absorption only
becomes significant at pump powers > 10 mW. As shown in Chapter 8 a significant
Er excitation rate can already be achieved at a pump intensity of ~5 m¥/mm
corresponding to an incident pump power of only 0.4 mW on the 8 mm long
waveguide.

9.4 Conclusions

Er doped Si nanocrystal based waveguides were fabricated 3n e waveguides
support a single mode at 1.48n, and show a clear Er related absorption of 2.7
dB/cm at 1.532um. The Er absorption cross section is found to b&0g° cn?.

Gain measurements were performed using 458 nm pump light. No change of the Er
related absorption is observed, which is consistent with a model in which a single
nanocrystal can only excite ~1 Er ion. The optical pumping introduces a broad
optical absorption in the near-infrared, which is attributed to free carrier absorption
occurring inside charged nanocrystals. For the low pump powers typically required
to achieve inversion in these nanocrystal sensitized waveguides, free carrier
absorption is only a minor effect. Erbium doped Si nanocrystal sensitized optical
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amplifiers will show net gain if the pump power required to achieve inversion is
low, and if the Er concentration is kept below ~1 Er ion per nanocrystal. Optimum
gain is expected in a waveguide with a large density of small nanocrystals, each
coupled to ~1 Er ion.
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Summary

This thesis describes the energy transfer processes occurring in materials that can be
used for the fabrication of silicon compatible optical integrated circuits, operating at
1.54 um. Optical integrated circuits consist of several components such as lasers,
multiplexers, modulators, splitters, amplifiers, and detectors, that are integrated on a
single substrate. Combining optical functions on one chip could significantly reduce
the size and cost of optical systems. The use of silicon as a basis for integrated
optics is attractive, because the well developed silicon processing technology allows
for the fabrication of sophisticated integrated circuits. In addition, it may enable the
combined use of silicon electronics and optical data transmission within one opto-
electronic integrated circuit.

Part | of this thesis discusses energy transfer in optical waveguide amplifiers
on silicon. The waveguide amplifiers use an intra-4f transition of the rare earth ion
erbium occurring at 1.54m. To achieve significant amplification at 1.a# on the
short length scales available in an optical integrated circuit, high Er concentrations
(10°°-10?* cm®) are required. At these concentrations Er ions can interact, resulting
in the occurrence of co-operative upconversion, an effect in which one excited Er
ion is excited into a higher energy state, while a neighboring Er ion returns to the
ground state. To counteract such effects, highly doped waveguide amplifiers operate
at relatively high pump fluxes. This results in significant excited state absorption,
i.e. absorption of pump photons by excited Er. These two effects, as well as several
other parameters that are critical in the design of miniature optical waveguide
amplifiers, are described in Chapter 2. A review of the most successful waveguide
amplifiers and their characteristics is also presented. Chapter 3 describes
measurements on Er doped,® waveguide amplifiers fabricated either by ion
implantation or by E:O3/Al,O3 co-sputtering. Although the Er concentration in the
two waveguides is the same, the gain performance and photoluminescence behavior
are completely different. This is attributed to a large difference in the upconversion
coefficient, which is the result of a different atomic scale distribution of the Er ions.
Miniature amplifiers show optimum gain performance if the Er is homogeneously
distributed. This can be achieved using ion implantation.

Part Il of this thesis discusses the energy transfer processes occurring in Er
doped silicon. In Chapter 4 it is shown that Er in silicon can be excited by electron-
hole pair recombination in an impurity-Auger effect. The thus excited luminescence
at 1.54um is strongly quenched at temperatures above 100 K, mostly due to a non-
radiative backtransfer process that quenches the Er transition itself, and partly due
to a decrease in the Er excitation rate with increasing temperature. If the
luminescence quenching could be reduced, e.g. by impurity co-doping, it would
become possible to fabricate an electrically pumped Er doped waveguide amplifier.
In Chapter 5 all rate constants, activation energies, and rate limiting steps in the
Si:Er system are determined by fitting a rate equation model to three sets of
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temperature dependent measurements. It is found that at temperatures above 100 K
the backtransfer process generates a bound exciton in Si, which, if followed by
exciton dissociation leads to the generation of electrical carriers that can be
collected as a photocurrent. This process has an efficiency of 70% at room
temperature. The backtransfer quenching process can therefore also be used in an
advantageous way: it enables the fabrication of an Er doped photo-detector in a Si
waveguide operating at 1.594n. In Chapter 6 it is shown that the performance of
such a detector depends critically on the distribution of free carriers in the silicon
waveguide, as they can cause unwanted optical absorption. It is shown that an
infrared waveguide detector in Si based on an Er dgpadunction can operate

with an external quantum efficiency of 1@t room temperature, and suggestions

for further improvement are given.

Part 1ll of this thesis discusses the interaction between Er and silicon
nanocrystals embedded in SiOSi nanocrystals efficiently absorb visible light,
resulting in the generation of quantum confined electron-hole pairs. In Chapter 7 it
Is shown that the electron-hole pairs efficiently transfer energy to Er at a rate higher
than 16 s*. No energy backtransfer is observed, due to the large mismatch between
the nanocrystal bandgap energy and the Er transition energy. Due to the energy
transfer, the effective Er absorption cross section is five orders of magnitude larger
than for direct optical excitation. Silicon nanocrystals may thus be used to increase
the pumping efficiency of an Er doped waveguide amplifier. In Chapter 8 it is
shown that a single nanocrystal can excite only ~1 Er ion at a time and that an
optical gain of 0.6 dB/cm may be achieved in a typical nanocrystal sensitized
waveguide amplifier. Due to the broad absorption band of Si nanocrystals, a broad
band light source can be used as pump source in such a nanocrystal sensitized Er
doped waveguide amplifier. Transmission measurements on such a nanocrystal
waveguide structure are presented in Chapter 9, and it is concluded that optical gain
at 1.53um may be achieved in a 1 cm long nanocrystal doped waveguide amplifier
at a pump power as low as 1 mW, provided that the Er concentration is kept below
~1 Er ion per nanocrystal.



Samenvatting

Vandaag de dag wordt meer en meer informatie verstuurd via internet. Het
uitwisselen van muziek, foto's, programmatuur, wetenschappelijke artikelen en zelfs
complete films wordt door steeds meer mensen gezien als een vanzelfsprekendheid.
Door de ongeremde groei van het gebruik van internet neemt de belasting van
telecommunicatie-netwerken sterk toe. Dit probleem wordt ondervangen door het
gebruik van glasvezelverbindingen, waarmee informatie wordt overgedragen in de
vorm van licht. Door de hoge frequentie van licht kunnen grote hoeveelheden
informatie verzonden worden, tot boven dé?lits per seconde in één glasvezel.

Voor het benutten van deze techniek zijn diverse optische componenten nodig,
zoals bijvoorbeeld lasers, detectoren, en lichtversterkers. Dit proefschrift beschrijft
onderzoek naar materialen die gebruikt kunnen worden in geintegreerde optische
schakelingen voor licht met een golflengte van jurf, een van de standaard
golflengtes in de telecommunicatie. Daarbij is gekozen voor materialen die gebruikt
kunnen worden in combinatie met silicium, het materiaal waaruit computer chips
worden vervaardigd.

In deel | worden materialen besproken die kunnen worden gebruikt voor het
versterken van licht. Dit kan worden bereikt door optisch actieve erbium (Er) ionen
op te lossen in lichtgeleiders die gemaakt zijn van aluminium oxide. Erbium ionen
kunnen in een aangeslagen toestand gebracht worden door ze optisch te ‘pompen’
met een laser. Het aangeslagen erbium kan vervolgens licht uitzenden met een
golflengte van 1.54um. Deze emissie wordt gebruikt voor lichtversterking. In
hoofdstuk 2 worden alle parameters die van belang zijn voor het ontwerpen van
miniatuur optische versterkers besproken. Ook wordt een overzicht gegeven van de
tot op heden vervaardigde versterkers.

Om een zo groot mogelijke versterking te behalen, is het belangrijk om zoveel
mogelijk erbium in de aangeslagen toestand te brengen. Wanneer de erbium
concentratie te hoog is kunnen aangeslagen erbium ionen energie uitwisselen. In dit
proces valt één erbium ion terug naar de grondtoestand, wat nadelig is voor de
versterking. Om dit effect te minimaliseren is het essentieel dat de erbium ionen zo
homogeen mogelijk over het materiaal verdeeld worden. Zoals in hoofdstuk 3 blijkt,
is dit te realiseren met behulp van ionen implantatie. Een veel simpeler sputter
proces leidt niet tot het gewenste resultaat.

In deel Il wordt het oplossen van erbium in silicium bestudeerd. Silicium is
een ideaal materiaal voor de fabricage van zeer kleine lichtschakelingen. In
hoofdstuk 4 wordt aangetoond dat elektronen in silicium erbium kunnen aanslaan
wanneer zij recombineren met gaten (onbezette elektron-toestanden). Dit effect zou
kunnen worden gebruikt voor het vervaardigen van een elektrisch aangedreven
lichtversterker in silicium. Helaas is dit proces alleen efficient bij temperaturen
beneden de -200 °C. In Hoofdstuk 5 worden daarom alle processen die van belang
zijn in de energie-overdracht tussen silicium en erbium in detail bestudeerd. Daarbij
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blijkt zeer verrassend dat het omgekeerde proces ook mogelijk is: aangeslagen
erbium kan energie overdragen aan silicium en een elektron vrij maken. Het
rendement van dit proces is 70% bij 25 °C. Zo wordt het mogelijk in een silicium
lichtgeleider een lichtdetector te maken die gevoelig is voor licht met een golflengte
van 1.54 ym. In hoofdstuk 6 wordt een dergelijke detector beschreven, en
berekeningen laten zien dat een rendement beter dhhdalbaar is.

Deel Ill focusseert op een samengesteld materiaal, dat eigenschappen van een
isolerend materiaal (silicium oxide) en silicium combineert. In het silicium oxide
worden met behulp van ionen implantatie silicium kristallen met een diameter van
enkele nanometers (fOm) vervaardigd. Deze nanokristallen kunnen veel
efficienter licht absorberen dan erbium. In hoofdstukken 7 en 8 wordt aangetoond
dat wanneer in dit materiaal materiaal erbium wordt opgelost, de nanokristallen
efficient hun energie overdragen aan het erbium. Het omgekeerde proces, dat in
puur silicium (deel 1) het maken van een versterker bemoeilijkt, treedt in dit
composiet materiaal niet op. Verder wordt aangetoond dat per nanokristal slechts
één erbium ion kan worden aangeslagen, een belangrijk gegeven voor het realiseren
van een lichtversterker. In hoofdstuk 9 wordt een lichtgeleider bestudeerd die
gebaseerd is op dit materiaal. Het blijkt dat een dergelijke lichtversterker kan
werken bij zeer lage pompvermogens, en dat voor het pompen een eenvoudige
lichtbron gebruikt kan worden.
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