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ABSTRACT

LOW DIMENSIONAL STRUCTURES FOR OPTICAL
AND ELECTRICAL APPLICATIONS

Imran Akca
M.S. in Physics
Supervisor: Prof. Dr. Atilla Aydinh
July, 2008

Low dimensional structures such as quantum dots have been particularly attrac-
tive because of their fundamental physical properties and their potential appli-
cations in various devices in integrated optics and microelectronics. This thesis
presents optical and electrical applications of low dimensional structures. For this
purpose we have studied silicon and germanium nanocrystals for flash memory

applications and InAs quantum dots for optical modulators.

As a quantum dot, nanocrystals can be used as storage media for carriers in
flash memories. Performance of a nanocrystal memory device can be expressed in
terms of write/erase speed, carrier retention time and cycling durability. Charge
and discharge dynamics of PECVD grown nanocrystals were studied. Electron
and hole charge and discharge currents were observed to differ significantly and
strongly depend on annealing conditions chosen for the formation of nanocrystals.
Our experimental results revealed that, discharge currents were dominated by the
interface layer acting as a quantum well for holes and route for direct tunneling
for electrons.

On the other hand, possibility of obtaining quantum dots with enhanced
electro-optic and/or electro-absorption coefficients makes them attractive for use
in light modulation. Therefore, waveguides of multilayer InAs quantum dots
were studied. Electro-optic measurements were conducted at 1.5 pm and clear
Fabry-Perot resonances were obtained. The voltage dependent Fabry-Perot mea-
surements revealed that 6 V was sufficient for full on/off modulation. Electro-
absorption measurements were conducted at both 1.3 and 1.5 um. Since the
structure lases at 1285 nm, high absorption values at 1309 nm were obtained.
The absorption spectrum of the samples was also studied under applied elec-

tric field. Absorption spectra of all samples shift to lower photon energies with
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increasing electric field.

Keywords: Silicon nanocrystals, Germanium nanocrystals, nonvolatile memories,
quantum dots, electro-optic modulation, electro-absorption modulation, optical
waveguides.



OZET

DUSUK BOYUTLU YAPILARIN ELEKTIRIK VE
OPTIK UYGULAMALARI

Imran Akca
Fizik Bolimii, Yiksek Lisans
Tez Yoneticisi: Prof. Dr. Atilla Aydinh
Temmuz, 2008

Kuvantum nokta gibi diigiik boyutlu yapilar, sahip olduklari fiziksel 6zellikleri,
optik ve mikro-elektronikteki genig uygulama alanlari ile oldukea ilgi cekmektedir.
Bu tezde diigik boyutlu yapilarin optik ve elektrikteki uygulamalarindan
bahsedilmektedir. Bu amagla silikon ve germanyum nanokristal iceren kalici
hafizalara ve InAs kuvantum nokta iceren optik kipleyicilere yonelik ¢aligmalar
yapilmigtir.

Aslinda birer kuvantum nokta olan nanokristaller yiik depolayabildikleri i¢in
kalici hafiza olarak da kullanilabilmeleri olasidir. Nanokristal belleklerin per-
formans1 yazma/silme hizi, yiikk tutma siires1 ve devir siiresi ile belirlenmekte-
dir. PECVD metodu ile iiretilen nanokristalerin garj ve desarj ozellikleri ince-
lenmistir. Elektron ve degiklerin sarj, desarj akimlarimin pigirme sicakliklarina
bagl olarak birbirinden farklilik gosterdigi gozlemlenmistir. Deney sonuglarina
gore, degiklerin degarj akiminin kuvantum kuyusu gibi davranan ara yiiz tabakasi
tarafindan, elektronlarin degarj akiminin ise direk tiinelleme tarafindan saglandigi

gozlemlenmigtir.

Diger taraftan, kuvantum noktalarin yiiksek elektro-optik ve elektro-sogurma
katsayilarina sahip olma olasiliklari, bu malzemeleri 1g1g1n modiilasyonu acisindan
oldukca onemli kilmaktadir. Bu amacla, InAs kuvantum noktalar iceren
dalga kilavuzu yapilari uzerinde caligilmigtir. Elektro-optik ol¢iimleri 1.5 pm
dalga boyunda gergeklestirilmis ve Fabry-Perot rezonanslari elde edilmigtir.
Fabry-Perot ol¢timlerinin sonuglarina gore, 6 V icin 151k tamamen agilip ka-
patilabilmektedir. Elektro-sogurma olgiimleri 1.3 ve 1.5 pum dalga boylarinda
gerceklestirilmigtir. Kullanilan yapilar gercekte lazer olarak tasarlanmis ve 1285

nm’de 1s1yan yapilar olduklari igin en yiiksek sogurma degerleri 1309 nm’de
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elde edilmistir. Sogurma egrileri uygulanan gerilim altinda incelenmis ve artan
gerilimle beraber sogurma egrilerinin diisiik foton enerjilerine dogru kaydiklar:

gozlemlenmigtir.

Anahtar sézciikler: Silikon nanokristal, Germanyum nanokristal, kalici hafiza,
kuvantum nokta, elektro-optik modiilasyon, elektro-sogurma modiilasyon, optik
dalga kilavuzlar .
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Chapter 1

Introduction

1.1 Fundamentals of Nanoparticles

Nanoparticles are zero-dimensional structures with a diameter varying between
one to few hundreds of nanometers. When the dimensions of the material are
scaled down to nanometer range, the atomic and electronic structures may gain
some unique features which make the material favorable for many applications.
The properties of the nanoparticles are mostly size dependent. For small nanopar-
ticles, the properties vary and they are specific to each size. At large sizes,

nanoparticles would have the properties similar to bulk.

The main mechanism that triggers the unusual behavior of the nanoparticles
is quantum confinement. Quantum confinement model is based on the effective-
mass approximation theory. It is an inherent concept for all the low-dimensional
structures, such as quantum wells, quantum wires, and quantum dots, which

display confinement in 1, 2 and 3 dimensions, respectively.

Quantum confinement becomes effective when the particles dimensions are
comparable to exciton Bohr radius. According to the quantum confinement the-
ory, electrons in the conduction band and holes in the valence band are confined

spatially by the potential barrier. Bound states are formed in the quantum wells
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energies of which are determined by the potential of the barrier and the well width
as well as other material parameters. The case of the quantum dots represent the
ultimate confinement configuration with discrete energy states due to confinement
in all directions. The density of states also changes dramatically from the bulk
case, reducing along the direction of confinement and ultimately reaching atom
like discrete states. It is well known from basic quantum mechanics that as the
width of the spatial confinement decreases energy separation between the bound
states increases. Therefore, the energy that is required for the optical transition
from valence band to conduction band increases and as a result, effective band

gap increases relative to the bulk value [31].

Thus, quantum confinement model can also explain the blue shift of the lumi-
nescence spectrum with decreasing of the particle size. According to the model,
the emission wavelength and intensity depend on the nanoparticle diameter, size

distribution, and concentration.

Nanoparticles can be amorphous or crystalline and when they are crystalline
they are called as nanocrystals. In this thesis, we will mainly concentrate on

silicon nanocrystals (Si-nc) and germanium nanocrystals (Ge-nc).

1.1.1 Silicon and Germanium Nanocrystals

Silicon is the material of choice in the microelectronic industry. This remarkable
success is due to various factors such as the wide availability of silicon and its
good thermal and mechanical properties that make it easy to manufacture silicon
based devices. On the other hand, silicon has an indirect band-gap structure that

limits the optical emission and hence modulation.

Porous silicon was the first material that has been reported to display an
intense photoluminescence [8]. After that, Si-ncs have become popular for their
relatively high quality of luminescence efficiency properties. The luminescence of
Si nanocrystals has been studied in single layer and multi layer structures and

relatively high efficient electroluminescence (EL) values were obtained [9)].
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Si-ncs and Ge-ncs may have a radii close to or smaller than the exciton Bohr
radius. Once the diameter becomes smaller than the exciton radius, the energy
levels in the particle become quantized and the transitions are locked into specific
energy states. The term silicon nanocrystal refers to a range of materials around
the transition region from amorphous to microcrystalline phase in the silicon thin
film. It is similar to amorphous silicon (a-Si) but it has many useful advantages
over the a-Si in the extreme limit of small size. First, if grown properly it can
have a higher electron mobility. Second, it shows increased absorption in the red
and infrared wavelengths, which makes it an important material for use in solar

cells. Third, it has lower hydrogen concentration.

Ge-ncs have smaller band gap compared to silicon. Therefore, Ge-ncs are
thought to be better suited for data retention operations than Si-ncs in non

volatile memory applications.

There is a impressive number of papers in the literature reporting that pho-
tonic excitation of Si-ncs and Ge-ncs induces a strong luminescence [15, 38]. Typ-
ically, the luminescence spectrum covers the visible and the near-infra red regions,
from 600 nm to 1000 nm. The physical mechanisms associated with luminescence
is still controversial. Different models have been proposed to explain both the
intense luminescence and the higher photon energy. The quantum confinement
model is widely used to explain experimental results. Due to the quantum con-
finement effect, the luminescence spectrum of the nanocrystals shifts to lower
photon energies (blue shift) with decrease of the nanocrystal size, and enhanced

emission is observed.

According to quantum confinement model, the energy that is required for the
emission of a photon, depends on the nanocrystal size. Brus et.al proposed an
analytical model to relate the quantum confinement effect and confinement radius
in nanocrystals. When the higher order terms are neglected, the relationship

between the energy and size is given as [5]:

(1.1)

1.8¢2  h*r? 1
Eyne = Egpur — < >

R T 2UR? O\ B
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where E, nco is the lowest eigenvalue for the confined exciton, Eypuy is the
bulk material bandgap, u is the reduced mass of the electron-hole pair, and R is
the radius of the nanocrystal . The factor 1.8 that appears in Coulomb attraction

term accounts for the overlap of electron and hole wave functions.

Several different techniques have been used to produce Si-nc and Ge-ncs such
as: plasma enhanced chemical vapour deposition (PECVD) [20], sputtering depo-
sition [47], pulsed laser deposition (PLD) [48], physical vapour deposition (PVD)
[52], ion implantation [13], all followed by thermal annealing. Extensive studies
have been carried out to better understand the basic mechanisms of nanocrystal
production and growth. Experimental PL and EL emission from these nanocrys-
tals typically depend on both the nanocrystal size as well as the size distribution

of these nanocrystals.

Si and Ge nanocrystal based devices become popular after the realization of
unique properties of the nanocrystals. Si-nc and Ge-nc based photoluminescent
displays, light emitting diodes (LED), optical waveguides and non-volatile mem-

ories have been extensively studied.

Meldrum et al. have been active in the area of Si-nc array photoluminescent
displays. They have fabricated Fabry-Perot microcavity resonators by growing
a silicon rich oxide (SRO) layer between two silver films of 200 nm and 20 nm,
followed by annealing at 500 °C'. A HeCd laser emitting at 325 nm was used
for the PL excitation. By varying the SRO layer thickness, they tuned the light
emission in the range from 475 nm to 875 nm, covering most of the visible region.
The emitted light was bright enough to be recordable by means of a digital camera
[32].

Enhanced light emission of the Si-ncs triggered the research on Si-nc based
light emitting diodes and a huge number of article has been published on this
topic [14, 21]. The first reported result on the fabrication of Si-nc based LEDs
was obtained with porous n-doped silicon. A thin (12 nm) gold layer was used
for the contact. In 1996, Hirschman et al. published possibly the first attempt to
integrate a Si-nc (PS) LED with microelectronic circuit [14]. In their work, they

used a bipolar transistor to modulate light emission in controlling the current
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flow through the LED. The most efficient Si-nc based LED has been obtained by
Cho and co-workers who reported an external quantum efficiency of 1.6% [21].
The Si-nc were produced in a silicon nitride layer by PECVD and was sandwiched

between n-type SiC and p-type Si.

In an effort to further improve the current status of the flash memories many
approaches are under study including the use of nanocrystals. Nanocrystal based
non volatile memories is therefore a popular topic among the others. The charge,
discharge and retention dynamics of the Si-ncs memories are being studied and
the obtained results are promising. In the first part of this thesis, we study
the electrical properties of semiconducting nanocrystal based MOS capacitors in
order to understand their charge and dischage characteristics. This work is a
good example of an electrical application of low dimensional structures in the

form of nanocrystals.

1.1.2 Quantum Dots

One of the major problems involved in nanocrystal research is the inhomogeneity
of the particles which causes inhomogeneous broadening effects in the PL and EL
spectrum. This problem can be minimized by preparing uniform nanoparticles

in the form of quantum wells, wires, or dots.

Quantum dot is a zero dimensional structure which is spatially confined in
three dimensions and is characterized by a completely discrete energy spectrum.
Such structures can be produced by modern epitaxial growth techniques. The
epitaxial growth techniques have a very slow growth rate, which allow one to
control very accurately the dimension in the growth directions. The well known
epitaxial growth techniques of molecular beam epitaxy (MBE) and metal organic
chemical vapor deposition (MOCVD) achieve monolayer control in the growth

direction.

The Stranski-Krastanov growth mechanism is used to explain formation of
self-assembled quantum dots in MBE and MOCVD systems. In this method,
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the lattice mismatch between substrate and the deposited material results in
strain in the crystal lattice. As more material is deposited, it eventually be-
comes energetically more favorable for the material to form islands. As a result,
three-dimensional islands are formed rather than a uniform film. Density and
size of these quantum dots can be controlled using computer controlled growth

conditions.

This thesis is concerned specifically with the InAs/InGaAs combination. The
lattice constant of InAs is approximately 7% greater than the lattice constant
of InGaAs. When InAs is deposited on InGaAs layer, significant strain develops
at the interface. Beyond a critical thickness of InAs, the growth mode changes
from layer-by-layer growth to the formation of three-dimensional islands. When
the InAs islands are capped with a second layer of InGaAs, the islands form
three dimensional potential wells, known as self assembled quantum dots. These
quantum dots typically have base sizes of 10 nm, but much less is known about

their physical size, shape and composition.

Quantum dots are particularly significant for optical applications due to their
theoretically high quantum yield. They are specifically intented for use in quan-
tum computing, laser, light emitting diodes, and photovoltaic devices. The quan-

tum dot lasers will be discussed in this section.

Semiconductor lasers are key components in optical communications. The
basis of laser operation depends on the creation of nonequilibrium populations of
electrons and holes. In 1970, C. Henry proposed that, using quantum wells as the
active layers in a laser would result in more efficient devices operating at lower
threshold currents than lasers with bulk active layers. In addition, the use of a
quantum well, provides the tuning capability of the wavelength. In 1975, the first
quantum well laser was demonstrated, but it was many times less efficient than
a conventional laser. After the realization of new materials growth capabilities

(MBE), more efficient structures have been fabricated.

Quantum dots were the promising materials for lasers. Arakawa and Sakaki
predicted that quantum dot lasers should exhibit less temperature dependent

performance than existing semiconductor lasers [4]. Other benefits of quantum
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dot active layers include further reduction in threshold currents and an increase in
differential gain. Thus, quantum dot lasers with high quality, uniform quantum

dots in the active layer have become popular.

Fiore et al. have worked on InAs/GaAs quantum dot lasers and obtained
high gain values for these structures [16]. They built InAs quantum dot based
quantum dot laser lasing at 1280 nm using a ridge waveguide structure. The
quantum dots were sandwiched between a p-type and an n-type layer to form a
p-n junction. Quantum dot lasers were studied under forward bias. However,
little is known on the reverse biased characteristics of these structures. In the
second part of this thesis, we report the electro-optical properties of these InAs

quantum dots for possible use in optical modulators.

1.2 Thesis Outline

This thesis presents optical and electrical applications of low dimensional struc-

tures. The chapters are organized as follows:

In Chapter 2, we discuss the design, fabrication, and characterization of
silicon and germanium nanocrystal layers made by plasma enhanced chemi-
cal vapor deposition. Photoluminescence, raman scattering, transmission elec-
tron microscopy, and ellipsometry measurements are used for characterization of
nanocrystals. Moreover, the effects of the nanocrystal size, density and anneal-
ing temperature and time on the photoluminescence are studied. Finally, the

fabrication of Si-nc and Ge-nc MOS capacitors are presented.

In Chapter 3, the modelling of the charging and discharging mechanism of
silicon and germanium nanocrystal MOS capacitors are studied. These devices
are silicon and germanium nanocrystal floating gate MOS capacitors designed
to correlate the optical properties of silicon and germanium nanocrystals to the
charging and discharging mechanisms. We use the model that we proposed earlier,
which assumes charge storage in quantized energy levels of nanocrystal instead

of deep traps.
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In Chapter 4, charge and discharge measurements of nanocrystal MOS capac-
itors are explained and results are given. Electron and hole charge and discharge
dynamics are studied. Electron and hole charge and discharge currents are ob-
served to differ significantly and depend strongly on annealing conditions chosen
for the formation of nanocrystals. At low annealing temperatures, holes are seen
to charge slower but to escape faster than electrons. They discharge slower than
electrons when annealing temperatures are raised. We demonstrate that discharge
currents are dominated by the interface layer acting as a quantum well for holes

and by direct tunneling for electrons.

Chapter 5 describes the electro-absorption and electro-optical properties of
InAs quantum dot waveguide structures under an applied electric field. After
giving the definition of electro-optic and electro-absorption effects, the test de-
vices are described in detail. The electrical and optical characterization of the
structures are explained and the measurement set-up is given. For electro-optic
measurements, the Fabry-Perot Interferometer method is used and the voltage
dependent Fabry-Perot resonances are obtained. The experimental results are fit-
ted to well known Fabry-Perot transmission formula and electro-optic coefficient
for InAs quantum dots is obtained. The results reveal that enhanced electro-
optic coefficient is obtained for InAs quantum dot based ridge optical waveguides
compared to bulk GaAs. For electro-absorption measurements, optical transmis-
sion experiments are conducted under varying voltages. The results indicate that
with increasing voltage change in absorption increases and absorption edge shifts
to lower photon energies. The electro-optical and the electro-absorption demon-

strates that InAs quantum dots are good candidates for modulator applications.

In Chapter 6, a brief summary of the performed studies and the conclusions

reached are given and future directions for research in these topics are suggested.



Chapter 2

Silicon and Germanium
Nanocrystal MOS Capacitors for
Memory Applications

2.1 Introduction

Recently, nonvolatile memory devices utilizing nanocrystals in floating gate de-
vices have received considerable attention due to their promising memory perfor-
mance and high scalability. In nanocrystal memory devices, nanocrystals such
as semiconductors [39], metals [23], and compound semiconductors [51] are sand-
wiched between the control oxide and the tunneling oxide layers as charge storage
nodes to replace the continuous floating gate layer which are used in conventional

memories.

The nonvolatile Si-nc and Ge-nc memories have been extensively studied. A
complete review of the literature exceeds the scope of this thesis, so we will
briefly review some general features reported in the literature focusing especially

on charge and discharge dynamics of carriers in nanocrystal memories.
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Busseret et al. have studied nonvolatile memory devices, which were basi-
cally MOS capacitors. The polysilicon floating gate was replaced by LPCVD
grown Si-ncs where nanocrystals acts as storage node. They showed that the ap-
proach of De Salvo on charge and discharge dynamics of the nanocrystals is not
completely appropriate for experimental observations. They proposed a so-called
granular model in which electrons interact with the nanocrystals one by one.
The experimental results indicated that charge dynamics of Si-ncs were related
to the number of Si-ncs occupied by one charge and not to the average number

of charges per Si-nc [6].

Campera and Iannaccone have studied the charging and discharging processes
in Si-nc flash memories during write/erase operations. As a result of the exper-
imental studies and numerical simulations, they have shown that electrons are
stored in quantum confined states in the nanocrystal conduction band. They
have also focused on the effect of hydrogen annealing on the role of traps in the

nanocrystals during charging and discharging mechanisms [7].

Yang et al. have observed the charge trapping and retention in Ge-ncs. For
this purpose, a MOS structure with Ge-ncs distributed in the gate oxide was
fabricated. Ge-ncs were synthesized using the low-energy Ge ion implantation
which was followed by a thermal annealing at 800 °C'. They have observed that,
electron trapping had occurred at both negative and positive charging voltages,
on the other hand holes were trapped at only positive charging voltages. The

retention time of the electrons are long in the case of positive charging [29].

She et al. have studied the write/erase speed of Ge-nc memory devices. By
using single-charge tunneling theory, they have proposed a model to describe
the retention. The effects of nanocrystal size, tunnel-oxide thickness, and high-k
tunnel material on the device performance were studied. They have shown that
Ge-nc memory devices could provide at least 10° times larger retention-time to
write-time ratio than conventional floating-gate devices. They have proposed
that the device performance could be enhanced using high-k, and low barrier

tunel materials [44].
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Koh et al. have worked on effects of traps on charge and discharge mecha-
nisms of Ge-nc memories. Transistor and capacitor structures with Ge-ncs were
fabricated to study the trap energy levels. Temperature dependent measurements
were conducted to observe the effect of the traps on Ge-nc charging dynamics.
Nanocrystal size and the trap energy-level relationship for a long-term charge

retention performance was extracted from simulation results [22].

Sousa et al. have presented electron- and hole-based data storage operations
in Si;_,-Ge, nanocrystal nonvolatile memories. Due to the lower confinement
barrier, electrons are removed much faster than holes which makes holes more
appropriate for long charge retention operations. The only disadvantage of the
hole-based operation was slower data programming in comparison to electrons.
Additionally, they have observed that that the increase of Ge composition reduces

the electron retention time [12].

Kanoun et al. have investigated the charging effects in Ge-ncs embedded
in 510y matrix fabricated by LPCVD technique. They have used capacitance-
voltage (CV) and currentvoltage (IV) analysis. In C-V measurements, a hysteresis
was observed which indicates that holes are charging in the Ge islands. Different
ramp times were used in C-V measurements to demonstrate the hole charging
is the origin of the transient current. I-V measurements have demonstrated the

charging effects and hysteresis was observed only at low temperatures [28].

Despite all of the above, charge and discharge characteristics of nanocrystal
and where the charges are stored are not well known. We, therefore, in this thesis
study the charge and discharge characteristics of nanocrystals and explore the
possibility of charge storage in the quantized levels of the nanocrystals. Effects
of high temperature annealing on the performance of the nanocrystal based MOS

capacitors are also presented.
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2.2 Experimental

2.2.1 Preparation of Germanium Nanocrystals

PECVD Deposition

Plasma-enhanced chemical vapor deposition (PECVD) is a technique com-
monly used in micro-fabrication to deposit layers of insulating materials and
amorphous or polycrystalline silicon. The plasma is used to help stimulate a
reaction on the substrate surface of two or more spices from the gas phase. The
major advantage of PECVD is, its lower temperature capability with respect to
other systems, such as conventional CVD. For example, for silicon deposition in
a CVD system , the required temperature is 700-900 °C', on the other hand, this
value decreases to 250-350 °C' in a PECVD system. The schematic representation
of a PECVD system is given in Figure 2.1.
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Figure 2.1: Plama enhanced chemical vapor deposition mechanism.

The germanosilicate films were grown using a parallel-plate type PECVD
reactor (Plasmalab 8510C). 180 scem SiHy (2% in Na), 225 scem N O, and varying
flow rates of GeH, (2% in He) were used. The sample temperature and process
pressure were 350 °C'; 1000 mTorr, respectively. 10 W of RF power was applied
during the deposition. After deposition, germaniumsilicate films were annealed

at high temperature in order to provide phase seperation between oxide and
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germanium.
Annealing

In Ge-nc formation processes, typical temperatures for nanocrystal formation
vary between 600-800 °C'. Therefore, the PECVD grown germanosilicate films
were annealed at temperatures ranging from 650 to 850 °C' for duration of 5 min-
utes under nitrogen environment. Since Ge diffuses into SiO, very fast, even at
relatively low temperatures Ge-ncs are easily formed by diffusion. At high tem-
peratures and low annealing times it may also diffuse to the interface. Presence
of Ge at the interface creates an interface layer, which has to be considered in

the analysis of flash memories.
Characterization

The PECVD grown germanosilicate films were characterized using transmis-

sion electron microscopy (TEM).

Transmission electron microscopy (TEM) images of a multilayered Ge-nc sam-
ple show the formation of nanocrystals as a function of annealing temperature as
seen in Figure 2.2. The layers contain increasing amounts of Ge in layers away
from the silicon substrate. The nanocrystals are clearly seen as black spots on
the image, with their nearly spherical shape and uniform size. Using TEM data,
the size of the nanocrystals were estimated. The nanocrystal diameter increases

nonlinearly from 2.5 nm to 7.4 nm as the annealing temperature is increased from

650 °C' to 850 °C'.

TEM data provide us the information on processing parameters to obtain Ge

nanocsrytals.

2.2.2 Preparation of Silicon Nanocrystals

PECVD Deposition

In PECVD, SiH, and NO, gases are used for the deposition of silicon dioxide
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20 nm

Figure 2.2: Formation of Ge NCs as a function of anneal temperature and GeH,
flow rate as observed by TEM. Multi-layer structures of germanosilicate with flow
rates of 120, 110, 100 and 90 sccm are seen away from the substrate (bottom to
top) after annealing at a) 650 °C, b) 770 °C, and c¢) 850 °C' for 5 minutes.

thin films. For silicon nitride thin film deposition, SiHjand N Hj gases are used.
Stoichiometry of the film can be controlled by the relative flow rates of the two
gases used during deposition. Excess Si content in the oxide and nitride thin films
is adjusted by controlling of the flow rates of the source gases (SiHy, NoO, and
NH;3).

We deposited Si-rich silicon dioxide or Si-rich silicon nitride films by using
PECVD method (Plasmalab 8510C). Si-rich silicon dioxide films were grown using
200 scem SiHy (2% in Ny), 8 scem NO,, at a sample temperature of 250 °C, a
process pressure of 1000 mTorr under and an applied RF power of 10 W. For
Si-rich silicon nitride films the flow rate of 350 sccm for SiHy, and 10 scem for
N Hs were used. All other fabrication conditions were same. After the deposition,
the Si0, film was annealed at high temperature, causing the phase separation

between Si and Si0, with the formation of Si-ncs.
Annealing

The high temperature annealing was done using alumina ovens with the am-
bient gas of Ny. The annealing temperatures ranging from 1100-1200 °C' and
annealing durations varying between 1 to 2 hours were studied. Although sili-

con nitride films were not annealed at high temperatures, Si-nc formation was
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observed possibly due to high stress content of the PECVD grown nitride films.
The density and size distribution of Si-ncs can be controlled by silicon content
(with SiH,4 flow rate) and annealing temperature (for Si0O, films). The change in
the Si-nc size can be observed in photoluminescence (PL) measurements, if the
PL peak shifts to lower photon energies, this means Si-nc size gets larger and vice

versa.
Characterization

For characterization of silicon nanocrystals, photoluminescence (PL) and el-

lipsometry methods were used.

There are many process parameters that effect the luminescence spectrum of
the PECVD grown Si-ncs. These effects can be listed as nanocrystal size and
distribution, annealing temperature, time, and atmosphere. By using the PL set-
up, given in the Figure 2.3, we have investigated these effects on Si-rich silicon
oxide and nitride films.
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Figure 2.3: Experimental set-up of the photoluminescence

The experimental setup that is used to take PL data uses the 632 nm line of a

He-Ne laser or 514.5 nm or 488 nm of an Ar+ laser as the excitation source. The
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sample is illuminated using a cylindrical lens for a line focus to minimize sample
heating. Photoexcited luminescence is collected by a collection lens corrected
for spherical aberrations and F number matched to a double monochromator. A

GaAs based photomultiplier was used in the photon counting mode to record the

data.

The luminescence intensity depends on the amount of excess Si concentration.
Luminescence intensity is maximum for a concentration of Si in excess equal to
30% of the SiO, concentration. When a larger concentration of Si is added,
the luminescence signal decreases with the Si concentration. The position of the

luminescence peak also red shifts with increasing Si concentration as can be seen

from Figure 2.4.
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Figure 2.4: Effect of Si concentration on the photoluminescence. Si rich silicon
nitride films with varying N H3 flow rates were investigated. Note that the redshift
in photoluminesce curve with increasing Si concentration.

The size of the Si-ncs were controlled by the flow rate of the N H3 gas. Instead
of varying the flow rate of SiH,, we used a fixed SiH, value of 350 sccm and
changed the flow rate of NH3z between 3 to 15 sccm. An increase in N Hz flow
rate can be considered as similar to a decrease in SiH, flow rate. For 3 sccm of
N Hj, the position of the PL peak was at about 750 nm, and this value decreased
to 600 nm when the concentration of the gas reached to 15 sccm. This means the

size of the Si-ncs get smaller as the N Hj3 flow rates increase.
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These observations can be understood within the quantum confinement model
of nanocrystals since increasing Si concentrations (indicated by decreasing N Hj
flow rates) lead to formation of larger nanocrystals. Energy separation between
the bound states decreases as the nanocrystal size increases leading to red shift
of the observed luminescence. For us, this is a signature for the presence of Si
nanocrystals allowing us to optimize the growth conditions of the layers to be

used in the MOS capacitor structures

On the other hand, the Si-nc formation mechanism in Si0Oy matrix layer
requires a thermal activation temperature greater than 900 °C' which is stated
by Li et al [26]. This feature suggests a growth mechanism which promotes the
clustering of small Si-nc into larger Si-nc under high temperature annealing. This
process is called Ostwald ripening, which is a spontaneous process that occurs
because larger crystals are more energetically favored than smaller crystals. This
mechanism proposes that the smaller sized Si clusters act as a source for the
bigger sized clusters. As a result, disappearance of small Si clusters leads to the

formation of larger sized Si nanocrystals.

Moreover annealing at high temperature can eliminate most of the defects
that are formed during growth mechanism. The luminescence intensity grows as
the annealing time increases and also large Si-ncs can be formed by increasing
the annealing time. The annealing temperature and time were scanned for Si-ncs

in silicon dioxide matrix. The results are given in Figure 2.5.

The Si-rich silicon dioxide films in Figure 2.5 were prepared using 200 sccm of
StH, and 8 scem of NoO at 350 °C'. The minimum PL signal was obtained from
as grown films as expected. For 1200 °C' the PL peak shifted toward the lower
photon energies which is a direct result of clustering of small Si-ncs into larger
Si-ncs. The annealing time slightly changed the PL spectrum. For the samples
that were annealed at 1100 °C, 2 hours of annealing resulted in a redshift in the
PL which supports the formation of large Si-ncs by increased annealing time. The
optimum temperature and time were obtained as 1200 °C' and 1 hour, respectively

for Si-rich silicon dioxide films.

The choice of annealing environment (N,, Ar, air, Hy) can drastically affect
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Figure 2.5: Effect of annealing temperature and time on the photoluminescence.
Annealed and unannealed Si rich silicon dioxide films were used for this experi-
ment. The PL curve is maximum for 1200 °C' and 1 hour annealing conditions.

the shape and the intensity of the luminescence emission spectra [50]. The ambi-
ent gas during annealing can be used for passivation of the samples. In hydrogen
environment, luminescence can increase by as much as one order of magnitude
(11). This increase in luminescence is attributed to the termination of dangling
bonds by hydrogen atoms which are responsible for non-radiative recombination.
Passivation can also induce a blueshift or a redshift of the PL spectrum. This data
is indicative of the presence of Si nanocrystals and their size which is important

in the design and fabrication of Si nanocrystal based MOS capacitors.

Optical ellipsometry was used to determine the optical properties (refractive
index and extinction coefficient) of Si-ncs layers in the wavelength range from 400

to 1000 nm. The experimental set-up is given in Figure 2.6.

The ellipsometer is a commercial device made by Wollam Inc. It is a variable
angle spectroscopic device capable of taking data in a wide range of incidence

angles as well as wavelengths.
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Figure 2.6: Set-up for ellipsometry measurements.

Tauc-Lorentz dispersion model was used to describe the Si-ncs optical proper-
ties. It is based on the determination of the imaginary part, €5 , of the dielectric
function. The energy dependence of €5 is modeled as the product of the Tauc

joint density of states with a Lorentz oscillator [3]:

1 AEyC(E—Eg)®
& (E) = B (£2-£3) +C 2 Jorkr> Eqy (2.1)
0 otherwise

In this formula, only one oscillator is used. The parameters A, C, Ej represent
the amplitude and broadening of the oscillator and the peak transition energy,
respectively. E, is the optical band gap. The real part of the dielectric function

€1 is obtained by Kramers Kronig integration of ¢,.

For ellipsometric measurements, two sets of samples were prepared, one with
Si-rich silicon nitride and one with Si-rich silicon dioxide films. The optimum
sample thickness was determined as 250 nm to obtain a reasonably high PL
intensity and to avoid interference effects in ellipsometric measurements. The
effect of PECVD gas flow rates and annealing temperatures on optical properties

were studied by scanning each parameter.

Before ellipsometric studies, PL. measurements were conducted, and the sam-
ple that did not show any luminescence effect, was not considered for ellipsometric
measurements so that, the number of parameters were limited. The Si-rich silicon
dioxide films in Figure 2.6 were prepared using 200 sccm of SiH, and 8 sccm of

NOy at 350 °C. After ellipsometric measurements, the refractive index as high
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as 2.0 in the UV was obtained for Si-rich nitride films, and 1.8 for annealed Si-
rich oxide films. For comparison, the refractive index of what is considered as
the stoichiometric silicon dioxide and silicon nitride films were also measured and
refractive index values of 1.45 for silicon dioxide and 1.7 for silicon nitride films
were obtained at 800 nm. The change in refractive index of Si-rich oxide films

with annealing temperature and time is given in Figure 2.7.
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Figure 2.7: Ellipsometric study of Si-rich S1O, films with varying annealing tem-
peratures and times.

The refractive index of the unannealed sample was obtained as 1.62 at 800 nm.
This value increased with the increasing annealing temperature and reached to
1.81 for annealing at 1200 °C' for 2 hours. High temperature annealing triggers
the phase separation between Si and Si0O; and resulted in larger nanocrystal
formation. What was earlier a mixed matrix of SiO, laced with Si atoms is now
S1049 with clusters of Si nanocrystals. The sample that was annealed at 1200 °C’
for 2 hours had the highest refractive index value of 1.81. The effect of annealing
time become insignificant beyond a critical value, which may be considered as
the saturation of the phase separation between Si and SiOs. Again, the results of
ellipsometric studies are indicative of the formation of Si nanocrystals and allows

us to determine the growth conditions for the formation of Si nanocrystals.

The optical properties of Si-rich silicon nitride films prepared by using 350
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sccm of SiH, and varying flow rates of N Hj between 5 to 10 sccm were studied
using ellipsometry, and the refractive index change as a function of the wavelength

is given in Figure 2.8
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Figure 2.8: Refractive index values of Si-rich silicon nitride film between 500 and
1000 nm.

2.2.3 Fabrication of Nanocrystal MOS Capacitors

The memory devices used in this study were MOS capacitors with a trilayer
dielectric stack consisting of Si/Ge nanocrystals sandwiched between a tunneling
and a capping Si0, layers. The n and p-type Si substrates with a resistivity of
1-10 Qcm were cleaned by Piranha process followed by dipping in dilute HF for 1
min to remove the native oxide from the surface. Back side metalization was done
by 10 nm of Titanium (Ti) and 50 nm of gold (Au) evaporation. To have a high
quality ohmic contact, samples were subjected to rapid thermal annealing (RTA)
in forming gas (5 % Hs and 95 % N,) at 500 °C for an optimized annealing time of
60 s. Then, a tunneling oxide layer of thickness 4 nm was grown on Si substrate
by dry oxidation. The intermediate layer, containing of Si-ncs or Ge-ncs, was
then deposited by PECVD method as explained previously. The thickness of

the nanocrystal layer was 10 nm. The Si-rich silicondioxide and germanosilicate
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samples were then annealed in N, atmosphere in an alumina oven at 1200 °C
for 1 hour and between 650-850 °C' for 5 minutes, respectively. Finally, the top
oxide layer (20-25 nm thick) was deposited by PECVD method. After defining
the 1x1 mm capacitors by optical lithography, front side ohmic metalization was
done by 10 nm of Ti and 50 nm of Au evaporation. As a last step, the samples

were put into acetone solvent for lift-off process. The fabrication steps are given

Figure 2.9.
1.Native oxide 2.PECVD 3.Back-side 4. PR coating, masking,
removal by HF material metalization and UV expose
deposition and RTA
5. Development 10. Metalization 7. Lift-off

) Stoichiometric
- Silicon - Nanocrystal layer |:| Photo-resist |:| Ti/lAu |:| Silicon dioxide

Figure 2.9: Nanocrystal MOS fabrication fabrication steps.

In samples where it was desired to obtain a well controlled thickness gradient,
during PECVD material growth process, a glass barrier was placed over the silicon
substrate. This procedure was not applied to all samples, but for some of them
to observe the effect of film thickness on the storage and escape of electrons
and holes. Using this method, device optimization can be made very quickly for
PECVD grown devices. Schematic representation of this growth method is given

in Figure 2.10.
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Figure 2.10: (a) A glass barrier is placed over a part of the silicon substrate for
shielding the plasma. Under this barrier no material growth is observed. (b)
This figure illustrates the structure of the sample after PECVD gradient growth
method.



Chapter 3

Modelling of Nanocrystal MOS

Capacitors

3.1 Fundametals of MOS Capacitors

The nanocrystal memories that we have produced were basically metal-oxide-
semiconductor (MOS) capacitors. To understand the operation mechanism of
the nanocrystal flash memories, one has to know the operation mechanism of
MOS capacitors. A typical MOS structure with silicon nanocrystal floating gate

is given in Figure 3.1.

There are four different modes of operation for a MOS structure which are

accumulation, depletion, flat-band, and inversion.
Accumulation

Accumulation occurs when a voltage less than the flat-band voltage, Vg, is
applied. The negative charges on the gate attracts holes from the substrate to
the oxide-semiconductor interface. In the case of nanocrystal floating gate MOS
capacitors, the electrons inside the nanocrystals are detrapped and holes are

accumulated. Only a small amount of band bending is needed to build up the

24
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Figure 3.1: A MOS capacitor structure with Si-ncs are used as floating gate.

accumulation charge. The schematic illustration of charge transport and band-
diagram during the accumulation operation of Si-nc MOS capacitors is given in

Figure 3.2.
Depletion

Depletion occurs for positive voltages. When a positive voltage is applied to
the gate, the holes in the semiconductor close to the gate are repelled by the
positive charge on the gate, and they exit the device from bottom contact. They
leave behind a depleted region which is insulating due to the absence of mobile
carriers. The depletion layer width further increases with increasing gate voltage

until oxide breakdown occurs.

Deep depletion refers to widening of the depletion layer beyond its thermal
equilibrium width. Deep depletion can also occur in thin oxide MOS capacitors,
with oxide thickness less than 5 nm. In such devices an inversion layer cannot
form because minority carriers tunnel through the oxide to the gate electrode and

consequently, deep depletion occurs.

Inversion
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Figure 3.2: a)During accumulation, electrons detrapped from nanocrystals with
the applied positive gate voltage.b)

Inversion occurs at voltages beyond the threshold voltage. Negative charges
inside the substrate are attracted by the positive gate voltage and a negatively
charged inversion layer at the oxide-semiconductor interface is formed. In the
case of Si-nc MOS structures, electrons are trapped inside the nanocrystals. The
schematic representation of charge transport and band diagram during the inver-

sion operation of nanocrystal MOS capacitors is given in Figure 3.3
Flat-band

When there is no charge in the semiconductor, the energy band diagram be-
comes flat, this is referred as flat-band. The voltage separating the accumulation
and depletion regime is called as flat-band voltage, Vpp. The flat band voltage
is obtained when the applied gate voltage equals the work-function difference be-
tween the gate metal and the semiconductor. If there is also a fixed charge in
the oxide and/or at the oxide-silicon interface, the expression for the flat-band

voltage must be modified accordingly.
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Figure 3.3: During inversion electrons trapped inside the nanocrystals by applying
negative positive voltage to the gate electrode.

3.2 Basic Conduction Mechanisms for MOS Ca-

pacitors

Most amorphous insulators under an electric field show a range of nonlinear
current-voltage dependence, and can be interpreted based on certain conduction
mechanisms. The fundamental mechanisms in the description of the current-
voltage (I-V) characteristics of a MOS structure are Fowler-Nordheim (FN) and

direct tunneling.
Fowler-Nordheim Tunneling

FN tunneling has been studied extensively in MOS structures where it has
been shown to be the dominant current mechanism, especially for thick oxides (>
4 nm)) [42]. The basic idea is that quantum tunneling of carriers occurs through
a triangular potential barrier in the presence of a high electric field as shown in
Figure 3.4.

The barrier of the insulator is pulled down by the electric field and as a result

electron tunneling from the metal Fermi level into the oxide conduction band
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Figure 3.4: Schematic representation of the Fowler Nordheim tunneling under
high voltage. In here ®p barrier height, Er); metal Fermi level, Erg semicon-
ductor Fermi level, d,, oxide thickness, dpy tunneling distance, and V.. gate
voltage

becomes possible. To check whether the leading current mechanism in the device
is FN tunneling, I-V data is typically plotted as In(Jrpy/E?2,) - 1/E,;, a so-called
Fowler-Nordheim plot. FN tunneling is worked under high electric field, therefore
using the FN tunneling to in charge/discharge operations will result in defects or

carrier accumulation, and eventually breakdown occurs [42].
Direct Tunneling

In the simple case for oxide thickness smaller than 2 nm, direct tunneling
dominates, the electrons pass through the full oxide thickness and the gate current
is due to direct tunneling [19]. The graphical representation of direct tunneling

mechanism and corresponding band diagram is given in Figure 3.4.

Direct-tunneling regime enables fast and low voltage operations but is limited
by charge loss in the continuous floating gate. The probability of direct tunneling
is a very strong function of the width of the barrier that electron tunnels through
(oxide thickness in MOS devices).



CHAPTER 3. MODELLING OF NANOCRYSTAL MOS CAPACITORS 29

3.3 Fundamentals of Nanocrystal MOS capaci-

tor

In [27], it is assumed that, only nanocrystals are responsible for charge/storage
and a single electron is stored in a nanocrystal. Based on these assumptions

flat-band voltage shift can be written as:

n €oxl Tl
AVFB — q nc (tow + ox 7‘LC) ~ q ncvoxr (31)

ox 2696 €ox
where ¢ is the electronic charge, t,, is the total oxide thickness including
control and tunnel oxides, t,. is the average diameter of the nanocrystals, €’s are

the dielectric constants of respective materials.

To understand dynamical properties of memory elements, charging and dis-
charging currents must be calculated taking into account tunnelling through the
barrier for a given electric field within the tunnelling region. The currents also
depend on availability of initial and final states. Since there are many device
parameters that determine the charge-discharge currents, obtaining an analyti-
cal formula is difficult. Therefore, in the following charge, discharge and erase
currents are studied separately, and appropriate formulas are given whenever

possible.

3.3.1 Charging of Nanocrystal MOS capacitors

We try to model charging with the simplest approach. During the write cycle,
the device is in accumulation and initially there is no stored charge in the device.
In this case, the oxide field F,, will be determined by the gate voltage V.

approximately as Fo; o Viate/tor, Where t,, is the total oxide thickness.

For calculating the tunnelling current through a trapezoidal barrier, two limits
in terms of applied field can be used. High-field limit is occurred when the voltage

drop across the barrier is greater than the unperturbed barrier height. This results
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in the well known Fowler-Nordheim current. When the tunneling oxide is very
thin, the direct tunnelling limit is observed. In direct tunneling the voltage drop
across the barrier is smaller than the original barrier height. Since, low voltage
operation is desired in flash memory devices, we assume low fields and calculate
direct tunnelling currents for the charging case. In this case, the charging current

density becomes [17].

AF? Elouts BV2/?
J, = tox —(1 — (1 — lozttory3/2y = B 3.2
v, x exp[—(1 — ( i )7%) Fm] (3.2)

where A = ¢*my;/167*myeh, B = 24/8Mopq/3N0, Fiyp is the tunnel oxide field
during charging, m,, is the tunnel effective mass and Vg is the barrier height

between the oxide and the substrate.

The availability of the final states will determine the deposited actual charge.
Using a capture cross section per nanocrystal, this problem can be solved. The
differential charge deposited per unit area do in a time interval dr can be calcu-

lated as:

Ao = peDyyapde( Fron)dT (3.3)

where p. is the average capture cross section, and Dy, is the available density

of final states. The capture probability may depend on nanocrystal shape.

3.3.2 Discharging of Nanocrystal MOS Capacitors

During retention, the device is in depletion and V. = 0. If we assume that
the nanocrystal bound states are responsible for storage of carriers, the discharge
of the electrons occurs by tunnelling from the nanocrystal ground state to the
substrate, either by direct or trap assisted tunnelling. For the case of direct
tunnelling, the current density describing the discharge of the nanocrystals is

different than Eq. 3.2 because initial states are nanocrystal states instead of
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bulk states. Assuming a delta-function distribution for the nanocrystal states
Dnc(E) = Nycd(E — Enc) located at the quantization energy of Eyc and a
single stored carrier for every nanocrystal, the discharge current density can be

given as

Ja = qNncT(Enc)vne (3.4)

where vye ~ I /2mg.d? is the semi-classical escape attempt rate for NCs of
diameter d [36].

The transmission probability T;(F, Fi.) for a single electron at energy E can

be calculated through the WKB approximation as

Ftoattto.t
Ve(E)

BVg(E)3/?

T(E) ~ 4expl—(1 - (1 -
tox

%)

! (3.5)

The tunnel oxide field is determined by the amount of stored carriers as well
as by the band-bending. For a given stored charge, the oxide field depends on the
tunnel oxide thickness, total oxide thickness, substrate doping, gate work-function
and dielectric constants. In order to obtain an appropriate result, we consider
the case where stored charge is small and tunnel oxide field is proportional to the
stored charge , Fjop ~ AVrg/2tos.

For the calculation of the discharge current through Eqs. 3.4 and 3.5, the
barrier height must also be calculated. The barrier height is a function of the
nanocrystal ground state energy given by Vg(FE) = Vgg — Enc, where Vpy is the
bulk barrier height. The conduction band minimum of Ge NCs as a function of

size is given by [35]

11.86

E d)=F
cpu(d) = Ecpn(00) + 1= 20e0

(3.6)

where the energies are in eV, d is the nanocrystal diameter in nm. Eq. 3.6
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can be used to estimate En¢, which can be used in the estimation the tunnelling

barrier observed by the nanocrystals during discharge.

The size distribution of nanocrystals leads to a distribution of energies. Con-
sidering the finite width of size distribution, using a broadened density of states is
more appropriate than using delta function distribution. In this case, the stored
charge is distributed to the available nanocrystal states according to a Fermi-

Dirac distribution.

Assuming thermal equilibrium within the nanocrystal layer, the distribution
of carriers to available states and the quasi-Fermi level can be calculated for a
given total stored charge. In this case, for a given total areal density of Ny¢, the

total number of stored carriers is given by

n. — NNC eXp[_(E - ENC,ave)2/20?3]
V2o 1+ expl(E— Eprnc)/ksT)

dE (3.7)

where Enc qve is the average nanocrystal ground state energy, Ep nc is the
quasi-Fermi level of the nanocrystals layer, and og is the half-width of the

nanocrystals energy distribution.

The quasi-Fermi level is a weak function of temperature, but depends strongly
only on the ratio of total stored charge to number of nanocrystals. Therefore, for
a given flat-band voltage shift, the quasi-Fermi level depends on the nanocrystal
density, and average ground state energy of the nanocrystals. Escape of carriers
near or above the quasi-Fermi level dominates the discharge current. Therefore,
discharge current depends on the number of stored carriers which is proportional
to the flat-band voltage shift.

A simple formula for the discharge current is desirable to compare the ef-
fect of design parameters on charge retention. However, simple expression for
the quasi-Fermi level and tunnelling current can not be obtained without fur-
ther simplifying assumptions. A simple formula can be obtained by assuming a
rectangular shaped density of states, neglecting band bending effects, assuming a

gate work-function that is aligned with the substrate Fermi level and calculating



CHAPTER 3. MODELLING OF NANOCRYSTAL MOS CAPACITORS 33

in the zero temperature limit. Under these assumptions, Eqs. 3.4, 3.5, and 3.7

can be used to derive a simple formula for the discharge current at zero gate bias.

The discharge current is then given as a function of the flat-band voltage shift

AVrp due to stored carriers as

4qNNc7Th\/‘7p eXp[_%Bttox \/Vp]

T 3BttoxgE AVFB
4= 3myed? Bty 05

2\/?]3 AV

where V,, = Vg — E,/q is the barrier height observed by the average size

x {exp(

)—1}  (3.8)

nanocrystal, o is the width of the rectangular energy distribution, t;,, is the
tunnel oxide thickness, mgy. is the electron mass in the nanocrystal, AV,,,, =~
qNNCtor/€or 18 the maximum flat-band voltage shift when all nanocrystals carry
an electron, and B = 4+/2m,q/3h, m,,; being the electron tunnelling mass. Note

that V,, and o are normalized by ¢, to have units of Volts.

If carriers are stored in deep traps associated with nanocrystals, the discharge
model is significantly different than the nanocrystal storage case. Models describ-
ing retention of carriers in traps have been described in previous studies [10]. In
this case, the barrier observed by the stored carriers is larger than that observed
by those stored in the nanocrystal ground level. Therefore, the escape of carriers
rely on de-trapping by thermal excitations. However, once de-trapping occurs,

the discharge current density will be similar to that given in Eq. 3.8.



Chapter 4

Electrical Characterization of

Nanocrystal MOS Capacitors

4.1 Germanium Nanocrystal MOS Capacitors

The electrical characterization of the devices consists of three steps: flat-band
voltage measurements, charging of nanocrystals and discharging of nanocrystals.
High frequency capacitance-voltage (C-V) measurements are the common part
of these measurement techniques. High frequency C-V measurement technique is

explained in the following.

4.1.1 High Frequency Capacitance-Voltage Measure-

ments

To understand capacitance-voltage measurements one must first be familiar with
the frequency dependence of the measurement. This frequency dependence occurs
in inversion. High- and low-frequency C-V measurements are often useful among
various methods to evaluate the MOS characteristics. Most capacitance mea-

surements are performed with admittance bridges or capacitance meters. Using

34
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Gauss law, the small-signal equivalent circuit of the MOS capacitor was derived
as follows [37]:

11 1
C B Csi ((b) Cox

(4.1)

Above equation expresses the total capacitance per unit areas of the MOS
capacitor as the series combination of the silicon capacitance per unit area and

the oxide capacitance per unit area.

The high frequency capacitance is used to evaluate the fixed-charge density
and doping density. The low frequency capacitance is conventionally used to
evaluate the interface-state density and surface potential [[37]]. At high frequency,
typically 0.1- 1 MHz, majority carriers respond instantaneously. Interface traps
do not contribute to the high frequency C-V curve, since they do not respond to
the ac gate voltage. On the other hand, they follow very slow changes in gate

bias as the mode of operation is changed from accumulation to inversion.

4.1.2 Flat-band Voltage Measurements

Capacitance measurements were performed using a capacitance meter (HP
4278A) at 1 MHz AC excitation with 25 mV amplitude. The flat-band voltage
shift can be tracked quasi-real-time for small changes in the flat-band shift by
using a digital feedback loop that was developed in our laboratory. The feedback
loop is used to measure flat-band voltage shifts before and after applied pulses or
during retention. During write/erase pulses, the loop can be momentarily turned
off, and after the pulse it can be restarted at the same bias voltage. This method
allows rapid monitoring of the changes in the flat-band voltage shift after a write
or erase pulse. The flat-band voltage difference can be measured rapidly and can

be used to extract the discharge or charge currents.

Noting that, the derivative of the flat-band voltage shift divided by pulse

duration gives the charge current density, we plotted the charging current per
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nanocrystal in Figure 4.1. It is seen that, for small charging currents, charging
current increases monotonically with annealing temperature for n and p type

samples.

-
e

—
<
N

3
%

Charge Current per Nanocrystal, a.u.

4 -3 2 -1 0 1 2 3 4
Pulse Voltage (V)

Figure 4.1: Experimental data of charging of n (right) and p (left) type capaci-
tors. Charging currents as a function of charge voltage are measured for samples
annealed at 700-800 °C'.

It is observed that, for voltage pulse amplitudes of less than 4 V, the charge
currents for electron and holes are roughly on the same order of magnitude,
electrons tunneling faster by less than a factor of three than holes, since hole

barrier is greater when SiO, is used as the tunnel dielectric.

4.1.3 Charging of Nanocrystals

To investigate the trapping characteristics of the structure we performed high
frequency (1 MHz) C-V measurements for Ge-nc MOS structures. The samples
were charged to 3 V by applying 10 V of initial pulse voltage. The measurements
were carried out using a HP 4278A impedance analyzer. Due to the ability of
storage and trap-detrap processes of carriers in Ge-ncs embedded in the dielectric

matrix, we can describe the properties by high frequency C-V curves.
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4.1.4 Discharging of Nanocrystals

The discharge currents have been measured in the same setup by monitoring
the flat-band voltage shift as a function of time. For decay measurements, first,
Ge-nc MOS capacitors were charged to 3 V under 10 V of initial pulse voltage.
Then pulse voltage was turned off and the decay of stored charge as a function of
time was measured. The derivative of the flat-band voltage shift was calculated

numerically and plotted as a function of time in Figure 4.2.
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Figure 4.2: Discharge current densities as a function of time for n and p type
devices (in terms of substrate types). The holes decay faster than the electrons
for samples annealed at low temperatures whereas they decay much slower for
samples annealed at higher temperatures.

It is seen that, the discharge currents of holes are larger than that of electrons
for a similar flat-band voltage shift at low annealing temperatures. However, as
the annealing temperature is raised, hole escape rates drop below those of the

electrons, the difference becoming larger at higher annealing temperatures.

As the direct tunneling current is normally expected to be weak, surprisingly

high hole discharge current at low annealing temperatures suggests that hole
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discharge dynamics are dominated by other mechanisms than direct tunneling
such as trap assisted tunneling. On the other hand samples annealed at higher
temperatures show very low escape times for holes. This suggests that there is
significant trapping of holes during the discharge phase. This could be understood
by considering two factors that come into play at higher annealing temperatures.
First, as the temperature is raised, nanocrystal sizes increase which in turn results
in a higher energy barrier for holes bound at quantum states of the nanocrystal.
Second, the diffusion of Ge to the interface should result SiGe alloy formation
which constitutes a quantum well. This results in more homogeneous layer with
less interface states. In addition, on their way to the substrate, holes encounter
with the SiGe quantum well and they are trapped at the bound states of the
quantum well. Increased annealing temperatures result in longer diffusion lengths
for Ge hence wider quantum wells and larger barriers for holes trapped in the

quantum well.

The results are summarized in the schematic band diagram for electrons and
holes in Figure 4.3. Note that at low annealing temperatures, Ge atoms diffusing
to the interface do not form a homogeneous layer. However, they create significant
amount of interface trap states in the band gap of Si near the valence band edge
lie energetically close to the confined states of holes in Ge-ncs in contrast with
electron confined states which are above the conduction band edge. It can be
argued that, both the valance band states, and the presence of large number of
traps within the silicon band gap result in an increased discharge current, mainly
due to trap assisted tunneling of holes. As the annealing temperature is raised,
the energy band diagram is modified by the presence of a thin quantum well
at the oxide Si interface and the presence of larger nanocrystal sizes. It should
be noted that, introduction of Ge into Si does not change the conduction band
appreciably while the valence band is raised. This is the reason for the different

behavior of holes than electrons.
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Figure 4.3: Band structure of Ge nanocrystal MOS capacitor, a) annealed at low
temperatures, b) annealed at high temperatures. Note the effect of quantum well
at the interface and the increased nanocrystal size.

4.2 Silicon Nanocrystal MOS Capacitors

The gradient growth method was used in Si-nc MOS capacitor fabrication. Dif-
ferent samples were fabricated by putting the glass barrier on top of the different
layers. In here, MOS capacitors with gradient nc-layer and gradient tunnel oxide
layer were fabricated. Moreover, stoichiometric and gradient free samples were

fabricated for comparison.

4.2.1 Flat-Band Measurements

Flat-band measurements were performed using a capacitance meter (HP 4278A)
at 1 MHz AC excitation with 100 mV amplitude. The effect of tunnel oxide
thickness on the flat band voltage shift was studied. From flat-band voltage

measurements for each sample different types of charge motions were observed.

The sample presented in Figure 4.5 was prepared by using 200 sccm of SiHy,
180 scem N Hj at 350 °C', by applying the gradient growth method to the tunnel

oxide layer.
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Figure 4.4: Cumulative flat-band voltage shift as a function of pulse voltage.
Tunnel oxide layer was grown by gradient growth method. The dip beyond 15 V
indicates the in-layer charge motion.

It is seen that, in-layer charge motion was observed with increasing tunnel
oxide thickness and beyond 15 V of pulse voltage, it became significant for thicker

samples. This charge motion corresponds to a negative hysteresis.

The sample that has the gradient in nanocrystal layer that was fabricated
under the same process conditions also behaved similar with the previous one and
at 15 V of pulse voltage in-layer charge motion was observed. With the increasing
thickness the number of charges that transport became more significant which is

given in Figure 4.5.

The sample seen in Figure 4.6 was prepared using 450 sccm of StHy, 200 scem
of NHj. Gradient growth method was not used. Beyond the pulse voltage of 10
V, motion of the residual charges in the nanocrystal layer was observed. Between
15 and 20 V, oxide-nitride interface states were charged and at 20 V interface

charges were transfered to the nanocrystal layer.

The effect of nanocrystals on charge motion was studied on a stoichiometric
sample which was fabricated using 180 sccm StHy4, 200 sccm N Hjz. Gradient
method was used during the nanocrystal layer deposition. States at the oxide-
nitride interface may be charged but in-layer charge motion was not observed in

this sample as it is given in Figure 4.7.
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Figure 4.5: For this sample gradient growth method was applied to the nanocrys-
tal formation layer. At 15V of pulse voltage in-layer charge motion is seen which
corresponds to a negative hysteresis.
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Figure 4.6: Cumulative flat-band voltage shift of the sample which was not grown
by gradient growth method. Charge motion is observed inside the nanocrytstal
layer and at the oxide-nitride interface at specific voltages.
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Figure 4.7: Cumulative flat-band voltage shift of the stoichiometric sample as a
function of the pulse voltage. Note that there is no in-layer charge motion for
this sample.

4.2.2 Charging of Nanocrystals

High frequency (1 MHz) multiple up-down C-V sweeps between inversion and
accumulation region were conducted for our Si-nc MOS devices. The capacitor
structures were charged to 3 V by applying 10 V of initial pulse voltage. The
measurements were carried out using a HP 4278A impedance analyzer in a dark

box for avoiding photocurrent.

When the gate electrode is in writing operation the charges are stored in the
Si-nc by Fowler-Nordheim tunneling through the thin oxide, and in the erase
operation, a number of charges will be able to escape from the Si-ncs, and the
neutral charge state is achieved again. The whole sweep process results in a shift

of the capacitance.

4.2.3 Discharging of Nanocrystals

For decay measurements first, Si-nc MOS capacitors, with a gradually increasing
tunnel oxide layer, were charged to 3 V under 10 V of initial pulse voltage. Then

pulse voltage was turned off and the decay of stored charge was measured. The
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results are given in Figure 4.8.
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Figure 4.8: Decay of the stored charges of the Si-nc MOS capacitors which has a
gradually increasing layers. With increasing thickness decay rate of the charges
decreases.

As can be seen from the Figure 4.8, the capacitors with a thicker tunnel oxide
store the charges for a longer time. Discharge current decreases with the increas-

ing thickness of the tunnel oxide, therefore the charge retention time increases.

4.3 Conclusions

In conclusion, we have studied charge and discharge dynamics of both electrons
and holes in PECVD grown and post annealed Ge-nc MOS capacitors. We found
that hole retention times are actually shorter than electron retention times for
samples annealed at low temperatures. We suggested that the observed reduction
of hole retention times is due to interface traps states. However, formation of a
Ge rich alloy at the interface with high temperature annealing results in longer
retention times, which is promising for actual device operations. These observa-
tions emphasize the importance of proper interface engineering for Ge-nc memory

devices.

Moreover, the silicon nanocrystal-based MOS memory devices with smoothly
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varying layer thicknesses were fabricated by using PECVD gradient growth
method. These structures were characterized for charge motions inside the

nanocrystal layer and at the oxide-nitride interface.

Most of the results presented in this chapter have been published in [2].



Chapter 5

Electro-optic and
Electro-absorption Properties of

InAs Quantum Dot Waveguides

5.1 Introduction

InAs quantum dots are well known for many interesting optical and electrical
properties. They are grown on GaAs by molecular beam epitaxy. Deposition of
several mono-layers of InAs on GaAs results in the formation of quantum dots
due to the lattice mismatch between InAs and GaAs. A major achievement is the
realization of quantum dot lasers. Many properties of InAs quantum dots have
been studied while very little is known on the electro-optical (EO) properties
of these quantum dots. Both electro-optic effects and electro-absorption (EA)
are important parameters that are crucial in the design and realization of many

active optical devices.

In the literature there is limited data on EO and EA effects in quantum dots.
Furthermore, little has been reported on the voltage dependent modulation of

quantum dot embedded waveguides [18, 11].

45
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Davis et al. have measured the electro-optic coefficient of lithographically
defined Ing15GaggsAs quantum boxes embedded in optical waveguides at 1.15
pm using the phase retardation technique. They found 4.5 times increment in

electro-optic coefficient when compared with GaAs [11].

Using the phase retardation technique, Ghosh et al. and Qasaimeh et al.
have measured both linear and quadratic electro-optic coefficients at 1.15 pym of
self organized Ing40GaggoAs and InAs quantum dots. They have used single-
mode ridge waveguide structures which were grown by molecular beam epi-
taxy with self-organized InAs and Ing4GaggeAs/GaAs quantum dots in the
guiding region. They have measured linear and quadratic electro-optic coeffi-
cients as 2.582107"m/V and 6.2521071"m?2/V?2, respectively,which are higher
than bulk GaAs or quantum well structures. For InAs quantum dots, the mea-
sured linear and quadratic electro-optic coefficients were 2.432107°m/V and
3.37x1071"m?/V? [18, 41].

Using the same approach, electro-optic coefficients of self assembled InAs and
In(Ga)As quantum dots were recently measured and enhanced electro-optic coef-
ficients were reported. Tatebayashi et al. have worked on 1.3 mm self-assembled
InAs/GaAs quantum dots grown by metal organic chemical vapor deposition
technique. They have used phase retardation technique and obtained linear and
quadratic electro-optic coefficients as 2.4x10~"m/V and 3.22107¥m?/V?2, re-

spectively [46].

Moreau et al. have investigated the Pockels effect of InGaAs/GaAs quantum
dots in 1.5 um telecommunication window. Again phase retardation method was
used and the measured linear electro-optic coefficient is nearly 3.42107"m/V.
Also a 35 % enhancement of the phase variation was achieved compared to that

obtained in bulk GaAs waveguides [34]

In this chapter, measurements of both EO and EA properties of multilayer
InAs/GaAs self-organized quantum dots will be presented. Transmission through
Fabry-Perot resonators formed by two cleaved facets in waveguides at wavelengths
of 1.3 pum and 1.5 um to determine the electro-absorption properties of quantum

dots in addition to electro-optical properties is used. This is in contrast with
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previous work, where phase retardation method was exclusively used.

In the following, we first describe the fundamentals of electro-optical and

electro-absorption effects and give examples of how the effects are used.
The Electro-optic Effect

The linear EO effect is defined as the change of material refraction index un-
der the presence of an electric field. The application of an electric field causes
the electrons, ions, and permanent dipoles to reorient, inducing an electric po-
larization. The induced polarization produces an anisotropy that creates a bire-
fringence. The field-dependent birefringence modifies the optical polarization of
a light wave propagating through the medium. The theory assumes that the
change in the index of refraction with applied field is small and can be described

by a series expansion in powers of the applied electric field.

The change in the indices of refraction under an applied field is given in
tensor equation A(1/n?) = RE. In this formula A(1/n?) is the change in the
index of refraction for the elements of the tensor A, R is the tensor of electro-
optic coefficients, and E is the vector of the applied electric field. There are six
relevant indices of refraction from the index ellipsoid, three terms for the three
principle directions (x, y, and z), and three cross terms. An electric field has x,
y, and z components, so in general this effect is described with a 6 x 3 tensor,
R. Each component A(1/n?)i for 1 < i < 6 is the dot product of the i-th row of
R with the electric field vector. In non-electrooptic crystals (centrosymmetric),
all of the terms 7;; are zero. Therefore, only non-centrosymmetric materials
exhibit the linear electro-optic effect, also called the Pockels effect. Materials
exhibiting the Pockels effect are called electro-optic materials. Materials such as
potassium dihydrogen phosphate (KDP) and lithium niobate (LiNOj3) exhibit

strong electro-optic coefficients [40].

All centrosymmetric media exhibit only the Kerr electro-optic effect, where the
refractive index change is proportional to the square of the electric field strength,
and is typically much weaker than the linear effect. Thus, applying an electric

field on a waveguide will result in a change in the refractive index depending
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on the crystal orientation relative to the electric field direction as well as on the
magnitude of the elements of the electro-optic tensor. This effect can be used to

design and fabricate electro-optic modulators [40].

An electro-optic modulator (EOM) is a device that can be used to modulate
the amplitude, phase, direction, or frequency of the light wave under an applied
electric field. The principle of operation is based on the linear electro-optic effect
(Pockels Effect). Depending on the parameter that is modified, electro-optic

modulators are classified as amplitude, phase, and polarization modulators [40].
Phase Modulators

The simplest type of electro-optic modulator is a phase modulator, where an
electric field changes the phase delay of a light beam sent through the crystal. The
polarization of the input beam often has to be aligned with one of the optical axes
of the crystal, so that the polarization state is not changed. Many applications
require only a small phase modulation. For example, this is often the case when
one uses an EOM for monitoring and stabilizing a resonance frequency of an

optical resonator.
Polarization Modulators

Depending on the type and orientation of the nonlinear crystal, and on the
direction of the applied electric field, the phase delay can depend on the polariza-
tion direction. In polarization modulator system, the linear polarization of the
light beam is altered by passing the beam through an electro-optic cell to which
a modulation voltage has been applied. The cell converts the linearly polarized
laser output to other kinds of polarization. For a particular value of voltage,
a linearly polarized beam perpendicular to the original polarization is obtained,

corresponding to 100% modulation.
Amplitude Modulators

Once one can make a phase modulating EOM, it’s a simple matter to turn
that into an amplitude modulating EOM by using a Mach-Zehnder interferometer.

Simply one uses a beam splitter to divide the laser light into two paths, one of
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which has a phase modulator, and then recombine the two beams. By changing
the electric field on the phase modulating path, one can control whether the two
beams constructively or destructively interfere and thereby control the amplitude

or intensity of the exiting light.
The Electro-absorption Effect

Electro-absorption effect is defined as the change of material absorption in the
presence of an electric field. It is called the Franz-Keldysh effect in bulk materials
and Quantum Confined Stark Effect (QCSE) in quantum dot and quantum-well

materials.

Franz-Keldysh electro-absorption effect can be described as the below-band-
gap photon-assisted tunneling of electrons from the valence to the conduction
band in the presence of the electric field. This effect is observed in bulk materials
and it changes both the real and the imaginary part of the refractive index,
but mostly the latter. Upon applying the electric field, the energy bands of the
semiconductor experience a distortion, and this shifts the energy band gap which
results in the absorption of the material particularly at wavelengths close to its

band gap. So it is mostly dominant close to the material’s band gap [40].

Electric field applied perpendicular to the multiple quantum dot or quantum
well layers result in large shifts in the optical absorption to lower photon energies,
with the exciton resonances remaining well resolved even at high electric field [40].
The excitons are not as easily field-ionized because there is a relatively long time
period for the electrons and the holes to tunnel out of the quantum well, and the
Coulomb attraction is strong since the electrons and holes are confined to the
very thin quantum well region [40]. This electro-absorption effect in quantum
dot and well structures is called Quantum Confined Stark Effect (QCSE).

In the case of QCSE, the absorption edge is much sharper and moves faster
with reverse biased electric field as a result of this room temperature exciton res-
onance in MQW materials. This makes the MQW devices favorable in achieving
low drive voltage, low insertion loss and high extinction ratio. In this chapter we

will mainly concentrate on QCSE of InAs quantum dot structures to observe the
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modulation characteristics under applied electric field.

5.2 InAs Quantum Dot Waveguides Under Ap-
plied Field

Much has been done to realize both EO and EA modulators in quantum wells us-
ing both Franz-Keldysh and quantum confined Stark effects. Quantum wells are
observed with enhanced electro-optic effects due to the built-in birefringence and
a quadratic electro-optic (Kerr) effect arising from the QCSE [24, 33]. Recently,
advances in crystal growth have triggered the study of self organized quantum
dots. Quantum dots are expected to exhibit enhanced optical nonlinearities and
enhanced electro-optic effects due to the modification in their density of states
since the ratio of optical nonlinearity of a quantum dot layer to that of a bulk
material is proportional to a¥;/V where ap is the Bohr radius and V is the volume
of the quantum dots [43, 45]. Since both EA and EO modulators require small
size and low modulation voltages, possibility of obtaining quantum dots with en-
hanced electro-optic and/or electro-absorption coefficients makes them attractive

for such applications.

Nonlinear optical and linear electro-optic materials find use in switching and
modulation devices for photonic integrated circuits. For modulators in telecom-
munications small size and modulation voltages are desired. Both EO and EA
modulators are candidates for use in external modulation links in telecommu-
nications. These modulators can be realized using either bulk semiconductor

materials [49] or materials with multiple quantum dots or wells [25].

5.2.1 InAs QD Waveguide Structures

We worked on waveguide structures containing three layers of quantum dots
(3QDs) of lengths in the range of 1-1.6 mm. These structures were grown by

molecular beam epitaxy to be used as quantum dot lasers. The active region
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is formed by three layers of self-assembled InAs QDs, which are covered by a
5-nm Ing15Gagss As QW and separated from each other by a 40-nm GaAs spacer
layer. The areal dot density of our lens-shaped QDs is 32z10'%cm 2. The laser
cavity is clad by 1.55 pum of Aly;GagsAs, which is n-doped on the substrate
side and p-doped on the top side. Our devices are single mode ridge waveguide
structures with varying widths between 2-5 yum. Both facets are as cleaved. For
each sample lasing is peaked at nearly 1285 nm [30]. Detailed structure and

electroluminescence data are given in Figure 5.1.
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Figure 5.1: EL data and detailed structure of the InAs quantum dot waveguides.

5.2.2 Measurement Set-up

Electro-optic and electro-absorption measurements were conducted by using the

measurement set-up given in Figure 5.2.

In this set-up light is coming from a tunable laser source, which has a wave-
length range of 1515-1560 nm(Santec Tunable LD Light Source TSL-520) and
1290-1360(Santec TSL-320 for 1300 nm) for electro-optic and electro-absorption
measurements, respectively. Light is transmitted via single mode optical fiber
and after passing the polarization control stage, TE polarized light is obtained.
At the translational stage, the fiber and waveguide heights are aligned with re-
spect to each other to obtain mode shape clearly with highest transmission power.

Transmitted light is collected with an objective and pass through an aperture and
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Figure 5.2: Measurement set-up for electrical and optical measurements.

polarizer combination. An infrared(IR) camera which is connected to a television
monitor is used to observe the mode shape clearly. When the single mode prop-
agation is obtained, a Ge detector is put in front of the IR camera and power
of the transmitted light is measured. A DC voltage source is used to apply 0 to
20 Volt reverse bias to the samples. The detector is connected to a computer.
The communication between computer and detector is controlled by a simulation

program.

5.3 Simulations of InAs Quantum Dot Waveg-

uides

Determination of the mode spectrum and mode profile of waveguides is essential
in any optical waveguide structure. This also allows to determine the effective
index as well as the confinement factor of the waveguides. Typically such simu-
lations are done using commercial software packages based on finite difference or
Fourier transform techniques. In this thesis, we used the finite difference simula-
tor BeamProp from RSoft Inc. to simulate the waveguides under consideration.

The finite difference simulator solves the paraxial equation given by:
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0*U (z,y) N 9?U (z,y)

0> Oy? + ko {” (,y)" — flz] U (z,y) (5.1)

where U(x,y) is the transverse field amplitude, n(x,y) is the transverse index
distribution and n is the background index. The optical wave propagates along
the z direction. The whole structure is enveloped by a computation window large
enough not to effect the results of the computation and appropriate boundary
conditions are applied to eliminate spurious reflection signals for the boundaries.
The waveguide is divided into mesh of grid points in all directions and at a given
grid point along the z axis, computations are performed at each point on the
transverse grid before moving onto the next grid point on the z axis. Partial
derivatives in the paraxial equation, are approximated by using finite difference
approach. This is done by expanding the equation via second order Taylor series
of the field at adjacent grid points. As an example which when applied to the

rest of the equation yields

Ut —2uj+ U UL, 20+ UL
(Az)? (Ay)?

+k () =) Uj =0 (5.2)

J

This equation can be cast in the form of matrix equations whcih can be rapdily
solved with computers. Simulations can be carried out in 2 or 3 dimensions and
either for scalar or vector wave equations. Care was taken that the simulations

were stable by choosing small grid sizes.

In the simulations, wavelength was taken as 1.515 pym and etch depth was 1.5
pm. For the InAs quantum dot waveguides, fundamental mode profiles of TE

and TM polarizations are given in Figure 5.3, Figure 5.4.
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Computed Transverse Mode Profile (m=0,n4=3.270322)
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Figure 5.3: Fundamental mode profile of the InAs quantum dot waveguides for
TE polarization. The effective index of the structure is obtained as 3.27 from
simulation.

Computed Transverse Mode Profile (m=0,n4=3.248647)

Vertical Dirgction (um)

-8 -6 -4 -2 0 2 4 6 8
Horizontal Direction (um)

Figure 5.4: Fundamental mode profile of the InAs quantum dot waveguides for
TM polarization. The effective index of the structure is obtained as 3.248 from
simulation
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5.4 Measurements and Results

5.4.1 Electro-optical Measurements

Measurement of the electro-optic coefficients at 1515 nm was carried out by cou-
pling a TE polarized light from a tunable laser (Santec Tunable LD Light Source
TSL-520) onto one end of the waveguide with a lens shaped fiber. A DC voltage
source was used to apply 0 to 20 Volt reverse bias to the samples. The applied
electric field was perpendicular to the quantum dot layers. At each voltage level,
the transmission through the device was recorded as a function of wavelength and

voltage. The details of the measurement set-up is given in the Figure 5.2.

Fabry-Perot resonances with large contrast were obtained and experimental
data fitted well with the theoretical formula as shown in Figure 5.5. The well
known Fabry-Perot transmission equation, given in Eq. 5.3, was used to fit mea-
sured data and mode effective index, loss coefficients, and a voltage independent

phase factor were calculated based on this curve fitting.

T(\) = To (5.3)

1— Aefzj(mmg)w 2

where Ty is the power transmission without any internal reflection, A is con-
trast ratio for the Fabry-Perot cavity, A is the wavelength of interest, ¢ is the

phase angle and n is the effective index.
Voltage dependent Fabry-Perot resonances are presented in Figure 5.6.

No voltage-dependent spectral shift is observed for TM polarization. This
indicates that the quadratic electro-optic coefficient is not effective at this wave-
length and that the linear electro-optic coefficient is dominated by the r4; com-
ponent, similar to bulk. The linear electro-optic coefficient responsible for mod-

ulation is obtained using the mode effective index difference between two specific
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Figure 5.5: Fabry-Perot resonances at 1515 nm for 6 Volt reverse bias. The dots
show the experimental data and the line indicates the optimum curve fit.
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Figure 5.6: Voltage dependent shift of Fabry-Perot resonances. Significant tuning
is observed with relatively low voltages.
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voltages. The change in refractive index as a function of applied voltage is ex-

tracted from the data in Figure 5.6 and is shown in Figure 5.7.

20

An (x1075)

0 2 4 6
Applied Voltage (V)

Figure 5.7: Variation in refractive index as a function of applied voltage at 1515
nm. The dots show the experimental data and the line indicates the linear fit.

The change in mode effective index varies linearly with the applied voltage
and the maximum change is 2210~ for 6 Volt bias at 1515 nm. The change in

the mode effective index due to applied voltage (An.(V)) is given as [13]:

An, (V) = 171637"41KF. (5.4)
2 t

where r4; is the electro-optic coefficient, t is the thickness of the undoped
epilayer, n. is the mode effective index, V is the voltage applied and I' is the
overlap of the vertical electric field component with the optical mode. Since
they are very thin, the overlap of quantum dots with the optical mode is very
small. Such a small value is hard to calculate accurately. Therefore we calculated
the modal electro-optic coefficient, for the entire layer subjected to the electric
field. This layer includes both the quantum dots and the bulk GaAs adjacent
to quantum dots. In this calculation, we assumed that I' remained unchanged
from a waveguide in which quantum dot layers are replaced by bulk GaAs. This
way we obtained an effective electro-optic coefficient which is about 20 % higher

than that of bulk GaAs. As a matter of fact, examination of 5.7 reveals that
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full on/off modulation is possible using only 6 V. This corresponds to less than 1
V-cm modulation efficiency. In other words, using this modulator as the arms of
a push pull driven Mach-Zehnder modulator, less than 1 V drive voltage would

result for 1 cm long arms.

In simulations when quantum dot layers are replaced with a bulk GaAs layer
on/off modulation voltage is obtained as 7.27 V which indicates more efficient
modulation in the quantum dot sample. It should be noted that in this analysis I
is the only calculated quantity. The observed improvement in the effective electro-
optic coefficient could not be due to the difference in I' between waveguides with
GaAs core and waveguides with quantum dot cores. Although index of quantum
dot layers is higher than GaAs, they only perturb the waveguide mode slightly
due to their very small overlap with the optical mode. The overlap factor of
InAs quantum dot layers is calculated using finite difference beam propagation
method simulations and is approximately 0.015 for all samples. To get a 20 %
improvement in modulation efficiency due to I' alone would require unrealistically
high index for the quantum dot layers. In order to generate a 20 % improvement
in the overall modulation efficiency the electro-optic coefficient of the quantum
dot layers itself should have improved significantly. Using the QD overlap factor
quoted above we estimate that for the QD layer n3ry; term is about 7-10 times
higher than bulk GaAs. This is a very significant improvement. The schematic

representation of overlap calculation is given in Figure 5.8

For overlap calculation, first, fundamental mode profile is obtained. Then the
proper positions of the quantum dots on this mode profile are determined. The
total area and the area corresponding to the quantum dots are integrated and

their ratio gives the overlap factor of the quantum dots.

5.4.2 Electro-absorption Measurements

Electro-absorption coefficients were measured using the same set-up given in Fig-
ure 5.2. The only difference was operation wavelength. The experiments were

conducted at 1300 nm by coupling light from a tunable laser (Santec TSL-320
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Figure 5.8: The graphical representation of the calculation of overlap factor. The
confinement factor is calculated from this overlap region by simply integrating
the shaded area.

for 1300 nm) onto one end of the waveguide with a lens shaped fiber. Reverse
bias voltage (0-20 V) was applied using a DC voltage source. A wide wavelength
range was scanned and at each voltage level, the transmission through the device
is recorded as a function of wavelength. The electro-absorption coefficients are

obtained using:

2W> (5.5)

oy = 10log [ r
t 9( 1 - VK

where K = Trin/Tmaz, 72 = [(ne — 1)/(ne + 1)]? is the facet reflectivity and,
n. is the mode effective index. Since the structure lases at 1285 nm, absorption
near 1300 nm is expected. High absorption values at 1309 nm were obtained as
expected. Indeed, at 1515 nm, the average insertion loss is 3.1 dB/cm for all
samples and at 1309 nm this value increases to 30 dB/cm. Considering that all
other factors remain the same, the increase in insertion loss by a factor of 10
is indicative of excitonic absorption. The absorption spectrum of the samples
was also studied under applied electric field. Absorption spectra of all samples
shift to lower photon energies with increasing electric field. Maximum change of

absorption was observed at 1.32 pum as 21% for a reverse bias of 18 Volt for 1 mm
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long sample. The absorption curves of 1 mm and 1.6 mm long samples are given

in Figure 5.9 and Figure 5.10, respectively.
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Figure 5.9: Change in absorption due to applied reverse bias for 1 mm long
sample. Red shift of the spectra should be noted with increasing applied voltage.
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Figure 5.10: Change in absorption due to applied reverse bias for 1.6 mm long
sample.

5.5 Conclusions

In conclusion, the low voltage modulation in InAs quantum dot waveguides was

observed in this chapter. The electro-optic coefficients of multilayer quantum
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dot structures far away from the lasing wavelength were measured at 1500 nm.
The linear electro-optic coefficient of InAs QDs is found to be significantly larger
than that of GaAs bulk material. The electro-absorption of these multilayer
quantum dot waveguides at 1300 nm was also measured. Since these structures
were designed as lasers, large absorption near the lasing wavelength (1285nm) was
obtained as expected. Absorption edges of the samples shifted to lower photon
energies with increasing electric field. Change in absorption spectra as high as
21% was observed at 1.32 um at 18 Volt bias. These results are promising for

QD-based electro-optic and electro-absorption modulators.

Most of the results presented in this chapter have been published in [1].
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Conclusions

When the dimensions of the material are scaled down to nanometer range, the
atomic and electronic structures may gain some unique features which make the
material favorable for many applications. Si-ncs and Ge-ncs may have a radii close
to or smaller than the exciton Bohr radius. Once the diameter becomes smaller
than the exciton radius, the energy levels in the particle become quantized and

the transitions are locked into specific energy states.

Both Si-nc and Ge-nc are good candidates for flash memory applications. Ge-
ncs have smaller band gap compared to silicon. Therefore, Ge-ncs are thought to
be better suited for data retention operations than Si-ncs in non volatile memory

applications.

One of the major problems involved in nanocrystal research is the inhomogene-
ity of the particles which causes inhomogeneous broadening effects in the PL and
EL spectrum. This problem can be minimized by preparing uniform nanoparticles
in the form of quantum wells, wires, or dots. Quantum dot is a zero dimensional
structure which is spatially confined in three dimensions and is characterized by
a completely discrete energy spectrum. Quantum dots are particularly significant
for optical applications due to their theoretically high quantum yield. They are
specifically intented for use in quantum computing, laser, light emitting diodes,

and photovoltaic devices.

62
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This thesis presents the optical and electrical applications of low dimensional
structures. For this purpose silicon and germanium nanocrystals for flash memory

applications and InAs quantum dots for optical modulators were studied.

For flash memory applications of nanocrystals, we have studied charge and
discharge dynamics of both electrons and holes in PECVD grown and post an-
nealed Ge-nc MOS capacitors. We found that hole retention times are actually
shorter than electron retention times for samples annealed at low temperatures.
We suggested that the observed reduction of hole retention times is due to inter-
face traps states. However, formation of a Ge rich alloy at the interface with high
temperature annealing results in longer retention times, which is promising for
actual device operations. These observations emphasize the importance of proper

interface engineering for Ge-nc memory devices.

Moreover, the effect of layer thicknesses on charge dynamics of nanocrystal
flash memories was studied on Si-nc MOS capacitors. The PECVD gradient
growth was applied to different layers. These structures were characterized for

charge motions inside the nanocrystal layer and at the oxide-nitride interface.

For modulation applications of quantum dot, InAs/InGaAs quantum dot
waveguides were studied. The linear electro-optic coefficients of multilayer quan-
tum dot structures were measured at 1500 nm and it was found that InAs quan-
tum dots have significantly larger electro-optic coefficient than that of GaAs bulk
material. The electro-absorption of these multilayer quantum dot waveguides
at 1300 nm was also measured. Since these structures were designed as lasers,
large absorption near the lasing wavelength (1285nm) was obtained as expected.
Absorption edges of the samples shifted to lower photon energies with increasing
electric field. Change in absorption spectra as high as 21% was observed at 1.32
pm at 18 Volt bias. These results are promising for QD-based electro-optic and

electro-absorption modulators.
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