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CHAPTER 1

Introduction

1.1 State of the art for non-volatile memory

1.1.1 Basics of non-volatile memory devices

In the last twenty years, microelectronics has been strongly developed, concerning
higher integration density and lower cost. Research on microelectronics has been fo-
cused on the miniaturization of devices with the reliability constraint on the device.
For instance, a computer CPU contains more than 100 millions of transistors, and
microelectronics researchers concentrate to scale devices down while keeping stability
constrains. In this frame with the memory devices are paramount importance. Mem-
ory chips with low power consumption and low cost have attracted more and more
attention due to the booming market of portable electronic devices and are indis-
pensable components of modern life as shown in Fig. [[.I, Memory chips are used in
PC, mobile phones, digital cameras, smart-media, networks, automotive systems, and
global positioning systems. All semiconductor memories can be divided into two main
types, both based on CMOS technology, volatile and non-volatile memory. Volatile
memory is fast but loses its contents when power is removed. Non-volatile memory is
slower but retains the information without power supply. Typically volatile memories
are Static Random Access Memory (SRAM) and Dynamic Random Access Memory
(DRAM). The most important device for semiconductor industry is the Metal-Oxide-
Semiconductor Field Effect Transistor (MOSFET'), which was first reported by Kahng
and Atalla in 1960 [I]. MOSFET and related integrated circuits now constitute about
90% of the semiconductor device market. A nonvolatile memory (NVM) device based
on semiconductors is a typical MOS transistor that has a source, a drain, and a gate.
Tunnelling is the process by which a NVM can be either erased or programmed and is
usually dominant in thin insulating layer. Storage of the charge on the floating gate
allows the threshold voltage (V1) to be electrically altered between a low and a high
value to represent logic 0 and 1, respectively. Typical requirement for a non-volatile

memory is a ten years data retention time without power supply.
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Figure 1.1: Worldwide Non-Volatile and Total Memory Markets Prediction, 2002-
2010

1.1.2 Various concepts of non-volatile memories and their realization

Most of non-volatile memories used today consist of four types: flash memory, FeRAM
(Ferro-electric RAM), MRAM (Magnetic RAM) and phase change memory. Flash
memory is the most suitable structure of non-volatile memory, since one cell consists
of only one transistor. Charge can be stored in this floating node and determines the
state of the memory by changing the threshold voltage of the transistor. A FeRAM
memory cell generally consists of one transistor and one capacitor. A MRAM cell
needs a transistor and a magnetic tunnel junction. This results in a certain incompat-
ibility of FeERAM and MRAM with standard silicon technology. Phase change storage
seems to be a new concept. Phase change materials can be switched rapidly back and
forth between amorphous and crystalline phases by applying appropriate heat pulses.
They are widely used in optical information technologies (DVD, CD-ROM and so
on). Recently they have also been considered for non-volatile memory applications.
IBM researchers show erasable thermal phase-change recording at a storage density
of 3.3 Th inch~2[2]. However, the requirement of a high current to switch the phase
is the main limitation of the phase change memory. Although the last three types of

non-volatile memory have better features and show better programming performance,



they could have to become key memory components of chips in the near future. How-
ever, as for further application, the physics and material properties of these kinds of

devices mean that scaling down to nanometer cell sizes will be a big challenge.

1.1.3 Flash memory development

A flash memory chip actually is an array of floating gate transistors. It is structurally
different from a standard MOSFET in its floating gate, which is electrically isolated.
Electrons are transferred from the floating gate to the substrate by tunnelling through
a thin insulating layer. It has two gates instead of just one. One gate is the control
gate (CG) like in MOS transistors, but the second is a floating gate (FG) that is
insulated all around by an oxide layer. The FG is located between the CG and the
substrate as shown in Fig[1.2] Because the FG is isolated by its insulating oxide layer,

any carriers placed on it get trapped there and thus store the information. The cross-

Gate
— Control
— oxide
Floating Gaf 3 i Figure 1.2: A typical floating gate mem-
?e ___ioifilgz ory structure.  Other than traditional

! ] MOSFET, it has two gates: floating gate
_Souy Q and control gate. The trapping layer is
sandwiched between tunnel oxide and con-

trol oxide.
Silicon Substrate

section scheme of the continuously developing design of flash memory is presented in
figure with the polysilicon continuous floating gate (a) and the discrete storage
nodes (b,c). The polysilicon floating gate device is the first model for flash memory,
and was invented by Kahng and Sze in 1967 at Bell Labs. The individual storage
node device, making use of traps in SizNy, was proposed by Wegener et al. in 1967.
A widely exploited non-volatile memory is using a continuous layer of polycrystalline
silicon as a trap site for carriers. A poly-silicon floating gate or SigN4 charge trap layer
is sandwiched between a tunnel oxide and an inter-poly oxide as a control oxide to
form a charge storage layer. In 1995, S. Tiwari et al. from IBM studied the properties
of a MOSFET with embedded Si nanocrystals in the gate prepared by CVD [3]. It
was a creative work and opened up a new research direction of nanocrystal-based

memory.
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(b) electronic traps naturally existing in nitride, and (c) nanocrystal induced trap

In 2003, the first functional 6 V, 4 Mb silicon nanocrystal based nonvolatile mem-
ory arrays using conventional 90 nm process technologies were produced at Freescale’s
Austin Technology and Manufacturing Center [4]. In 2005, Freescale manufactured
the world’s first 24 Mb memory array based on silicon nanocrystals, a major step to-
ward replacing conventional floating gate-based flash memories. The production of a
working 24-Mbit memory device requires that silicon nanocrystals be deposited with
excellent uniformity and integration approaches that keep the nanocrystal properties
intact during subsequent processing. Meanwhile, as the industry begins manufac-
turing at smaller geometries with 90-nm and smaller, embedding floating gate-based
flash becomes difficult to produce cost-effectively. At such dimensions, the chip need
at high-voltage of 9-12 V and the transistors required to write and erase the conven-
tional flash module cannot be scaled down. Furthermore, engineers cannot reduce the
high working voltage in floating gate-based flash memory without compromising reli-
ability or risking memory failures and loss of data. Nanocrystal memories are part of
an advanced class of next generation of memory technologies. They show better scal-
ability than conventional floating gate-based flash technology, as their tunnel oxide
thickness can be reduced without seriously impacting data retention. The ultimate
limit in scaling down the floating gate memory is to use one electron to represent a
bit, the so-called single electron transistor (SET). To make such practical memory
requires a proper design of the device structure and that the voltage for charging
a single electron is discrete and well separated, as is the shift in threshold voltage
caused by the storage of a single electron [5].

The data read/write operation can be programmed and erased using conventional
techniques in floating gate memories and can substantially reduce the cost of embed-
ded flash at the 90 nm node or beyond. It is easier and more reliable to integrate flash

memory with logic and analog devices in order to achieve better chip performance



and integration density. The non-volatility and high density of flash memory give it a
wide window of opportunities from code storage to mass data storage. As a result, it
accounts already for more than half of the DRAM market and is currently the fastest
growing memory segment. For flash memory possessing the multi-bit/cell property,
several distinct threshold voltage states can be achieved in the flash memory cell by
changing the amount of charge stored in its floating gate which further improves the
performance of chip density.

Although flash memory has become the mainstream of current non-volatile mem-
ory, it also exhibits a number of disadvantages: the operation speed of flash memory
still is slow, compared to volatile memory. The fastest programming times are in
the range of us (also depend on what kind of tunnel process is used) and the erase
times are in the ms range. Usually, regarding different architectures of flash memory
technology (NOR and NAND flash technology), they have different operation speed.
NOR flash memory is much like address-mapped memory with small capacity and is
faster than NAND flash memory which can store huge amounts of data. Addition-
ally, its working voltage and endurance also needs to be optimized. For the progress
of the nanocrystal memory development, retention and narrow program window has
remained a main issue for practical applications, because nanocrystals are usually
formed by CVD or ion implantation with lower than 102cm~2 density. From the
point of view of integration, the mismatching of the chips also is unavoidable, be-
cause uncontrollability of the exact number of Si NCs in each transistor cell could
cause similar, but not identical threshold voltage shift for individual cells and degrade

the performance of chips which contains millions of transistors [6].

1.2 Non-volatile memory scaling

The scaling demands very thin gate insulators in order to keep short channel effects
under control and to maximize performance. But leakage current through these thin
insulators has become a major concern for many applications. The minimum feature
size of an individual MOSFET has shrunk to 15 nm with an equivalent gate oxide
thickness (EOT) of 0.8 nm in 2001. However, semiconductor flash memory scaling is
far behind CMOS logic device scaling and still requires a working bias of more than
10 V, which is far behind the operation voltage of CMOS logic. According to the
prediction from the International Technology Roadmap for Semiconductor (ITRS)



in Fig. [[.4] silicon MOSFETSs are already in the nano-scale. Hence new physics,
such as quantum confinement needs to be considered, in order to further improve the

properties of silicon devices.
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Figure 1.4: The trend of MOSFET scaling from ITRS. Data from ITRS Corp
(www.itrs.com).

Floating gate device became the prevailing non-volatile memory devices when
individual storage nodes devices based on storage in traps in Si3N, or in semiconductor
or metal nano-dots attracting more attention as shrinking devices. The injection and
ejection of careers is accomplished by tunnelling across a gate insulator barrier, and
the state of the memory is read by sensing the current between source and drain at
a gate voltage between the two threshold current values.

The scaling of the gate stack and operation voltages are often dependent on each
other. A tunnel oxide thickness larger than 8 nm is required in the commercial flash
memory chip to satisfy the ten years data retention time. If the tunnel oxide is to
be decreased below 2 nm, the operation voltage could be reduced from more than
10 V to less than 4 V. If the equivalent gate oxide thickness is below 2 nm, carriers
can directly tunnel through the insulator barrier which shortens the retention period
rapidly from 10 years to several seconds. However, a high reliability is associated

with the discrete trap sites in floating gate. In fact, a single leakage path can only



discharge a single storage node. In contrast, in a conventional continuous floating
gate, a single defect could destroy completely the behavior of the transistor. In the
discrete natural traps in silicon nitride, the electron wave is spread out and the charge
associated with a discrete trap could harm the performance of whole floating gate. If
individual dots are sufficiently isolated from each other and identical, the electrons
in the floating gate are localized and stabilized. The concept of a NC based memory

in Fig. demonstrates the scheme of a Si NC-based transistor.

Control gate Nanocrystal array
N\ £
~ A / B
Tunnel 000000 0000
oxide -
source drain

P-Si substrate

Figure 1.5: Scheme of Si nanocrystal transistor

1.3 Fabrication of silicon quantum dots

Dimensionality plays an important role in determining the properties of nano-structured
matter. Quantum confinement is a result of the nanocrystal being smaller than the
bulk semiconductor Bohr exciton diameter. The term quantum confinement, when
applied to low-dimensional semiconductors, describes the confinement of the exciton
within the physical boundaries of the semiconductor. This is a quantum phenomenon
- hence the names, "quantum well”, ”quantum wire”, and ”"quantum dot”, which
describe confinement in 1, 2 and 3 dimensions, respectively, as shown in Fig. [1.6]
The exciton Bohr radius is often used as a yard-stick to judge the extent of confine-
ment in a low-dimensional structure. Meanwhile, as the device size shrinks for higher
speed and lower power, certain properties cannot be scaled due to the wave nature
of electrons. In nanostructures, whenever the electron mean free path exceeds the
appropriate dimensions of the device structure, quantum behavior may dictate the
physical properties of devices.

The capability of charge storage is an important property of Si nano-dots, which

act as trap sites influenced by quantum confinement effects [7]. This storage ability
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Figure 1.6: Nanostructures with quantum confinement in one or more directions.
Geometry and density of states (DOS) as a function of electron energy.

also is size-dependent for nano-scale Si dots [§].

1.3.1 Important quantum features for nanoscale Si dots

Bulk silicon has an intrinsic indirect band gap property as showing in Fig. which
was described in the book of Yu and Cardona [9]. Its valence band maximum and
conduction band minimum are not located at same momentum wavector k. Carrier
band gap transition have to be assisted by phonon absorption or emission [10]. For
nano-scale silicon dots, firstly, the spatial localization of the electron and hole wave-
functions within a dot increases their spread in momentum space, hence enhance their
overlap probability in the Brillouin zone. As a result, the radiative recombination rate
can increase by orders of magnitude. Secondly, nano-dots contain a very small num-
ber of atoms. Therefore, imperfections, such as point defects and dislocations which
cause nonradiative recombination are unlikely to exist. Because nonradiative recom-
bination pathways are suppressed and the radiative recombination rate is enhanced,
carrier confinement in nanocrystals causes the efficiency of luminescent recombina-
tion to dramatically improve as well. For silicon nanocrystals, excitonic luminescence
can easily be observed at room temperature in the near-IR (approximately 700 to 800
nm) that is hundreds of times brighter than the approximately 1100-nm bulk intrinsic

luminescence at cryogenic temperatures.
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Figure 1.7: Simple energy diagram and most frequent transitions. Band gap E, is
about 1.1 eV. Figure from Yu and Cardona reference.

Except light emission, quantum confinement effects also lead to a change of capac-
itance of a nanoscale sphere and a reduction of dielectric constant. We can calculated

the quantum-confinement capacitance of a small sphere by the following equation:
E2 —E1 :BQ/QCeff (1)

where E;, Es are the one, two-electron ground state energies of a silicon sphere em-
bedded in an amorphous SiOs matrix [I1]. For simplicity, in order to bring in a
second electron to the silicon particle, the required bias is determined by the ground
states, and the Coulomb energy involving the capacitance (which is owning the so-
called Coulomb blockade). Due to quantum confinement, an electron has an energy
in addition to the electrostatic energy and this energy is inversely proportional to the
square of the dimension of nano-dots. The quantum confinement capacitance C.y¢
decreases when the ground-state energies dominate over the electrostatic energy, and
the appreciable reduction can be observed only for dot sizes under 10 nm. Table
summarizes a number of characteristics for silicon dots in the gate stack. The ca-
pacitance (C.ry) is the self-capacitance of the silicon dot [8]. These vary linear for
capacitance and inverse linearly for charging energy E.. The quantization effect of

confinement of energy E, varies as the inverse square of the dimension.



Table 1: Parameters of a spherical Si dot charge. Values from the review of S. Tiwari

8.
Size/nm | C.ss/aF | E./eV | Eg /eV | Shift V if single electron transistor/V

20 4.45 0.018 | 0.007 0.062
10 2.23 0.036 0.03 0.225
5 1.11 0.072 | 0.104 0.84
3 0.68 0.118 0.29 2.31
2 0.45 0.178 0.65 >5

1 0.22 0.364 2.6 >10

The reduction of the static dielectric constant also becomes significant as the size
is reduced down to quantum-confined systems, such as nanocrystals and nanowires.
A reduced static permittivity increases the Coulomb interaction energy between elec-
trons, holes and impurities, and thus can significantly modify the optical and electrical
properties of these quantum-confined structures [I1], such as their refractive index or

capacitance.

1.3.2 State of the art of Si NC preparation

Silicon NCs embedded in an insulating matrix has attracted a lot of scientific atten-
tion. A number of techniques are used to produce Si NCs, such as ion implantation of
Si in SiO, films, Pulsed Laser Deposition (PLD), Plasma Enhanced Chemical Vapor
Deposition (PECVD), Low Pressure Chemical Vapor Deposition (LPCVD), thermal
evaporation of silicon rich oxide, and so on. Usually, a high temperature annealing
process is needed to induce the formation of the NCs. Techniques based on CVD
methods have the advantage of being more stable as well as typical in industrial ap-
plications, but inevitably bring in hydrogen from the silane source which deteriorates
the properties of Si NCs. Obviously, ion implantation can not guarantee the unifor-
mity of Si particles, because of the depth distribution of the implanted ions. PLD or
magnetron sputtering are suffering by the problem of size and position control and

their incompatibility with traditional microelectronics technology.
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The SiO/SiO9 superlattice method was developed at MPI-Halle for Si NC growth
which overcomes intrinsic problems of other methods, and further optimizes some
important parameters for Si NCs, such as size and size distribution, as well as the
location and density of the dots. In this dissertation, I will show how these properties

will influence the performance of devices based on Si NCs.

1.4 Optical properties of S1 NC

First experimental results more than a decade ago demonstrated room temperature
luminescence of nanocrystalline silicon and showed its potential application for sili-
con based photonics [12]. In addition to room-temperature photoluminescence, elec-
troluminescence (EL) measurements involving various types of silicon NCs showed
efficiencies higher than bulk Si. This could make electrically pumped light emission
from silicon NC attractive for future photonics applications. Because of quantum
confinement and the elimination of bulk or surface defects, these dots can emit light
from the near infrared throughout the visible with quantum efficiencies in excess of
0.6% [13]. Meanwhile, for optoelectronic applications, the key device is a suitable
light source: the laser. Pavesi et al. demonstrated that light amplification is pos-
sible using silicon itself in the form of quantum dots dispersed in a silicon dioxide
matrix [14]. This invention could be considered as a milestone in silicon photonics
research and would open a route to design a siliocn laser although the results are still
controversial. A number of papers reported the observation of optical gain in these
systems by following this idea and gain has been reported in a number of different
experiments in Si NC formed by different techniques [15]. However, since the origin

of optical gain is still unclear, these results are under debate [16].

1.5 Further device application of St NC
1.5.1 Photonics based on Si NC

Various photonics devices using Si NC have been investigated: STMicroelectronics
announced a breakthrough based on silicon nanocrystal technology involving light-
emitting diodes (LED). Zhang demonstrated whispering-gallery modes in microdisk
arrays based on size-controlled Si NCs [17]. If the nanocrystal structures are im-

planted with erbium ions, very effective energy transfer occurs from the nanocrystals
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to the Er3* ions, and the luminescence shifts into the technologically useful wave-

length range of 1.54 um [18].

1.5.2 Silicon optical nanocrystal memory

An optical analogue to the electronic nanocrystal memory was demonstrated recently

by the group of Atwater at Caltech [19].
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When the optical nanocrystal is uncharged, incident light excites hole-electron pair
as photoluminescence, but the photoluminescence process is quenched in a charged
nanocrystal, ascribed to fast nonradiative Auger recombination processes in which
relaxation of optically generated excitons occurs by energy transfer to a nearby excess
charge carrier. Thus results in two states of photoluminescence which can be used
for a memory system as showing in Fig. [1.8 The hope is to potentially replace
electrical data buffers in optical communication systems and allow for the elimination
of the accompanying optical-to-electrical conversion hardware for future all-optical
communications systems. However, the relatively long emission lifetime of silicon

NCs which may critically limit the program and erase speeds. A millisecond lifetime
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would make the device speed at about a MHz level, which is much slow than realized

for concentrated memory devices [20].

1.6 Organization of the thesis

In this thesis, I investigate Si nanocrystal fabrication and their application for mem-
ory devices, based on artificial discrete-trap storage node, as one alternative for flash
memory scaling. This dissertation addresses the aforementioned issue of gate stack
scaling for future generations of semiconductor flash memory and proposes solutions
based on new memory structures and new materials that are compatible with the
current CMOS process technology. In Chapter [1, one new candidate for future non-
volatile memory devices, based on Si NCs, is introduced, and discussed in comparison
to previous concepts. Diverse methods of fabricating Si NCs and the properties of
Si NCs will be summarized. Chapter [2| describes the fabrication of silicon NC by
phase separation and this method is highlighted by its regular NC size control and
well-layered location. A set of Si NCs embedded in SiO, samples are fabricated and
investigated by Transmission Electron Microscopy (TEM). These samples are used
for various purposes in the following chapters. In Chapter [3| the typical MOS test
architecture was applied to various samples. The conduction mechanisms for insu-
lators, the principle of operation for MOSFETSs working with Si NCs, and the MOS
high frequency capacitance-voltage behavior are introduced. In order to understand
its conductive mechanism and capacitive behavior, the electrical properties of MOS
structure containing a single individual silicon NC trap layer are investigated by static
[-V, high frequency C-V, G-V and the conductance method. For reliability, IR Ther-
mography is employed for detection of breakdown below the metallization layer after
many times tunneling operation. In Chapter 4, a new concept of the multibit/cell is
introduced. The relevant MOS prototype with multi Si NC layers is characterized by
a family of capacitance-voltage curves. Charging states due to different number of Si
NC charging layers show the feasibility of multibit/cell design. A theoretical charging
model and further retention investigations strengthen the idea for multi-bit storage
in one cell operation. Chapter 5 demonstrates the tuning of the Si NC density of our
samples by changing the stoichiometry of the SiO, in alternative SiO,/SiO, depo-
sition process. TEM, photoluminescence and C-V curves show the viability of this

method. This adjustable parameter might optimize the performance of non-volatile
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memory devices based on the discrete nodes. Since the ability of the Si NCs to trap
carriers, Deep Level Transient Spectrscopy (DLTS) allows to study the trapping be-
havior of Si NCs. The parameters of the trap center are determined, Chapter 6 shows
this measurement and related results. A summary of the work and future perspectives

for semiconductor non-volatile memory devices are given in Chapter 7.
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CHAPTER 11

Functional Nanocrystals and Their Fabrication

2.1 Devices based on silicon nanocrystals

Nowadays, nonvolatile memories are mainly used in portable electronic devices. Portable
electronics devices, such as mobile phones and mp3 players, have significant economic
impact on the semiconductor industry. Most commercially available nonvolatile mem-
ories are produced with a polycrystalline silicon or SizgN, floating gate as the charge
storage layer. However, the polycrystalline silicon can not be used with very thin
tunnel oxide, which is a scaling problem of these devices, and the silicon-oxide-nitride-
oxide-silicon (SONOS) memory is limited by its data endurance due to shallow trap
sites. From the previous chapter we already know that a single leakage path in a
polycrystalline Si based memory can discharge the memory with a total loss of the
information as a consequence. Because of NCs as discrete-trap storage nodes in
floating gate devices has been suggested as one of the key items for increasing flash
memory stability and decreasing the node size for higher information density and
further scaling down of chips. In such NC based memories the Si NCs should be
sufficiently isolated from each other by an oxide. Hence, the electrons are localized in
the NCs and a single defect would not discharge all of the NCs, which means such a
NC-based memory should have a longer retention time than its SONOS counterparts.
In contrast to other metal or III-V, II-VI semiconductor NCs [21], one main ad-
vantage of silicon NCs is their compatibility with standard silicon CMOS technology.
Therefore, silicon NCs embedded in dielectric layers like silicon dioxide, or nitride
have attracted an increasing attention over the past decade. However, NC memo-
ries have a rather low charge density which will cause a relatively narrow threshold
voltage shift and a high power consumption which might be a drawback of this ap-
proach. In addition to the above discussed non-volatile memories based on Si NCs,
other applications of Si NCs have been proposed, too. Such applications are based
on the tunnel effect and Coulomb blockade in multiple tunnel junctions (MTJ) [22]

and single electron transistor (SET) [5], respectively. These devices require to subtly
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tune and keep NC identical. Recently, researchers from Cavendish Laboratory at the
University of Cambridge realized isolated double Si quantum dots as charge qubit

which might offer a new way for quantum computation [23].

2.1.1 Introduction of SiO/SiO, superlattice

Presently, Si NC research is focused on the preparation of Si NCs embedded in an
insulator host, and uses the simple surface passivation of the Si nano-dots by oxidation
or hydrogenation. Si NCs as small as a few nms in diameter have been synthesized by
a variety of techniques. Synthesis of silicon NCs can be realized by electrochemically
etching of single crystalline silicon in hydrofluoric acid resulting in so-called porous
silicon [24], by ion implantation of silicon into a high quality oxide matrix followed by
thermally induced Ostwald-ripening of silicon clusters and their crystallization [25], or
by deposition of sub-stoichiometric oxide films from CVD methods [26-28], magnetron
sputtering [29] or reactive evaporation [30] and a thermally induced phase separation
and crystallization. In all these methods the size control is realized by changing the
chemical stoichiometry of the films and by the control of the annealing process, such
as annealing time and steps. However, with these methods the NC size can only be
decreased by simultaneously decreasing the NC density. Other parameters, such as
the position of NCs, in-plane separation distances of neighboring Si NCs are hard
to control. For device applications, accurate engineering of spatial position, size and
density of the silicon quantum dots including the realization of single layers or layer
control is essential.

The SiO/SiO, superlattice process that allows the preparation of size-controlled
silicon NCs was developed [31], 32] at MPI-Halle in 2001. Reactive evaporation of
SiO powder in oxygen atmosphere is used mainly for preparation of bulk amorphous
Si0O, films with variation of x in the range between 1 and 2 and frequently used
in coating of optical materials. Therefore, a lot of experimental data in thermal
evaporation, such as evaporation temperature and pressure dependence of SiO,, are
available for the SiO, deposition. The alternate depositions of SiO, /SiOy (x<2) pairs
realize that the SiO, layer is sandwiched by adjacent SiO, layers. Amorphous SiO is
not a stable chemical compound and will easily decompose into Si and SiO, during

high temperature annealing. The high T annealing (between 900-1100 °C) of such
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initially amorphous SiO, films results in phase separation described by
2510, — ©S5i09 + (2 — x)S1 (2)

and causes Si clusters which are surrounded by a SiO, matrix. The high T phase
separation of the SiO, automatically leads to a Si-O bond breaking. The Si atoms
assemble to Si clusters, further nucleate to Si NCs and will be separated by a SiOq
shell. The surrounded SiOy merges with the upper and lower SiOs layers, but the
Si nuclei are confined in the previous SiO layer with a certain size close to that of
the SiO, layer thickness. Based on the above equation the distance of the oxide
between the adjacent Si nanoclusters depends on the stoichiometry of the SiO, as
well. The NCs have an average size depending on the original SiO, layer thickness
and are randomly arranged within the plane of the former layer. Usually we used a
constant stoichiometry of x around 1.0 for preparation of the thin SiO layers under
base vacuum conditions. The NC sizes are controlled independently by using a layer
thickness approximately equal to the desired crystal sizes. This method produces
well-passivated Si NCs and can control not only the size but also the location of the

NCs as will be demonstrated in following chapters.

2.2 Sample fabrications

The samples were prepared by evaporation of SiO powder using a conventional evap-
oration chamber which enables the preparation of SiO layers of uniform thickness
on 4 inch wafers by two symmetrically arranged resistance-heated Mo boats. The
evaporation temperature of the boats is about 1200-1600 °C, and the silicon substrate
temperature is 100 °C. The material used for evaporation was commercial SiO powder
(Chempur, 99.9% ) with very tiny grain size about 0.5 mm which was either evap-
orated under vacuum 1 x 107% mbar or oxygen gas atmosphere 2 x 10~% mbar for
the SiO, or SiOy deposition, respectively. Usually SiO can be evaporated from boats
of Mo, W or Ta because of their heating efficiencies and matching resistances. In
addition, their high melting points and low vapor pressures have to be considered,
too. For instance, the vapor pressure of W is only 1 Pa at 3477 K, and much less at
1500-1900 K. Thermal evaporation could bring a heavy metal contamination, so the
heating current is always kept at a moderate level to keep the amount of heavy metal

under the tolerance limit.
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Table 2: Growth parameters and experimental purpose

sample | type | resistivity configuration annealing purpose
(Q.cm) (510, /Si02+S105 nm) N, flow
Al p 1-30 1x4/4+4 1100°C(1h) Charge and tunnel
A2 p 1-30 1x4/4+4 1100°C(1h) Control sample
Bl n 1-5 1x3/4+26=33 all have Multilevel
B2 n 1-5 2x3/4+19=33 the same condition: charge
B3 n 1-5 3x3/4+12=33 1100°C
P p 1-5 3x4/4+12=36 0.5h permittivity estimation
C1 n 1-5 all identical same conditions Tune
C2 n 1-5 structures as follows, but as follows: Si NC
C3 n 1-5 variable Oy pressure: 900°C(0.5h)+ density
C4 n 1-5 3x4/4+12=36 1100°C(0.5h)
D1 n 0.05-0.1 1x4/4+24 1100 °C(0.5h) DLTS

Rotation of the wafer holder enables a thickness homogeneity better than 10%
over the whole wafer. By alternatively depositing SiO, and SiOs layers a superlattice
structure can be easily prepared. In general, the requirements for cleaning elemental
group-IV substrates are more stringent than those for I1I-V compound semiconductor
substrates. Improper surface preparation prior to growth could cause reoxidation or
contamination, thus degrade the insulating. Conventional Si substrate cleaning is
using a combination of standard RCA (Radio Corporation of America) and HF dip.
RCA consists of 2 steps which are a 10 min treatment in a 70-80 °C heated solution
of 1 HyOy: 1 NH4OH : 5 HyO (volume ratio) plus 1 min immersion in 1H3O4: 1HCI:
5H50 (volume ratio) solution. After 1 min 5% HF dip, rinse in deionized water and
dry, the wafer is immediately loaded into the chamber for deposition.

A series of samples were grown for various purposes of the experiments in the
following chapters by choosing different kinds of wafers, based on doping type, resis-
tivity and orientation. In order to summarize, all parameters of the grown samples
are listed in table 2, Sample A1 and A2 were evaporated on p-type, 1-30 Q.cm, (100)
Si substrates. The single layer of silicon NCs in sample Al was realized by preparing
a 4 nm thick SiO, layer embedded in 4 nm thick SiO, layers on both sides. The

difference to experiments reported before is the nearly equal and thin thickness of
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the bottom and the top oxide layer [33], because I wanted to observe the tunneling
behavior through the whole oxide layer and to determine the conduction mechanism.
For comparison, a control sample, i.e, a SiO, film sample A2 with the same total
thickness as sample Al, was prepared on the same type of substrate using the same
deposition conditions. Subsequently thermal annealing for 1 h was performed in a
quartz tube furnace under Ny flow environment at 1100 °C to realize the Si NC for-
mation. They are used for the investigation of the conduction mechanism as well as
the charge storage behavior in chapter [3]

Similarly, three samples B1, B2, B3 were prepared on n-type (100) silicon sub-
strates (1-5 Qcm) after cleaning. First, a 3 nm SiO, film was deposited as a tunnel
oxide in each case, then 1, 2 or 3 layers of SiO were prepared and separated by a thin
layer of SiO, by alternative thermal deposition of 4 nm of SiO and 3 nm of SiO,. On
top of this structure, an additional SiO, capping layer was evaporated as the upper
control oxide with a respective layer thickness of 26, 19 or 12 nm for the sample B1,
B2, B3, respectively. Thus the total thicknesses of these 3 samples are identical. In
order to form the Si NCs, thermal annealing was performed in a quartz tube furnace
under Ny ambient (1100 °C, 0.5 h) for phase separation and crystallization. These
samples are used as the prototypes of multi-level charge devices and will be discussed
in chapter

Sample C1-C4 are a series of samples which are based on n-type, 1-5 Qcm, (100)
silicon substrates, but are prepared having a different stoichiometry during the de-
position. The sample structures contain three pairs of SiO, /SiO stacks where the
stoichiometry of the SiO, layers was fixed for each of the samples to a different value.
First a 4 nm SiO, film was deposited as the tunnel oxide, then the three layers of
the SiO, (4 nm) alternated by thin SiOs layers (3 nm) were prepared by alternative
thermal evaporation of SiO powder under selected oxygen pressure. An additional
SiO, layer was evaporated on top as the upper control oxide. For the SiO, layers an
oxygen presstre of 2x10™* mbar was always used. For the above samples, SiO,, layers
were prepared with less than 1x107% mbar (sample C1), which is the base pressure
of our vacuum system, 5x107% mbar (sample C2), 1x10~° mbar (sample C3), and
5x107° mbar (sample C4). Sample C1 represents the control sample with pure SiO
deposition and properly represents the highest NC layer density possible by using SiO
powder. A summary of these used parameters and results can be found in the table

in the corresponding chapter. Rutherford Back Scattering (RBS) measurements
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were reported for estimation of the oxygen content, i.e. stoichiometry of SiO,. The
measurements were performed on bulk SiO, thin films. These sample will be used to
demonstrate the tuning of Si NCs density in chapter [5] Last, the D1 sample based
on a highly doped substrate was specially designed to have a single layer Si NC with
asymmetric tunnel oxide and control oxide for the observation of deep level transient

spectroscopy (DLTS) in chapter 6.

2.3 Physical characterization of the samples

2.3.1 RBS measurement of stoichiometry in SiO, and TEM introduction
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3 T6 Figure 2.1: Stoichiometry of SiO,,
D 16} as function of oxygen pressure,
£ measurement based on the SiO,
X ar T5 thin film grown in the same cham-

121 ber.

1.0 L L

1E-5 1E-4 1E-3

O, pressure (mBar)

RBS is an effective composition analysis tool for thin films. The sample is bom-
barded with very high energy helium ions, the yield and energy of backscattered
helium are measured. It is an energy spectrometry of MeV He™ ions, elastically scat-
tered by nuclei of the analytical sample, both composition and depth distribution of
elements in the sample can be deduced non-destructively from its spectrum. This
makes RBS an easy tool to determine stoichiometric abundances of elements in ma-
terials. Before growing the SiO, /SiOy sample, we measured the RBS on bulk SiO,
films (200 nm) as T5 to T8 showing in Fig. The obtained RBS spectra confirms
the dependence of the stoichiometry of the SiO, layer on the growing oxygen pres-
sure. Under the allowed experimental oxygen pressures, the x in SiO, can be changed
approximately between 1 and 2.

TEM is a valuable characterization tool for structure analysis. A variety of signal
generated by the electron beam passing through the specimen can be used to extract

information on the structure of the specimen. TEM works sometimes similar to
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optical microscopy, but with an electron beam instead of light. If the specimen is
thin enough, the interference between directly passing electron waves and diffracted

electron waves can be used to obtain images.

2.3.2 Structural characterization of samples A1l

Cross section TEM was used to characterize the sample structure using a Philips
CM20T operating at 200 kV. Because of the low contrast between Si nano-dots and
surrounding SiOy, TEM investigations are normally taken at under-focus. The typical
sample A1 structure is schematically shown in Fig. [2.2|(a) and the cross section image
is represented in Fig. b). The cross section specimens were prepared in the usual
way glueing two wafer face to face, sawing, grinding, dimpling, etching and final Ar
ion milling to reduce the thickness of specimens until few tens nm. Ar is used because

it is inert and not naturally present in the samples.
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Figure 2.2: (a) A schematic model of the sample structure. (b) TEM cross section
image of the sample Al.

In the bright field Fig. [2.3] many tiny spots are observed and have random distri-
bution in plane. These tiny spots are the Si dots and have consistent size, but random

localize. As seen in the plan-view TEM image Fig. of sample A1, the silicon NCs
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Figure 2.3: In plane TEM image of sample Al. This image was taken by a Philips
CM20T at 200kV

have a diameter of approximately 4 nm. The silicon NCs on average have a distance
of about 3-4 nm, hence the estimated area density of silicon NCs is approximated
to be around 10'2em=2. Electron diffraction pattern provides important information
on the atomic or molecular crystal lattice of the specimen, such as spacing between
lattice plane reflections. The measured spacing can be compared with the uniform
value from XRD database, thus the lattice plane, morphology can be determined.
Atomic-resolution plane-view TEM images were investigated using a JEOL JEM4010
with 400 KV. Because the electron beam is vertically transmitted through the sample,
the texture of (111) lattice plane is easier to visualize for diamond cubic crystal of
Si. Several Si NCs are marked in the Fig. We roughly estimate the interplanar
spacing (d spacing) to be about 3.14 A. The observable Si crystal (111) planes occur.
Zooming into this in-plane image, another texture of the crystal plane (220) will ap-
pear with interplanar spacing of 1.9 A. Only NCs having the right orientation to the
incident electron beam can be seen. These interplanar spacing values are identical
to the bulk values from literature and demonstrate that dots are unstrained by the
surrounding SiO,. This evidence could help us to understand the mechanic property
of the Si dots in the matrix. Strain could influence the carrier mobility, hence, the

message that the Si NCs obviously are not under strain is important for the property
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Figure 2.4: Plane view HRTEM image of sample Al. This high resolution image
was taken at JEOL JEM4010.

of Si NC MOSFET.

2.3.3 Structural characterization of sample B1-B3

The layer structure of the annealed samples B1, B2, B3 was checked by TEM in cross
section by Philips CM20T, too. Fig. shows the cross section TEM images of
the 3, 2 and 1 layers samples, respectively. Images are taken under bright field and
underfocus. The silicon NCs are represented by the dark dots in the images, having a
diameter of 3.9 nm (40.4 nm), and being separated in plane by 2-3 nm of SiO,. The
distance between adjacent Si NC layers is about 3 nm. All 3 samples have nearly the
same total thickness. The estimated total area density of silicon NCs in sample B3 is
about 9 x 10'2/cm?. From former experiments, it was known that for thicker layers,
i.e. larger crystals, the size distribution slightly increased. The resulting NCs are
nearly spherical in shape, thus have roughly identical charging capacity and a good
isolation from each other. Due to the presence of several layers, the samples offer the
possibility to charge step by step the respective Si NC layers. The SiO, layer between
the Si NC layers offers a constant barrier for carrier trapping. This is in contrast to

other Si NC fabrication methods. In-plane TEM investigations were not performed
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for the multilayer structures, because different layers may contribute to the plan-view

image and make analysis of such images difficult.
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Figure 2.5: Samples B3-B1, having ap-
proximately the same total thickness, but
different numbers of Si NC layers.

2.3.4 The composition and structural characterization of sample C1-C4

The selected cross section TEM images of the samples C1-C4 are shown in the Fig.
[2.6] Again, the resulting NCs are spherical in shape and have a good isolation from
each other. In addition, the trend of decreasing number of Si NCs in the oxide shows
up from (a) to (d). Please note, that the samples prepared in cross section have
still a thickness of around 10 nm which means that more than one row of crystals
contribute to the TEM image in depth. The samples have silicon NCs with a diameter
of 3.8 & 0.5 nm, as was estimated from the TEM images. The diameter is nearly
identical in all samples and controlled by the former SiO layer thickness. The very
small deviation in the total thickness of the three layers in the samples demonstrates

the process stability of our growth and the good reproducibility.
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Figure 2.6: Cross-section TEM images of the selected samples, (a)-(d) correspond
to samples C1-C4.

2.4 Estimation of Si NC density in stacked sam-
ple by model

Overall, the TEM pictures prove the existence of Si NCs in the oxide matrix. Unlike
the formation of Si NCs by other methods, such as ion implantation, our method
realizes Si NCs homogenously located within the previous SiO layer with a rather
high in-plane density. In the following, an estimation of the maximum layer density
of the NC is performed. If we assume that Si NCs have identical size d and each one
is regularly in one quadratic cell, neighboring dots have fixed distance a, adjacent Si
NCs layers are separated by h as demonstrated in Fig. 2.7, then the area density
can be estimated by (1/(a+d))?, in case of sample Al, a=3-4 nm and d=4 nm,
then the area density is about 1.56 — 2.04 x 10'?/cm?. The distance between two
adjacent layer is typically chose to h=4 nm, the volume density (1/(a+d))*/(d+h)
can evaluate further to be about 1.95 — 2.55 x 10'® /cm3. These values are confirmed
by the estimation from TEM pictures. I will demonstrate its consistency in the next

chapter with the electrical measurements.
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tioning each dot in a quadratic lattice. Compare with other methods [34, [35], the
density of my sample reaches the 10'2/ecm? level without degradation of the separa-
tion of the Si NCs. The width of threshold voltage shift representing the memory
states is proportional to the amount of the contributed Si NCs, so we have to increase
the density of Si NCs in the matrix, but keep the balance for the insulating matrix

to improve the reliability of floating gate memory device.

2.5 Conclusions of the chapter

A size controlled SiO/SiO5 approach was used for the fabrication of samples with sin-
gle layers of silicon NCs in oxide, samples containing 1, 2, 3 layers of silicon NCs with
same total thickness, respectively. Samples with gradually adjusted Si NC density in
their structures were also prepared. Structural characterizations were performed and
demonstrated the suitability of this approach for the preparation of a few silicon NCs
layers in thin oxides. TEM, as a main structural investigation tool, was successfully
applied for all samples. Based on the TEM pictures, I demonstrated the availability
of this SiO/SiOs approach for fabrication of the thin layer MOS device.
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CHAPTER III

Electrical Properties of MOS Containing a Single

Layer of Silicon NCs

3.1 Metal-insulator-semiconductor structures

Our insulating layer containing Si NCs represents the floating gate in the MOSFET
device. Metal-Oxide-Silicon (MOS) is the basic structure for FET transistors in sili-
con, and could be used to control the conductive channel by the gate bias. Therefore,
after fabrication the Si NCs in SiO,, we have to complete our sample to fabricate a
MOS structure which is essential for further electrical characterization. For electri-
cal characterization an aluminum top electrode (area of 0.275 mm?) and a backside
ohmic contact electrode were evaporated after removing the native SiO5 on the wafer
backside. Our sample thus represents a typical Metal-Oxide-Semiconductor (MOS)

structure.

3.1.1 Conduction mechanism of insulator

The current mechanisms through the insulating materials, which do not contain free
carriers, can be distinctly different from those in doped semiconductors or metals.
T. Hori and E. H. Nicollian et al. described the conduction mechanism in details
in their books [36], 37], especially focusing on the conduction mechanism valid in
SiOs. Most introductions on conduction in SiO, in this chapter is based on these
books. A thermal SiOs film could be considered basically an ideal insulator under
moderate bias conditions. Although the oxide resistivity is very high, on the order
of 10'Qcm, it is not infinite. Hence currents flow through an oxide for any given
gate voltage. Most amorphous insulator at an E fields in excess of 10*V /cm show
a range of nonlinear current-voltage dependence, and can be interpreted based on
certain conduction mechanisms. In the following part we discuss Fowler-Nordheim
(FN) tunneling, Poole-Frenkel (PF) emission, as well as direct tunneling transport,

Schottky emission and ohmic behaviour. FN and direct tunneling are substantially
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independent of the temperature unlike other mechanisms, because of the dependence
of tunneling phenomena on the quantum state in the insulator.

FN tunneling has been studied extensively in MOS structures where it has been
shown to be the dominant current mechanism, especially for thick oxides (> 40121),
such as in Fig. [3.1] The basic idea is that quantum tunneling of carriers occurs
through a triangular potential barrier in the presence of a high electric field. The
barrier of the insulator is pulled down by the E field so far that electron tunneling
from the metal Fermi level into the oxide conduction band becomes possible. Once the
carriers have tunnelled into the insulator they are free to move within the valence or
conduction band of the insulator. To check for this current mechanism, experimental
[-V characteristics are typically plotted as in(Jrx/E?,) - 1/E,;, a so-called Fowler-
Nordheim plot. Provided the effective mass of the insulator is known (for SiOs,
Mee* = 0.42myg), one can fit the experimental data to a straight line yielding a value
for the barrier height under the valid E field.

FN tunneling ¢p...barrier height

Eras ... metal Fermi level

Ers... semiconductor Fermi level
dpg...oxide thickness
dppy...tunneling distance V

+* Vaate--..gate voltage

E: < Figure 3.1: Schematic of Fowler-
A Nordheim tunneling

FN tunneling implies that carriers are injected into the conduction band of the
insulator and free to move through the insulator. However, in deposited insulators,
which contain a high density of structural defects, this is not the case, Si3/N, is an
example of such a material. The structural defects cause additional energy states close

to the band edges and restrict the current flow by capture and emission processes,
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thereby becoming the dominant PF emission mechanism. Since the existence of a large
density of shallow traps in CVD deposited films, Si3/N, makes PF emission a well-
characterized mechanism and field-enhanced thermal excitations of trapped electrons
into the conduction band are frequently observed in Si3/V, based non-volatile memory
systems. Other possible processes include ohmic conduction as well as trap assisted
tunneling, can be found in the literature [37]. In the simple case for dp, < 2 nm,
direct tunneling dominates, the electrons pass through the full oxide thickness and
the gate current is due to direct tunneling. Typically, Fowler-Nordheim tunneling and
Pool-Frenkel emission with the corresponding J-E functions are described follows:
A —2B¢%?

_ A
J—4¢BE exp —— (3)

and

J x Eexp(—%% ”E/C) (4)

respectively, where J, E, and ¢; are current density, electrical field, and thermal en-
ergy of about 26 meV at room temperature. ¢p is the potential barrier height at
the nanocrystal-insulator interface, and A, B and C are constants. For a substrate in

4¢%
3qBtox

strongly accumulation, where Ex > , the direct tunneling lead to a similar for-
mula as Fowler-Nordheim tunneling and can be simplified to following with additional
constant terms Bl and B2:
T — q2meffE2 ex [_4\/ 2m(Q¢B)BBZ]
i = SrbpmBy P hqE

(5)

3.1.2 Basic programming/erasing mechanism for MOSFET

In floating gate memories, the charge used for programming the device has to be
injected into the floating gate. In order to change the charge or data content of
NVM, two major tunnel mechanisms are viable: FN tunneling through thin oxides
and channel hot-electron (CHE) injection.

We already discussed the FN tunneling, as a very important injection mechanism
valid in NVM. In the operation of NVM, it can also be programmed by hot-carrier
injection. The method of programming is by hot-electron injection for n-type NVM
built on p-substrates or by hot hole injection for p-type NVM built on n-substrates.
Hot-hole injection is relatively slow due to the hole mass (0.56 m,.) as well as the

Si-SiOy energy barrier of 4.7 €V for holes, which is why most NVMs manufactured
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today are n-type MOSFET on p-substrates. The memory cell is programmed by
charging the floating gate via the injection of hot-electrons from the drains pinch-off
region. The hot-electrons get their energy from the voltage applied to the drain of
the memory cell. They are accelerated by the lateral electric field along the channel
into even higher fields surrounding the drain depletion region. Once these electrons
gain sufficient energy they surmount the energy barrier of 3.2 eV between the silicon
substrate and the dielectric layer or gate oxide and arrive at the floating gate. Hot-
electron injection also is commonly used in actual flash memory cells, but is not
the operation mechanism for the erase procedure. However frequent CHE operations
normally degrade the tunnel oxide integrity of flash cells, thus the program/erase
cycling endurance is worsened. The basic strategy for minimizing hot-carrier effects
in MOSFETSs is to introduce a lighter ion implanted region adjacent to heavily drain

doped region or lightly nitried gate oxide.

3.1.3 High frequency capacitance-voltage analyze

Grove (the founder of Intel) et al. used the MOS capacitor as the main tool in the
study of the MOS system [38]. Here the differential capacitance is the most essen-
tial property, because small-signal measurements determine the changing rate of the
charge with voltage. To understand capacitance-voltage measurements one must first
be familiar with the frequency dependence of the measurement. This frequency de-
pendence occurs primarily in inversion since a certain time is needed to generate the
minority carriers in the inversion layer. High- and low-frequency C-V measurements
are often useful among various methods to evaluate the MOS characteristics. Most
capacitance measurements are performed with admittance bridges or capacitance me-
ters. Using Gauss’ law, the small-signal equivalent circuit of the MOS capacitor was
derived as follows [36]:
1 1 1
0~ Culdn) ' O 0
Eql6] gives the total capacitance of the MOS devices as the series sum of the sili-

con capacitance and the oxide capacitance, per unit area. The majority and minority
carrier response times to ac gate voltages are very different. The minority carrier
response is typically as long as 0.01-1s, much slower than the frequency of bias at

high frequency and certainly not instantaneous over the frequency range of interest.
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The high frequency capacitance is used to evaluate the fixed-charge density and dop-
ing density. The low frequency capacitance is conventionally used to evaluate the
interface-state density and surface potential [39]. At high frequency, typically 0.1-
1MHz, majority carriers respond instantaneously. It is instructive to consider the
band diagrams for the MOS structures discussed in this chapter. Fig. shows the
energy-band diagrams for ideal MIS diode structure using (a) n-type and (b) p-type
semiconductor substrates. For these ideal structures, at zero applied voltage on the
metal gate, it is a state of flat band. However, because of the difference between
the gate metal workfunction, ¢,;, and the semiconductor workfunction, ¢s, many
dielectrics exhibit a charge (Qy), resulting in a required applied voltage Vrp #0 to
achieve a flat band condition.

The simplest and most widely used method for measuring oxide charge density is
to infer this density from the voltage shift of C-V curves. Because of the existence of
oxide charge, as shown in the right part in Fig. [3.2] the entire C-V curve is shifted
along the voltage axis with respect to the ideal high frequency C-V curve. For n-type
substrate, positive charge in oxide causes the C-V curve to shift to more negative
value of the bias with respect to the ideal C-V curve, and negative charge cause the
C-V curve to shift to more positive value of the bias with respect to the ideal C-V
curve. For p-type substrate, the opposite is valid.

The bias shift of the C-V curve caused by oxide charge Q can be explained by
image charges. Using a n-type substrate as an example, for a certain gate bias without
Q, at depletion region, the ideal depletion layer width is such that negative charge on
the gate is balanced by the positive dopant ions in the depletion layer. If positive Q
is joined in the oxide as shown in the upper-right side of Fig. [3.2] the above charge
balance is interrupted, its image charge (actually electrons for this case) is introduced
in the silicon substrate. These additional electrons are located at the depletion layer,
partly neutralize and reduce the depletion layer width, because the capacitance of
Si (Cy;) is inverse to the width of the depletion layer (C,; is linearly dependent on
its flat-band capacitance, flat-band capacitance is inversely proportional to extrinsic
Debye length which is related to depletion layer width) and series connection of Cg;
and C,,, thus from eqlf] the actual capacitance with oxide charge Q becomes larger
than for the ideal capacitance without Q. At strong accumulation, this influence of
image charge is omitted because of the accumulation of carriers from the substrate,

capacitances are always equal to C,, and at strong inversion, capacitances reach the
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same saturation value and the image charge is omitted too. Therefore, for MOS
structures containing Si NCs charge in the oxide, its high frequency C-V looks like a
hystersis loop. It has the same values at two extreme sides, but different value in the

remaining middle part, such as in the depletion region and weak inversion region.

3.1.4 Interface trap properties from conductance method

After certain assumptions are made, a general equivalent circuit is derived for the
MOS capacitor, on the basis of capture and emission by interface trap levels dis-
tributed throughout the silicon bandgap. We are noting that there are many prevail-
ing mechanisms to explain the origin of trap phenomena of nano-dots in the dielectric
matrix. The interface traps between dots and the surrounding SiO, matrix have also
been suggested to explain the charge storage, because of the large surface volume
ratio of the dots.

Among the various methods of interface trap investigations, the conductance
method is the simplest but effective one to use. That is, in the depletion region
interface trap occupancy changes by capture and emission of majority carriers, since
the minority carrier density is very low in depletion. For simplicity, we directly ob-
tain the definition of the interface trap admittance over the silicon bandgap Y;; from
Nicollian [36], and its real part is

(Gp) _ wCy,Gm (7)
w GZ, 4 w(Cop — Cpy)?

(Gp)

w

curve. The procedure is to measure the amplitude change of this curve either between

Here G is conductance. Only

will peak as a function of frequency f in the

the points f, and f,/n or between the points f, and nf, where f, is the frequency

<C;p>. Here we choose n=5. The ratio of the

corresponding to the peak value of
amplitudes are single-valued function of o, (standard deviation of band bending),
using the experimental ratios, the corresponding o, is obtained from the available
figure in the book of Nicollian [36]. The defined universal function fp (o) is dependent
on the oy [30], therefore, we will obtain the interface trap density as follows, where q

is electric charge:

(Gp) -
D= (%) (o)) )
In summary, we need only two points on a {G0) versus log frequency, plus additional

w

data from empirical curve to estimate D;; with unit of 10%cm?eV~—1-10"%cm?2eV 1.
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Figure 3.2: Energy-band diagrams and associated high frequency C-V curves for
ideal MIS diodes for (a) n-type and (b) p-type semiconductor substrates. For these
ideal diodes, V=0 corresponds to a flatband condition. For dielectrics with positive
(Qy) or negative (-Qy) fixed charge, an applied voltage (Vgp) is required to obtain a
flatband condition and the corresponding C-V curve shifts in proportion to the charge
in dielectrics [40].
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3.2 Conduction mechanism of the sample

Usually, current-voltage (I-V) measurements can indicate the conduction meacha-
nism. Quasi-static I-V measurements were performed using a Keithley 6517 elec-
trometer. A staircase voltage with a fixed voltage step of 0.1 V and a step delay time
of 15 s were applied to the device under investigation. To measure correctly, errors
due to displacement currents should be avoided. Hence, the I-V characteristic has
to be realized which means the applied voltage should be swept as slowly as possible
and a time delay should be used to measure the steady state characteristic. The
voltage was swept to negative values from 0 V to -10 V for the sample Al and the

control sample A2, hence, into the accumulation region. Usually, the leakage current
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Figure 3.3: Typical J-E curve for the sample A1 (left) and control sample A2 (right).
Under same E field, the current density of control sample A2 is obviously less than
for sample Al

is required to be lower than 107® A /cm? in a dielectric film used for a memory storage
capacitor. The behavior of the characteristics has two regions for common dielectric
material. In the low field region where field E < 10° V/cm, the current is due to
thermally generated carriers. While in the higher field region, in order to analyze
the conduction mechanism of our sample, we fitted our experimental J-E curve by
available models at these electrical field.

In Fig. we plot the J-E curves for the sample A1l and control sample A2. It
is obvious that Si NCs inside the matrix enhances the conductivity of sample A1,
so the current density of control sample A2 is much less than sample Al only about
1/1000 under the same E field. Above the threshold E field, the current densities
of samples are increasing extremely. The threshold E field of sample Al is less than

the value of sample A2 because of the embedded Si NCs in sample Al. In fig
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we plotted In(J/E?) as a function of 1/E, which is known as a Fowler-Nordheim
plot. Linear fitting prove the FN tunneling is the main conduction mechanism for the
sample A1 under certain E field. Using the linear part of the Fowler-Nordheim plot
and choosing typical values of the effective mass of the electron 0.26my to fit eq3] we
interpret the potential barrier to be about 1.6 eV. This parameter only indicates the
effective barrier height and is the height between the isolator barrier SiO, and the
quantized states of the silicon nanocrystals, the latter being shifted up by quantum
confinement effects. Carrier injection from the gate electrode into the oxide of an
MOS structure containing Si NCs is schematically indicated in Fig. [3.5 The electric
field on the insulator is represented by the sloped potential curve, steeper slopes mean
higher E field. When the local field is high, carriers tunnel through the triangular
barrier and enter the Si NC conduction band and sequently tunnel to the conduction
band of the Si substrate via the triangular barrier on the right side. Please note,
that the sizes of the silicon nanocrystals are not completely identical, but have a
certain size distribution which means a certain distribution of the effective potential
barriers. In addition, we got some indications from excitation of photoluminescence
measurements by Heitmann et al. [41] that the barrier height might be reduced
due to a very thin non-stoichiometric oxide layer on the surface of the nanocrystals.
Using photon-in photon-out soft X-ray spectroscopy, the electronic structure of Si NC
embedded in a SiOs host matrix was revealed by a cooperation with the BESSY’s
group [42]. They confirm the Si NC to be of a core-shell structure with a crystalline Si
core and thin layer of suboxide. The transition between the Si core and surrounding

SiO, has to occur gradually. Because this transition layer varies with stoichiometry,
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the electronic structure varies as well. Such an effect might also be of influence for

the tunneling behavior.

3.3 Detection of the oxide breakdown in MOS
sample

It was shown FN tunneling as a prevailing conduction mechanism in the test MOS
sample. However, FN tunneling is worked under high E field (MV/cm level) oper-
ation, from the point of view of dielectric breakdown of the insulating oxide layer,
reduplicatively using the FN tunnelings to force the carrier for charge/discharge per-
formance gradually make defect or carrier accumulation, inevitably deteriorate the
quality of oxide and finally cause percolation of this thin insulating oxide, thus break-
down happens.

Gate insulator breakdown effects the conducting behavior due to dielectric film
became conductive, leakage current from gate to substrate is rising distinctly. But in
the -V measurement, it is hard to distinguish the breakdown existence only by the
current jump. The fluctuation of current density can be explained by a lot of other
reasons, such as thermal excitation, mechanic-stress.

Since breakdown path gets carrier through and have heat generation in the trans-
port process, we get the hint from solar cell technology [43]. Using thermography
method, several kinds of shunts in solar cell can be detected by mapping the thermal
contrast. We can confirm whether has the breakdown below the metallization by this
method as well. If so, detection and localization of breakdown by thermal contrast
in thermography image can be done.

Lock-in IR thermography measurements were done at TDL 384 M lock-in system
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Breakdown

Figure 3.6: (a) Topography image of the breakdown sample. (b) Thermography
image.

at 10Hz for breakdown samples under 0.5 V forward bias condition, IR modulated
pulses penetrate the samples and detect by MCT detector. Their images are shown
as in the Fig. |3.6

Images are 138x138 pixel with pixel resolution 5 ym. In the topography image
(Fig. [3.6{a)), SiO2 and hexagonal Al electrode are visible, but Al electrode was
scratched in the operation. In the thermography image (Fig. [3.6(b)), breakdown is
exactly localized underneath the scraping Al metallization layer, probably this scratch

attenuated the oxide thickness and breakdown ultimately.

3.4 The storage and charge capacity of the St
NCs

To investigate the trapping characteristics of the structure we performed high fre-
quency (100 kHz) multiple up-down C-V and conductance-voltage (G-V) sweeps be-
tween inversion and accumulation region for our MOS test structure. The mea-
surements were carried out using a HP4194A impedance analyzer in a dark box for
avoiding photocurrent. Due to the ability of storage and trap-detrap processes of
carriers in Si NCs embedded in the dielectric matrix [44], we can describe the prop-
erties by high frequency C-V curves. The C-V and G-V measurements of sample Al
are presented in Fig. and Fig. [3.8] respectively. For the C-V characteristics the
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voltage was swept forth and back between -4 and 2 V, which means for a p-type MOS
structure, bias swept from the accumulation region to the inversion region, and a
hysteresis was observed only for the sample containing the nanocrystals. Comparison
with the schematic MOS C-V case in Fig. [3.2] the observed hysteresis was clockwise
indicating a net negative charge. If there is no charge present in the oxide or at
the oxide-semiconductor interface, the flat-band voltage simply equals the difference
between the gate metal work-function ¢,;, and the silicon work-function ¢g. The
actual value of the work-function of a metal deposited onto silicon dioxide is well
known from the literature, such as about 4.1 eV for Al. The work-function of silicon
¢s requires some more thought since the Fermi energy varies with the doping type
as well as with the doping concentration. This work-function equals the sum of the
electron affinity in the semiconductor y, the difference between the conduction band
energy and the intrinsic energy divided by the electronic charge in addition to the

bulk potential. This is expressed by the following equation:

E N,
VFB=¢M—¢S=¢M—X—2—9—Vt1H— (9)
q n;

where N, is doping density and dependent on sample, all other value are constant and

available from literature. One also notices in Fig. the presence of a conductance
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Figure 3.7: Typical C-V curve of sample Al in (a) and A2 in (b) obtained by sweeping
gate voltage forth and back between -4 and 2 V.

peak with a peak position close to the flat-band voltage. The magnitude of the
hysteresis in C-V and the shift in the peak position in G-V are both about 0.35
V. In contrast, no hysteresis and no conductance peak shift in the C-V and G-V
characteristics, respectively, were observed for the control pure MOS sample A2.

Therefore, these hysteresis and peak shifts could be attributed to electrons trapped
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Figure 3.8: Typical G-V curve of sample Al in (a) and A2 in (b) obtained by
sweeping gate voltage forth and back between -4 and 2 V.

in the sandwiched silicon nanocrystals or at the interface of the nanocrystals. Defect
states in the oxide or at the silicon substrate-oxide interface in control sample can
not be responsible for such a behavior. We estimated the charge density by using
a model of charging a single layer of silicon nanocrystals of density ng,, which was
suggested by S. Tiwari [3] using the following equation:

ENdot €ox
— (tupper + tdo 10
€on ( pper + dt2€si) ( )

AVJL«“TB -

where AVFT 5 is the flatband shift, ¢,,,., is the upper gate oxide thickness, ¢4, is the
silicon nanocrystal diameter, €., and €,; are the permittivities of the oxide and silicon,
respectively. Using the given parameters, the nanocrystal density of 1.6 x 10'%/cm?
can be estimated from the above equation for a single layer of Si NCs if one electron per
nanocrystal is assumed. In addition, we can estimate the silicon nanocrystal density
from our TEM images. However this is a rather crude estimation and represents
the upper limit of the nanocrystal density because the silicon nanocrystals shown
in the TEM image are from a sample thickness of some tens of nanometers. On
the other hand, from an in-plane view of a single nanocrystal layer we know that
the nanocrystals are nearly homogeneously distributed within the plane of the layer
which supports our estimation. Comparing the estimated nanocrystal density with
the above value derived from C-V measurements we can conclude that the nanocrystal
density is in the same range as the charge density.

In our sample, the Coulomb charging energy was estimated to be about 93 meV
by using ¢*/2C, in table |1 of chapter , where C,g s is the self-capacitance of a Si
nanocrystal embedded in SiO,. This charging energy is larger than the thermal energy
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and properly can block additional electrons to be stored in the conduction band of the
Si NCs. The observed clockwise hysteresis is attributed to charge trapping from the
gate. When the gate electrode is in writing operation at -4 V the charges are stored
in the Si nanocrystal by Fowler-Nordheim tunneling through the thin oxide, and if
the gate is swept into erase operation, a number of charges will be able to escape
from the Si nanocrystals, and the neutral charge state is achieved again. The whole
sweep process results in a shift of the capacitance. In our case, the sample structure
was realized by a symmetric SiO5/Si nanocrystals/ SiOq structure which means that
if we apply a bias, this forces a tunneling of the electrons of the metal gate or the
holes of the p-substrate into the silicon nanocrystals simultaneously. However, it is
known that the electrons more easily tunnel into the nanocrystals than holes which
is related to the larger barrier height (4.7 eV) for the holes tunneling in the valence
band.
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Figure 3.9: Energy spectrum of the MOS structure model. One QS state is presented
within the well and its energy is lower than the barrier maxima.

A model with a one-dimensional potential is used for the description of the electron
tunneling current through the MOS system as described in Fig. This spectrum
was calculated by J. Berakdar (theory department of MPI-Halle). Considering all the
parameters given in the current sample, there are two kinds of energy states associated

with Si NCs. They are conventionally referred as quasi-stationary (QS) states and
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transparent states. The term ”quasi” means that the electron deposited within the
well at some time ty will tunnel through the barriers. Such initially well-prepared
state is decaying in time and has a finite and large lifetime. Moreover, if the energy
of the electron coincides with the energy of the transparent state, the particle behaves,
as if it would be free. For given characteristics (heights and widths of the barriers,
material dielectric constants and respective effective masses, ay is atomic unit with
about equal distance 0.45 A) there is a single QS state within the well (red dashed
line) to assist the tunnel process. Its energy level is lower than the barrier maxima
and the barrier height is about 1.7 eV. This value is consistent with our electrical

measurement.

3.5 Interface charge estimation from conductance
method

Since defects in MOS structures cause instabilities, we can figure out that the silicon
nanocrystal-SiOs interface quality will remain a key factor for future silicon nanocrys-
tal memory technology. The conductance method is a simple but powerful tool to
estimate the interface state parameters. For each bias point in the depletion region,
we measured and plotted the G/w value as a function of the frequency f using the
HP4194A semiconductor analyzer. The results are presented in Fig. [3.10, where G
is the conductance, w is the angular frequency, and f is the frequency and the fp is
the frequency corresponding to the peak of the G/w curve. The standard deviation
of band bending and the universal function can be obtained sequentially from the
G/w ratio between the frequency, either low f,/5 or high 5f, and the frequency f,
corresponding to the peak of the measured G/w.

The interface trap density calculated using these two parameters is about 101°/cm?2eV =1,
which includes the interface states between the Si substrate and the Si0O;. Except
the interface trap density, the intrinsic trap time constant 7,(7,) can be calculated
from 7, = fj—’; It is at the us level, where &, is an empirical value and proportional to
the standard deviation of band bending. It is inverse to the carrier tunnel rate and
significantly influences the operation speed of memory devices. The capture cross
section is related to the capture probability by o, = ¢,/ arg v, where arg v is the av-
erage thermal velocity of the carriers. The capture probability ¢, is calculated from

the interface trap time 7, = ﬁ exp(—(vs)), therefore the capture cross section can
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be obtained. Typically for the sample A1, based on its resistivity, the doping den-
sity is about 1 x 10'/em3; 7, is about 1.9 uS, thermal velocity of the carriers is
approximately corresponding to a thermal energy of 3kpT/2 which leads to 107cm/s,
therefore the capture cross section is at a level of 1076-10~!7 cm?.

It is well known that hydrogen passivates silicon dangling bonds at the Si-SiO,
interface in MOS devices thereby reducing the interface trap density. In our case,
phase separation requires long time annealing of the former SiO layers which could
reduce the trap density at the silicon nanocrystal/SiOs interface too. For floating-
gate non-volatile memories, repeated write/erase cycling will reduce the isolating
capability of the tunnel oxide, thus enhancing the floating-gate charge loss by stress
induced leakage current (SILC) after many periods of cycling. A quantitative model
for steady-state SILC for flash EPROM was developed before [45], which shows a
linear relation between interface trap density and steady state SILC. The SILC we
estimated via the interface trap density is far below the Fowler-Nordheim tunneling
current density measured in the way described above. Hence, we conclude that our
silicon nanocrystal MOS structure demonstrates a good retention capability.

We therefore conclude that on average all silicon nanocrystals inside the oxide ma-
trix are charged. The interface trap density estimated from the conductance method
is much lower than the sample charge density. This is a further indication that the

dominant charges are confined in the silicon nanocrystals.
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3.6 Conclusions of the chapter

A size controlled SiO/SiOy approach was used for the fabrication of single layers of
silicon nanocrystals in a MOS structure. Electrical characterizations are performed
and demonstrate the suitability of this approach for silicon nanocrystal based memory
devices. The charge tunneling behavior of samples which contain a single layer of Si
NCs was studied. Static I-V measurement show that under certain bias, carrier tunnel
the tunnel oxide by FN tunneling behavior. Borrowed IR-Thermography technology
from solar cell, we confirm the breakdown existence and localize it in the thin oxide
after long term tunneling with ultrahigh E field. Based on the C-V and the G-
V measurements and the conductance methods, the phenomena observed could be
explained by the charge storage effect of electrons within Si NCs. Because of the fairly
uniform lateral distribution of Si NC, we observed nearly complete charging for all Si
NCs. It will help us to understand the capacitance of the gate oxide containing Si NCs
and optimize the properties of the transistor. The approach is well matched to the
standard silicon technology and hence will be of benefit for the discussed application
in NVM.
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CHAPTER IV

Multilevel Charge Storage in Silicon nanocrystal

Multilayers

4.1 The concept of multi-bit/cell

Recent performance improvements in products such as mobile phones, laser printers,
and GPS systems have brought significant increases in cell number and data size re-
quirements. This results in an increasing market for flash memory with faster speed,
greater density and higher integration. Many companies are developing SONOS trap-
ping site storage devices. Such SONOS flash has the advantage of being able to stor-
age two physical bits as multiple storage levels. The multi-bit cell technology usually
stores two bits of data per cell, or per transistor, reducing the area of the memory ar-
ray by as much as 50% compared to single-bit cell technology, thus reducing the cost
per bit significantly. However, the multi-bit cell technology needs a distinct distribu-
tion of several threshold voltages (Vr), because of the need of sufficient Vy windows
between multi-states. Liu et al. proposed a source/drain flash memory device for

two-bit per cell storage in his recent IEEE paper [46]. Fig. shows how this two

Control cxade

Figure 4.1: MirrorBit technol-
ogy symmetric design which dou-
bles the density of a flash mem-
ory array. The two bit/cell layout
greatly simplifies the manufactur-
ing process.

P substrate

bit/cell flash memory concept works: flatly localized storage charges at the floating
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gate were obtained through channel hot electron programming by reverse reading of
the polarities between source and drain allows a single cell with the two different
discrete traps, one near the source and another near the drain as show in Fig. [1.1]
Fig. schematically shows the corresponding four states of the memory. When a
large negative voltage is applied to the gate electrode, the electrons in the traps are
ejected and the memory is 'Erased’. When a positive drain bias and a large positive
gate voltage are applied, the electrons are injected into the traps near the drain edge
due to local hot carriers, which represents the "Write (D)’ state. On the other hand,
when source and drain are switched i.e. the positive bias is applied to the source
and positive gate voltage is applied, the electrons are injected into the trap near the
source edge which is the "Write (S)’ state. When electrons are injected into traps
near both drain and source sides under sufficient lateral E-field, thus this represents

the "Write (S+D)’state. This operation has been successfully demonstrated in NAND

Erased

erte{D} Figure 4.2: The scheme and

working principle of two-bit oper-
ation. It has four working state
sequentially as described in text.

Write(S)

Write(S+D

flash devices. A good improved performance was shown for memory applications [47].
A novel vertical channel NVM memory cell with ONONO (dual nitride trapping lay-
ers) dielectrics stack was proposed recently at ESSDERC2006 [48] for the multi-bit
per cell operation. According to the prediction of the Roadmap, 8-bit/cell operation
could be realized by 2010. Although the system of Si NCs embedded in SiO, has a
much steeper potential wall for hole and electrons compared with Si3/N4 traps sites,

the realization of two-bit/cell device by using this S/D nanocrystal structure has not
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been realized so far.

4.2 St NC/Si0,; multilayer introduction

The concept of multilevel charge storage using a quasi-superlattice amorphous Si and
SizNy structure was suggested recently [49]. In this kind of structure, the electrons
are captured at the charge-trapping sites of trap states of the SizN, layers and in-
terface states between the SisN, and a-Si layers. Considering the naturally discrete
charge storage of the SizN,, such a stack structure might be charged randomly, thus
influencing the multi-bit/cell performance.

I will concentrate on the charging process of multiple, regular localized Si NCs
layers in a dielectric matrix. Such Si NC based layered structures are quite similar
to the above nitride based structures but have the advantage of artificial discrete
charge nodes. Here I typically chose a set of samples (B1-B3), which have the same
total oxide thickness, but have 1,2 and 3 layers of Si NC embedded in the matrix.
Afterwards, I proceeded samples to fabricate the MOS structures and performed
high frequency (100 kHz) multiple up-down C-V and G-V sweeps as discussed in the
previous chapter. During the C-V and G-V measurements, the programming biases
gradually rise. Comparing a family of C-V curves, the multilevel step charge storage
was proved by sequential charging of up to three Si NC layers embedded in the oxide
for multi-bit/cell performance. A ultrahigh charge density was realized too. This
concept might overcome the limitation of previously introduced multi-bit design, and

simplify the circuit design as well as increase the integration level.

4.3 The permittivity of S1 NCs in a Si0, matrix

We already know that in the design of MOSFET devices, the gate oxide capacitance
is an effective parameter to influence the drain current. In the literature [6], the drain

current in the saturation region is given as follows:
ID = (W/L)Cox(VG — VT)VD,LL (11)

where W and L are width and length of the transistor, i is the electron mobility, Vg,

Vr, Vp are gate bias, threshold value and drain bias. C,, is the gate capacitance.
When the Si NCs are embedded in the SiOs film, the dielectric properties of

the film will be different from that of the pure dioxide film. Therefore, for flash
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memory devices with the Si NCs embedded in the gate oxide, the existence of the
Si NC will definitely affect the gate capacitance. On the other hand, as a Si NC is
an isolated structure with a size of about 4 nm embedded in the SiOy matrix, its
physical properties should be different from that of bulk crystalline Si. Therefore
understanding the dielectric properties of the Si NCs is inevitably important for
understanding the device behavior. In addition, if the dielectric properties of the Si
NCs are known, the dielectric properties of a SiOy thin film containing the Si NCs
are clear too.

The fabrication processes of sample P are similar to those introduced in the pre-
vious chapter. Typically the 3 periods of the SiO/SiO, superlattice film were grown
by thermal evaporation with 12 nm capping SiOy and a total thickness of 36 nm.
High temperature annealing was subsequently carried out at 1100 °C in N, ambient
for 1 h in order to induce the Si NCs formation. The profile of Si NCs in the SiO,
matrix can be easily obtained from the phase separation reaction. The Si NCs are
distributed layer by layer throughout the oxide. As such, the dielectric constant of
the oxide film is no longer equal to 3.9 of pure SiO,. The MOS capacitance of the
structure with Si NCs distributed in the oxide will be different from the capacitance

of a MOS with a pure SiOs thin film of the same thickness.

SiNC
510 @ @ @ @ @
S0 T=1100°C DOOO Q D
N,
Si0 DOEE O W
510, Si0,
Sisubstrate Sisubstrate

Figure 4.3: The scheme of process flow for Si NC formation (not to scale).

For simplicity, we assume that the volume fraction of Si NCs v; in the previous SiO
layers is constant and related to the stoichiometry of the SiO layer. The whole oxide
layer is virtually divided into N pairs of sublayers with an equal SiO+SiO, thickness
plus the top oxide thickness as shown in Fig. 4.3 where N is 3. Each sublayer can
be schematically described as an effective medium, which is composed of the SiO,
layer with embedded Si NCs and the pure SiO, layer. The effective permittivity e, of
the SiO4 containing Si NCs is represented by the Maxwell-Garnett effective medium
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approximation (EMA) [50]:

€c — €Si0 ENC — €SiO
e 02 _ v; 102 (12)
€e + 2€550, eEnc + 2€5i0,

where €g,0,=3.9 is the permittivity of pure SiOs and ey¢ is the permittivity of the Si
NCs, v; is the volume fraction of Si NC in layer. Based on the above serial sublayer
capacitances, the total MOS capacitance C per unit area in the accumulation region
can be expressed as:

6660 €Szo €o €5i02€0 7
5= D[R oy 0y (13)

drop
where € is the permittivity in vacuum, dy, d; and dy,, are the size of Si NC, thickness
of neighbor layer of SiOy and the top oxide thickness, respectively.
Using molar, atom weight and density listed in table [3| we can deduce from eq[I4]
the volume fraction v; of Si NC for each sublayer from these parameters which is

about 33.6% . Eq[12]is used to calculate €. and replace it in eq[13] The thicknesses

Table 3: Parameters of SiO, Si and SiO,

SiO | Si | SiOq

atom weight 44 28 60

density (g/cm?) | 2.15 | 2.33 | 2.53

2510 — Si0, + Si
88 — 28 + 60 (14)

do, dy and dy,, are estimated from the respective TEM images (Fig. [4.4). The 291
pF oxide capacitance at accumulation region is obtained from C-V curves in Fig. |4.5]
Finally, using the above values, the ey value obtained from Eq13]is 10. Obviously,
the permittivity of the Si NC is much larger than that of pure SiOs but smaller than
that of bulk Si. This value can also be confirmed from theoretical estimates [51],
which express the static dielectric constant of the Si NC as a function of the NC size
as follows:
€s; — 1

Estatic(D) =14+ ——F (15)

1.37/1.38
1+ -
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where €g; is the dielectric constant of bulk Si (11.9), D is the size in the unit of nm.

We chose D=4 nm, e€5;=11.9 and calculated €. is about 9.8.

Figure 4.4: TEM image of the
3 layer sample P. In order to cal-
culate the capacitance, this image
is used to estimate the effective
thicknesses

300 |-

250 |-

200 |-

Figure 4.5: C-V curve of the
sample P. The capacitance in the
100 L accumulation region is obtained
from measurement

150 |-

Capacitance (pF)

12 ' -8 ' -:1 ' 0 ’ 4
Bias (V)

o
3

The estimation process is similar to that used in the work of Ng et al. [52]. Because
of the advantage of phase separation, we can estimate the volume fraction of silica
rather precisely and avoid the problem of inhomogeneity caused by ion implantation.
The resulting Si NC dielectric constant is not only useful for fundamental physics
but also useful to design the Si NC based transistor, because the gate capacitance

influences the channel conductance and will determine the behavior of the transistor.

4.4 The prototype of multi-level charge memory
based on the multi-layers of St NCs

The samples B1-B3 are the prototypes showing multi-level charge behavior. For

electrical characterization, a top ohmic aluminum contact electrode and a backside
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electrode were thermally evaporated. The backside electrode was evaporated after
removing the native SiO, on the wafer backside, using diluted HF solution. To in-
vestigate the trapping characteristics of the sample B1-B3 we performed multiple
up-down capacitance-voltage (C-V) sweeps between inversion and accumulation re-
gions. The measurements were performed using commercially available admittance
bridges, such as an HP4194A impedance analyzer at 100 kHz and room temperature.

Fig. |4.6| (a) and (b) illustrate the characteristic multilevel charge storage for our
MOS structures B2 and B3 containing 2 (a) and 3 (b) layers of Si NCs. A family
of C-V hysteresis was observed on the upper part of Fig. 4.6, which is caused by
the successive charge trapping and de-trapping processes in the Si NC layers. As
can be seen here, a higher programming bias applied at the gate results in a wider
corresponding hysteresis. Hence, the narrowest C-V loop corresponds to the charging
of only 1 layer and the widest one to the charging of 2 (or 3) layers corresponding
to the 2 (or 3) layer sample. The conductance peak has the proportional shift under
different programming bias as shown on the lower part of Fig. 4.6, (a) and (b)
correspond to our samples B2 and B3. The sweep is from inversion to accumulation
region for the MOS devices based on n-type substrates. For positive program bias,
more and more electrons are trapped in the NCs through the thin tunnel oxide which
is evident by the clockwise hysteresis. After each sweep, electrons charged in the
NCs were erased by negative bias to bring the device back in the neutral stage.
We calculated the flatband voltage as performed in literature [36]. The flatband
capacitance can be easily calculated to be about 0.3 C,, when the doping density n;
is known as 2 x 10 /cm? and uniform, because Crp = €g/)\, where A\ = \/ﬁ is
the Debye length. In the left C-V curves of Fig. the left (sweep-up) part of the

hysteresis curve represents the discharge stages, because of its around zero volts flat

band position, and the right (sweep-down) part of the hysteresis the charge stages.
It explains why choosing the n-type Si substrate in this measurement was sample. In
the C-V measurement, all the bias sweep is from - to +, and is sweeped from inversion
to accumulation region for the n-type substrate. Therefore carrier accumulation and
tunnelling only happens at the positive sweep. Using varied programming voltage and
fixed erasing voltage, the relationship between flatband voltage shift and programming
voltage can be evaluated.

Fig. [£.7]demonstrates the gate voltage dependence of the memory window, i.e. the

flatband shift. Here, two (three) flat stairs are observed for the 2 (3) layer sample,
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Figure 4.6: High frequency C-V
(left part) and G-V (right part)
characteristics of the sample (a)
B2 with 2 layers, and (b) B3 with
3 layers. The widths of hystere-
sis and distance between conduc-
tance peaks gradually widen with
increased the programming bias.

Figure 4.7: The dependence of
the memory window on program-
ming voltage. There are three ap-
parent stages observed for the 3
layers sample B3, and two stages
for the 2 layer sample B2. Each
stage is spaced by about 7 V.



which are spaced by about 7 V. However, the increase of the flatband shift is less
for the third step, which might be either related to a reduced number of crystals
in the third layer or to a smaller size of the nanocrystals in that layer. The latter
explanation seems to be more probable due to the possibility of some oxidation of the
upper nanocrystals layer during the crystallization procedure.

Usually, in addition to charges trapped in these discrete Si NCs, there are other
general types of charges associated with the SiO,-Si system. There are fixed oxide
charges, mobile oxide charges, oxide trapped charges, and interface trapped charges.
The origin of these traps is related to the type of substrate, oxidation, such as the
oxidation ambient and temperature, even on wafer orientation, or is caused by ionic
impurities. Although some traps, for instance, oxide trapped charges, can be removed
by low temperature annealing, most other traps still influence the behavior of the C-
V curve of MOS devices. Therefore we can not obtain the perfect flat stairs. We
believe that after minimizing interface trapped charges using forming gas anneal, the
performance could be improved.

The remarkable good properties of the SiO5 make it work as the gate oxide under
certain medium field. However, the demands of a high working bias (>15 V) for such
additional memory states in this prototype could degrade the MOS transistor. Com-
pared with other prototypes of the multi-bit/cell designs, it has a simple structure,
but needs a high working bias. The programming bias for the third level is very closed
to the breakdown value of the SiO, dielectrics. Once breakdown happens, the charge

storage ability will vanish and the whole cell will fail.

4.5 Theoretical derivation of charging equation
for multi-layer Si NCs

It is well-known that, for a simple MOS structure with only one layer of Si NCs
and if only one electron per NC is assumed, the flatband shift of the voltage is
correlated to the NC density and the control oxide as suggested by Tiwari in eq[I0] He
considered the integration of the Poisson’s equation in the oxide. For our multilayer
Si NCs sample, its integration process is similar, but more complex than the case
with only one layer Si NCs in the oxide. To get further charging information of these

multilayer structure, we must reconsider the integration of Poisson’s equation in the
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oxide. Poisson’s equation leads as follows:

>y —qno(x)

dx? €ox

(16)

where x is the distance measured from the metal-SiO, interface, ny(z) is the volume
density of oxide charge, and 1 is the band bending in the oxide. Integration of
equation [16[leads to the following expression:

dy  —q / o, /

— =— d . 17

Tt ) (17)

The integration is performed from a point x in the oxide to the silicon surface, x=xq.

Integrating a second time, from the gate x=0 to the silicon surface, then:

»(0) = E_—q /0 " e / " dr (), (18)

On the other hand, at the gate, 1/(0) depends on the gate bias at flat-band Vg and
W,.s, where W, is the work function difference between metal and semiconductor

substrate.
»(0) = Vip — Wi (19)

Mathematically, the double integral in eq[1§ can be simplified to a single integral by

interchanging the order of integration.

xo x0 x0 $/ Zo
/ dg;/ dx'no(x') :/ d:vlno(;vl)/ da::/ d.ﬂ:lm/no(x/) (20)
0 x 0 0 0

Finally, it can be written as:
—q (% ,

Vg — Wins = 5/0 dx z no(x) (21)
For the case of individual node charges in the oxide, the charge in the oxide causes a
different Vpp to the case without charge in the oxide. Therefore, for the same W,,,,
the shift of Vpp is N

AVeg = e__q/ 0 da'z'no(z') = 0 (22)

or JO

In our case, for the sake of simplicity, each Si NC layer is considered as one Si
continuous layer, the charges are only located here where the previous SiO layers were
before. Each integration step can be divided to SiO5 layer segment integrations plus
these Si layer segments (previous SiO layer segment) integrations, as schematically

shown in Fig. [L.8 Integration of the SiO, layer segment leads to 0, because we
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assume no charge in these segments. Due to the mismatch of the permittivity of the
Si with its adjacent SiO,, we must choose an ”effective” integration length for the Si
layer which is sandwiched by SiO, layers. Usually the size of Si nanocrystal t,, is equal
to the thickness of this layer, considering the influence of mismatch of permittivities,

<t,. For convenience, we convert
1

E]

the ’effective’ length of integration is chosen to

area density d,.; to volume charging density as following,

n()(x) _ dwell (23)

€ox
n

€si

so in our case, the eq22 becomes:

- tl ! ! ! t2 ! ! ! t3 ! ! ! d I ! !
AVipy = —q[/ xno<x>dx+/ «ola’)dx +/ 95770(33)d$----+/ 2'mo(a’)da
0

€ox t1 to tn

- t2 ’ / ’ t4 !’ / !/
= —q[O—i-/ xno(x )dx +0+/ zno(x )dx + ...+ 0]

Cox t1 t3
fox / ’ €ox ’ /
—qdyen . [P odx s+t o' da
— [ o + oy +..] (24)
€ox t i M t3 i M

After replacement of the volume density with eq23]and integration for total N Si NC
layers, eq24 becomes

dwe oxtnN
AVpp = q u(€

+t1 +t3... +tn) (25)

ox  2Es
where t1, t3...t 5 are the upper control thicknesses for each Si NC layer as shown in Fig.
[4.8l We assume that all layers have the same nanocrystal density. From this modified
equation, we derive that the flatband shift of the samples with a varied number of
charging layers is mainly dependent on the amount of upper control oxides for each
layer plus the additional term % X N as described in the above equation.

In Fig. [4.7, we compared the flatband shift of the 3 layer sample and the 2 layer
sample as a function of the program bias. As mentioned above, having a sample with
three layers of NCs inside, each of these layers is ”seeing” a different upper control
oxide thickness. That means, for the first, second and third layer the control oxide
has to be chosen as 26, 19, 12 nm, respectively. Using eq25] we estimate that the
respective flatband shifts are proportional to 26.7 : 46.3 : 59.0 =1: 1.74: 2.21. This
ratio is nearly the same as observed in our measurement in Fig. [£.7] where the 3 steps
show ratios of 2.8 V: 5.2V : 6.4 V=1: 1.85: 2.28. Measured values are always larger
than the theoretical estimates, because of the contribution of other impurity charge.

As can be seen in Fig. [4.7] the 2 layer sample shows a similar behavior with steps at
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Figure 4.8: Schematic diagram of integration for multilayer charge equation

around 2.4 V and 5.2 V, however, with no third step, as one would expect. Hence,
these charge steps are from the charges of the respective number of layers which are
driven by the programming bias in both samples. Actually, the frequency behaviors
of devices with from different number of layers in the oxide are different because of
different carrier tunnel rates, thus represent a drawback of this prototype for future

multi-bit memory devices.

4.6 Retention characteristics of the sample

4.6.1 Introduction of retention test

Silicon technology owes much to the remarkable properties of SiO, as a good gate
oxide. However, the gate oxide simultaneously is also the source of several crucial
degradation effects in MOS transistors. NVM cells have some important functional
characteristics for practical applications, such as retention and endurance. In order
to evaluate the performance of the cell, these characteristics must be tested. The
primary failure mechanism of the gate oxide pertains to leakage current after high in-

jection electric field stressing during hot-electron injection or FN tunneling, dielectric

o6



breakdown, and some modes of electrostatic discharge [53]. All these failure phenom-
ena are intimately associated with charge transport in SiO, thin films. Therefore they
degrade the charging capability of the SiO, matrix containing the Si NCs. Retention
is a measurement of the time that a nonvolatile memory cell can retain the charge
whether it is powered or un-powered. In floating gate memories, the stored charge
can leak away from the floating gate through the gate oxide. This leakage which is
caused by contamination, such as mobile ions, oxide defects or thermionic emission
results in a shift of the threshold voltage of the memory cell. To improve the retention
characteristics of the memory cell, various improvements to the quality of the gate

oxide become very important.

4.6.2 Retention test of Si NC multilayer stack

In order to examine the reliability of our stack structure, the retention characteristics
was investigated. Because this sample is not a MOSFET, we can’t measure the
retention window in the I4-V, curve, we can only measure the retention indirectly. For
the sake of simplicity, we observe the capacitance change to characterize the reliability
of MOS-capacitors based on the multilayer stack. First we measured the C-V curve
of the uncharged sample, then continuously measure the capacitance after a fixed
writing voltage and certain time, thus we get the C-t dependent, and subsequently
estimate the flat band shift.

It is known by the eqlf] of the previous chapter that the total capacitance at flat
band condition is composed of the silicon capacitance at flat band condition and the
invariable oxide capacitance. Leakage currents loose the charge in floating gate and
cause the reduced image charge to influence the depletion layer width. They further
cause the deviation of the silicon capacitance at flat band condition. Therefore,
we can realize an indirect retention measurement from the total measured sample
capacitance as a function of time.

In Fig. [4.9] the retention measurements were performed for the three layer sample
B3 for different stages. As can be seen here, the flatband voltage shift of these pro-
gramming stages was stable over nearly 25 h of operation for each programming bias.
Such an improved charge retention time was demonstrated as well in the doubly-
stacked Si NC memory structures by Nassiopoulou [54]. Coulomb repulsion between
the adjacent Si NC layers which blocks the leakage could be a reason for the improve-

ment retention properties. The lateral diffusion of the charge, necessary to warrant
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Figure 4.9: Retention characteristics of the 3 layer sample after charging at different
writing biases.

for the multi-bit operation, is limited and negligible, even for our case of high density
(about 102 /cm?). If adding the influence of tuning of areal density of Si NC, which
will be discussed in the next chapter, diluted Si NC distribution on such multilayer
stacks could further reduce the hopping process among the Si NCs and optimize its
ability of retention. The reliability is also significantly improved. Therefore shrinking

these devices even further seems feasible.

4.7 Further discussion and conclusion

The estimated permittivity of Si NC from the C-V curve is less than the bulk value
and demonstrates the reduction due to quantum confinement. It will influence the
saturated value of the transistor memory. Si NC memory performance also depends
on the shape of the NCs as well as on their crystalline orientation, because the orien-
tation influences the carrier distribution (for example heavy and light holes) and the
transmission efficiency. Even if we don’t consider these variations, the feasibility of
multilevel charges in layered arranged Si NCs in an MOS structure was shown. Ex-
periments and modified charge equation demonstrate the validity of a family of C-V
loops and the corresponding staircase in the flatband shift. Our results not only show

a good memory capability of such multi-layer Si NC devices, but also the feasibility
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of memory devices having a two-bit/cell storage behavior, which means if we apply
this 3 Si NC layer as a floating gate in a transistor, four distinct threshold voltage
states could be easily found out, under different gate biases. We think that this can

be used to design the related transistor in the future.
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CHAPTER V

Tunability of the NC Density for Memory

Application

5.1 The motivation of changing the NCs density

We already know that nanocrystals permit scaling of tunnel oxide and operating
voltages for memory applications. However, there are some remaining device related
concerns for this structure. The impact of the nanocrystal parameters such as size and
density on memory bit performance has not been elucidated. Since these nanocrys-
tals are typically formed by random nucleation and growth processes, the impact of
fluctuations on memory arrays is not well understood.

When using Si nanocrystals as a charge storage device, the size, size distribution
and density of the nanocrystals will certainly influence the properties of the devices.
For instance, the threshold voltage shift due to electron storage in nanocrystal mem-
ory devices is proportional to the number density of nanocrystals. Smaller sized Si
nanocrystals will offer a better control of the numbers of stored carriers but would also
result in an increased spacing energy and Coulomb charging energy, as was demon-
strated [55]. The spacing of the nanocrystals should be large enough to prevent a
significant dot to dot hopping at the working temperature of the device. Different
methods for preparing Si nanocrystals were reported, such as using CVD, the im-
plantation of silicon into SiO,, or the preparation of silicon rich silica. The reported
sizes are in the range of 1.7-6 nm with a normally rather broad size distribution of
some nanometers. The control of the size and size distribution in single and multi-
layers was demonstrated previously by using our approach. An independent control
of the interdot spacing was not demonstrated so far. Also, a controlled variation of
the nanocrystal area density by maintaining the same size and a small size distri-
bution was not possible up to now. The simplest way for size and size distribution
is to prepare a layered arrangement of Si nanocrystals as can be accomplished by

the deposition of SiO,/SiOy multilayers followed by a high temperature annealing.
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The feasibility of multilevel charges in layered arranged Si nanocrystals in an MOS
structure was demonstrated in the previous chapter. With our method we have a
very simple way to control the area density within the layer by maintaining nearly
equally sized nanocrystals. That is with a variation of the stoichiometry parameter x
from 0.9 to 1.63. The stoichiometry of the SiO, layers is controlled by adjusting the
oxygen pressure during the growth which influences the resulting area density of the
Si nanocrystals. The method gives an unique possibilities to study the influence of
the nanocrystals density (without having an additional influence on the NC size) on
the electrical properties. The properties of the resulting MOS devices as a function

of the nanocrystal area density will be discussed in this chapter.

5.2 FExperimental procedure

The deposition of the Si0O,/SiOy were done in the same way, but using a variable
stoichiometry (i.e variable oxygen pressure as described in chapter 2). The variation
of the stoichiometry corresponds to the x value in SiO, from 0.9 to 1.63 for samples
C1 to C4. After deposition, the samples were annealed in two-steps sequently under
Ny atmosphere in a quartz tube furnace at 900 °C for 0.5 h to form amorphous Si
clusters firstly, then the temperature was raised to 1100 °C for 0.5 h to form the Si
nanocrystals in the SiO, matrix. The samples were investigated by all measurements,
including PL, C-V and cross-section TEM. A HeCd laser was focused on a sample

2 as an excitation source, and a power density of 1.5 W/cm?

area of about 1 mm
without any filter. Photoluminescence measurements were performed using an Acton
Research 500L monochrometer with an attached liquid nitrogen cooled CCD camera.
The slit of the monochrometer was 200 um and accumulation time of CCD was 0.2
s. The spectra were corrected for the spectral response of the measurement system.
For electrical characterization an aluminum top gate electrode and an Ohmic contact
as backside electrode were evaporated after removing the native SiO, on the wafer
backside by diluted HF. To investigate the trapping characteristics of the structure
we performed again multiple up-down C-V sweeps between the inversion and the
accumulation region of these MOS structures. The measurements were performed at
100 kHz using an HP4194A semiconductor impedance analyzer at room temperature.

The layer structures of the annealed samples C1 to C4 were checked by TEM in cross

section geometry.
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5.2.1 Optical characterizations of diluted Si NC layers

Silicon is a excellent material for electronics, however, its intrinsic indirect band gap
makes Si an inefficient material for light emission. Because of quantum confinement
effect of Si nanostructure and the elimination of bulk or surface defects, nanometer-
sized Si objects (nanocrystals or nano-dots) can emit light at room temperature from
the near infrared throughout the visible [I2]. The normalized photoluminescence
spectra of the sample series are presented in Fig. (a). We choose 800 nm as a
central wavelength and the width of the spectra is about 350 nm. The photolumines-
cence (PL) peak positions of the four samples are nearly the same, around 770 nm
but the intensity gradually decreases from sample C1 to C4. In these spectra, the
nanocrystal density ratio among the samples might be extracted from the integrated
PL intensity under the assumption that the samples are excited by the same power
density, using an identical sample area, and samples with a nearly identical diameter
of the nanocrystals. As can be seen here, the nanocrystal density gradually decrease

from sample C1 to C4 with increasing Oy pressure. The nearly constant PL peak
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Figure 5.1: (a) Photoluminescence (PL) spectra of our four samples. A, B, C and
D represent sample C1, C2, C3 and C4, respectively. (b) PL intensity as function of
oxygen pressure.

position observed for the samples prepared with the same layer thickness but variable
oxygen content is a clear hint that the average NC size is in the same range within the
limit of our preparation. Under the assumption of equally sized NCs, the radiative
life time 7,,4 and the absorption cross-section o of such NCs are the same. Using the
same area flux density of exciting photons I.,, the PL intensity Ip;, depends mainly

on the total number of excited NCs N according to the equation suggested by Kovalev
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Table 4: Norminal growth oxygen pressure and parameters extracted from photolu-
minescence and C-V experiment

sample | Ogpressure | stoichiometry | norm.inte. flatband shift average NC
%1076 of the SiO, PL int for bias of density
no. (mBar) X AU ™V 14V 21V | 102cm™2  unity
ratio
C1 1 0.9 1 3.15 5.37 6.46 2.79 1
C2 5 1.13 0.84 2.78 4.46 5.2 2.25 0.81
C3 10 1.27 0.68 2.22 3.29 4.00 1.73 0.62
C4 50 1.63 0.35 0.98 1.67 2.16 0.93 0.33
et al. [50]:

No(Eey — Egap)les
1+ 0lew(Eex — Egap)Traa(gap)
where E.;, E4q, are the excitation and band gap energy, respectively, N is the NC

Ipr (26)

density and will be estimated from this equation, if the same excitation I., is used.
In this PL measurement, the measured spectra is spread from 627 to 970 nm with
a range of about 340 nm. In order to count all contributing Si NCs, we have to
integrate the intensity within this certain wavelength range, hence, the ratio of the
integrated PL intensities of our fours samples scales directly to the NC densities of
the samples which is 1 : 0.84 : 0.68 : 0.35 (normalized to the sample with SiO layers),

respectively. The results are summarized in table [4

5.2.2 Electrical characterizations of diluted Si NC layers

We selected sample C1 and C4 for demonstration of the typical influence of the NC
density on the charge behavior in Fig. [5.2] A family of C-V hysteresis curves was
observed which are presented here for typical programming biases. The C-V hysteresis
is caused by the trapping, storing, and de-trapping of carriers to and from the silicon
NC. Applying higher bias at the gate results in a wider corresponding hysteresis
because of the sequential charging of the three NC layers. The narrowest C-V loop
corresponds to the charging of the first layer only, the middle one to the charging
of the first and second layers and the widest one to the charging of all three layers.
Comparing the behavior of samples C1 and C4 having different densities of NC we
observe a continuous decrease of the flat band shift (i.e. the width of C-V loop) with
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decreasing the NC density in the layers under the same programming bias as is shown
in left part of Fig. a and b. The NC density can be estimated using the flat band
shift and the respective charge equation developed in last chapter. We also observed
that the memory windows as function of programming bias on the right part of Fig.

[.2 show 3 stairs due to sequential charge of 3 Si NC layers.
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Figure 5.2: Upper: Typical high frequency C-V curves of sample C1 (left) and their
memory window as function of programming bias (right). Lower: The typical high
frequency C-V curves of sample C4 (left) and their memory window as function of

programming bias (right). The widths of the loops are proportional to the charging
density of Si NCs.

As a result, one of the essential growth parameter, the oxygen pressure, can be
correlated to the resulting area nanocrystal density as summarized in table [4] and
graphically presented in Fig. The PL intensity and the flatband shift in C-V are
both directly depending on the NC density, hence, both measurements represent an
independent way for an estimate of the NC density. As can be seen in Fig. the

NC density estimated from C-V measurements scales linearly with the integrated PL
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intensity, the implications of this relation will be discussed below. Error bars in the
figure indicate that due to the unavoidable deviation in estimation of average Si NCs
density, these data are only valid within a range and have uncertainty. Comparing now
the samples having an increased NC density, we observe an increased flatband shift.
For each sample, we sequentially charge the layers by increasing the programming

bias. So comparing the samples, we find that the memory window linearly scales

with the PL intensity and hence the NC density.
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5.3 Discussion of the chapter

5.3.1 Improvement of annealing process

One crucial step in sample preparation is the crystal formation because only samples
with well established and isolated nanocrystals show charge storage behavior. High

temperature annealing is an important step for the crystal formation, the thermal
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diffusion of Si atoms make them gradually nuclei. For our samples, the highly oxygen
composition induce the Si clusters to be separated further more each other than in
our previous samples. Therefore we must optimize the annealing process for these
samples. We tested pieces of the same samples after an 900 °C anneal. No charge
storage and no luminescence were observed. As suggested by Yi et al. [57] in her three
stage model of the phase separation, annealing at 900 °C results in a complete phase
separation of the former SiO layers but with amorphous Si nanocluster surrounded
by amorphous SiO,. Above 900 °C, the crystallization of amorphous clusters into Si
nanocrystals takes place. In our samples, the additional oxygen during the growth
results in an increased SiOy and a decreased Si percentage. Hence, the additional
SiO4 forces the Si clusters to be more separated from each other within the layers
compared to the samples previously produced in our group. A decrease in size can
be excluded because the deviation in the PL peak position observed for the samples
is in the order of the fabrication tolerance. In contrast to the annealing of 1 h at
1100 °C normally used for multilayers, we chose here a variation of the annealing
process to reduce the thermal budget and the danger of destroying the layers by
oxidation. We annealed the samples for 30 min at 900°C to form the amorphous Si
clusters. At this temperature, oxidation of the clusters by diffusion of residual oxygen
into the films is drastically reduced and hence the delicate layers are conserved. An
additional annealing at 1100°C for 30 min then transformed the amorphous Si nuclei

into nanocrystals.

5.3.2 Determination of density ratios

The change in the average density of the crystals is hard to prove by TEM cross
sectional investigation because each of the images still represents an overlay of a
different number of NC rows. The final thinning of the TEM samples is different
in each case and the image conditions also depend on the focused spot under each
investigation. Using electrical characterization, we can obtain the Si NC area density
ratios as we did in the photoluminescence measurement.

The NC density can be obtained from C-V measurements. From our TEM inves-
tigations, we found that the total thickness of sample C1 is slightly larger than in the
other samples. Therefore in the C-V curves, its capacitance in accumulation Cy,giqe iS
smaller than that of the other samples, which is consistent with the expression given

in literature [58]. It is known from chapter 2 that the various volume fractions of Si
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NCs in the oxide matrix from sample C1 to C4 slightly affects the permittivities of
their oxide layers. Thus this influence in a change of capacitances in accumulation
Cozige for these four samples. The upper oxide thicknesses and size of the dots for
each layer were measured from the TEM images. According to the suggested fixed
oxide charge model, the theoretical value of the flat-band shift of multilayer charges
can be estimated as eq[25] in the previous chapter. For simplicity, we assume that
within one sample all layers have the same nanocrystal density. Assuming now only
one trapped carrier per NC, the values of flatband shifts of the sequently charged
layers are obtained from the C-V curves. We calculated the average NCs densities
assuming a charging of all three layers. The results are also presented in table |4, As
can be seen, the calculated nanocrystal density shows a similar ratio dependence as
the integrated (normalized) PL intensity.

The above Fig. [5.3shows the Si NC density calculated from the C-V measurements
as a function of the oxygen pressure. From the fitting of the curve we obtained the
expression: D = 0.9 + 2.1exp(—P/107°), where D is the nanocrystals area density
(unit of 10?c¢m~2) and P is the oxygen pressure (unit of mbar). The empirical formula
can be used for a rough prediction of the nanocrystal area density within a certain
O, pressure range. The upper limit of the area density under the condition of using
pure SiO powder, an ultimate small base pressure of zero mbar and a layer thickness
of around 4 nm is around 3 x 10'2/cm?. The lower limit, however, which would be
a density of 0.9 x 10'2/ecm? for a very high oxygen pressure is not correct, because
according to the Fig. [2.1] for a pressure of larger than 1x10~* mbar the resulting layer
is already consisting of SiOy which does not contain any nanocrystals after annealing.
A further larger density could be possible if the size of the nanocrystals is decreased,
which could be realized with thinner SiO, layers. Based on the estimated NC density
and under the assumption of equally sized spherical nanocrystals, we can estimate the
average distance between the neighboring nanocrystals by using a simple geometric
model of putting equally sized spheres with a certain density on a plane in a regular
way which was already shown as Fig. in chapter [2l Then the medium distance
between the nano-spheres can be estimated which tunes from 2.2 nm to 6.7 nm for
changing the stoichiometry from around 0.9 to 1.63. Hence, we can systematically
adjust the separation of the NCs into the range needed for avoiding in-plane carrier
leakage between adjacent nanocrystals. The nanocrystal density calculated from the

flatband behavior is linearly related to the observed PL intensity relation (see Fig. |5.4])
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as one would expect. Both properties can equally be used for device characterization.

In Fig. the relationship between the memory window under different biases
and the integrated photoluminescence intensity is shown. FError bar indicates that
for each programming bias, the measured value of memory window is variable within
certain range, but tolerant. The observed linear trend under variable programming
biases is in agreement with our discussion above. All the linear fits overlap at the zero
point, which means zero nanocrystal density results in zero PL intensity, as one would
expect. In addition, with a proper desired nanocrystal density the memory window
of each of the layers can be designed by a properly chosen oxygen content. This
offers new possibilities for device design and optimization, specially enough isolating
inter-distance between dots is helpful to prevent hopping for long retention. A highly
density of dots contributes to the threshold value shift to cause more pronounced
memory state. This approach is universal not only for group IV nanocrystals, but
might also be used for other materials which are derived from the decomposition of
their oxides, such as Pt nanocrystal from the PtO, decomposition in an insulating
matrix [59]. In addition, this approach might allow to design single electron transistors

with only one nanocrystal in the channel.
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Tuning of the NC density in plane not only benefits memory operation, but also
influences the lateral carrier transport of the sample. Lateral conductivity generally
increases as Si concentration increases, probably because of an increase in carrier
transport as the average distance between neighboring Si NCs decreases. It benefits
for the lateral hopping process of Si NCs in plane and could be used to optimize the

current output for third generation of tandem solar cell [60].
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5.4 Conclusion of the chapter

A simple approach to control the area density of the Si nanocrystals within each layer
was demonstrated by varying the stoichiometry of the SiO, layers. The varied stoi-
chiometry results in a varied area density of the nanocrystals after high temperature
annealing of the multilayer stacks as was demonstrated by TEM, photoluminescence
and by the results of the electrical characterization. Based on the results reported
here, an adaptive design of Si NC based memories can be accomplished with an in-
dependent variation of the nanocrystal density from 0.9 x 102 up to 2.8 x 102 /cm?
within each of the layers, which represents an average distance between the NCs from
2.2 nm up to 6.7 nm. This approach allow to limit the in plane hopping process
among the Si NCs which will degrade the reliability of devices by tuning the spacing
between NCs. Since the nanodots embedded in the dielectric matrix will enhance the
conductivity of the dielectrics remarkably, therefore this system may be developed to

a conductivity-tunable building block in future applications.
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CHAPTER VI

The Silicon NC trap center studied by DLT'S

6.1 Introduction

Memory-cell structures employing discrete traps as the charge storage media have re-
ceived much attention as promising candidates to replace conventional polycrystalline
silicon or silicon nitride non-volatile memories for future high capacity and low power
consuming memory devices. NC memory devices employing distributed nano-dots
as storage elements have shown great potential in device applications [3]. A floating
gate composed of individual nanocrystals reduces the problem of charge loss encoun-
tered in conventional commercial floating-gate, such as short retention, endurance
and SILC (Stress Induced Leakage current), and allow further scaling down of tunnel
oxides, thereby lowering working bias, and faster write/erase speeds.

The real origin of the trap/detrap phenomena in the silicon nano-floating gates is
still under debate, even including the generation of the luminescence of the nanocrys-
talline silicon. Several models of charge storage were proposed such as three-dimensional
quantum confinement effects [61], interface and defects states [62]. The existence of
defects due to lattice damage of ion implantation and hydrogen effects from CVD
process [63] in the NC-Si based MOS structure might generate parasitic traps and
influence the charge performance. Among these methods, considering the good adhe-
sion of SiO with SiO, and simplicity of the sources, the SiO/SiO, superlattice method

shows robust charging capability due to its low interface and defect density.

6.2 Transient capacitance spectroscopy

In contrast to the steady-state high frequency C-V methods described so far, transient
capacitance spectroscopy gives information by measuring how the nonsteady-state
high-frequency capacitance changes with time t. Deep Level Transient Spectroscopy
(DLTS) invented by Lang [64] is now widely used to detect traps of so-called ”deep
levels” in the band gap. Initially, the method utilized measurements of transient

capacitance following the pulsed bias in a p-n junction or Schottky barrier diode to
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monitor changes in the charge state of defect centres. Schulz and Johnson [65] ex-
tended applying DLTS to study the charge emission from interface states in MOS
structures. Therefore, for Si NCs embedded MOS structure, if the charge emission
from interface states of Si NC is detectable, it is worthwhile to use DLTS for charac-
terization. The DLTS signal is the difference of capacitances at two different times
after a filling pulse. It shows peaks for different trap levels in the sample at the
respective temperatures T. If traps are filled by a filling pulse and the reverse bias
is switched on again, the sample is in thermal non-equilibrium and relaxes into equi-
librium by detrapping the charges back. This relaxation process is related with a
capacitance transient. Its time constant is governed by the thermal emission rate

€n:p, Which depends on the trap energy E; and the temperature T

1 Ni,pOn,pUnp —Ey

= -— = 2
g = = = SR (o) (27)

Here N,, , is the effective density of states in the conduction band or valence band, o,
is the capture cross section of the trap, v, , is the carrier velocity, g is the degeneracy
factor. We can see here, the emission rate is exponential dependent on 1/T, so the
thermal energy (or activation energy E;) determining its slope and the capture cross

section o determining its intercept, are the main features of the curve. Because of
DLTS = a(C(ty) — C(t1)) (28)

the DLTS signal is scaled in units of capacitance (usually pF). In principle, a DLTS
measurement starts at a low temperature. The signal is recorded, and temperature
is ramped up for measurement. During the raising of T, according to exp(_k?) de-
pendence of the thermal emission rate, as long as T is too low for significant thermal

emission until t9, the difference in eq[28]is zero. If T is so high that the thermal emis-
sion is already over at t1, the difference eq[28|is also zero. Ouly if the emission time
constant (or its inverse, the emission rate for convenience) of one level falls into the
so-called "rate window” given by the definition of t; and ts, a DLTS peak appears.
We obtain the following condition for the DLTS peak to appear:

5 (29)

Cn.p —
P tQ _ tl

The "rate window”, is the inverse of 7., according the formula of the relaxation time

constant 7., and has the unit of s7!. Because on eq. for each trap, the trap energy
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and the capture cross section are determined by its slope and intercept, respectively,
may be determined from an Arrhenius plot In(e,,,) ~ 1/T.

Few researchers have used DLTS to observe the Si NCs charging process [63,
60], however. Because of the drawback of their fabrications methods, only limited
information about Si nano-dots were obtained and were usually hidden by artificial
parasitic traps. Here we present our DLTS measurements of Si NCs samples based
on the SiO/SiOy superlattice. Several results are explained and are consistent with
previous reports. These results might help us to understand the trap process of the Si
nano-floating gates and optimize the future operation of non-volatile memory devices
based on Si nanocrystals. The charge-pumping method is a kind of nonsteady-state
measurement, but it is widely used to evaluate the interface states in MOS transistors
which has a more complex 4 terminals structure, so we don’t concentrate on this

method in this chapter.

6.3 DLTS experimental details

The non-symmetrical sandwich structure samples were prepared as usually on highly
doped n-type (100) silicon substrates (0.05-0.1Q2 cm). First, a 4 nm SiO, film was
deposited as a tunnel oxide, then a 4 nm layer of SiO was deposited by SiO powder
evaporation. On top of this structure, an additional SiO, layer was evaporated as
the upper control oxide with the layer thickness of 24 nm. In order to form the Si
NCs, thermal annealing was performed in a quartz tube furnace under N, ambient
(1100 °C', 0.5 h) for phase separation and crystallization. For comparison, a control
sample, i.e. a pure SiO, film with the same total dioxide thickness as the sample
with Si nanocrystals, was prepared on the same type of substrate using the same
deposition conditions. The electrical measurements were performed at 100 kHz using
an HP4194A impedance analyzer at room temperature, as we did before. For more
information about the traps of the samples, DLTS were performed in the 100 - 310
K temperature range with variable pulse bias and rate windows. The heating rate
was 0.4 K/min. The cryostat containing the sample was attached to the capacitance-
meter with preamplifier, and the amplified transient capacitance was processed by
the electronics and a PC. The capacitance of the sample is measured under depletion
region conditions. The "rate windows” were chosen as 34.7, 17.3, and 8.7 s~ for the

measurements.
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6.4 C-V and DLTS analysis

Fig. presents typical C-V curves of the sample. The loop of the forward and re-
verse sweep C-V characteristics indicates the electron charging and discharging effects
of Si NCs embedded in SiO,. The details of charging behavior of Si nanocrystals were

discussed previously. The DLTS study gives more detailed information, in addition
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Figure 6.1: C-V curve of the control sample and sample D1

to C-V characterization in Fig. [6.1] The process of measurement is the following:
electron injection to dots appears by positive reverse bias on the gate, whereby, near
the interface of Si-SiO,, the potential slope is so steep that electrons are populated
and confined by oxide and the steep potential. The electron energy perpendicular to
the interface is now quantized into discrete states, this phenomenon is called surface
quantization and it helps the electron injection [67]. Electron escape emission is from
the interface or quantum levels of the dots by repeating bias filling pulses. The emis-
sion of electrons is recorded by measuring the capacitance transient. Fig. shows
the DLTS signal of the control SiO sample in (a) and a sample with Si nanocrystals
in (b). Negative peaks mean that the electrons (majority carriers) are in the space
charge region. In Fig. [6.2h, only one peak around 190 K is obtained in the spectra,
but the spectra in Fig. present two peaks around 190 K and 250 K, respectively.

The signal noise in its left part is due to problems associated with the metal contact
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at low temperatures. For the simple MOS control sample, the signal consists of the
interface charge states between the oxide and Si substrate, and for the MOS sample
with Si NC, except the above peak, a second and dominant peak appears. It should
be related to the charge within the Si NCs. Furthermore, to distinguish whether the
charges are stored in the quantum confined conduction band or in deep levels of the
band gap in the Si NCs, we tuned the rate window of DLTS to obtain the thermal
activation energy and capture cross sections to explain this peak. In Fig. [6.2] we
measure the DLTS spectra under three rate window 34.7, 17.3, and 8.7 s~! by choos-
ing certain to and t;, and corresponding peak shifts are shown. This emission rate

shift as function of temperature will be presented in the Arrhenius plot in Fig.
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Figure 6.2: DLTS spectra of control sample (a) and samples D1 (b) dependent on
rate window: samples have same thickness, but upper one is MOS control sample
without Si NCs, lower one is MOS sample with Si NCs

Yamasaki theoretically analyzed and measured the bulk traps and interface states
in Si MOS diodes [68] and demonstrated the distinction between interface charge and
bulk traps. Because the emission rate of bulk traps at a temperature is constant
regardless of the pulse bias, the peak temperature and shape of A(C') should not
change with pulse bias. We keep the same rate window, constant reverse bias 1 V,
but variable pulse bias 0.5, 1, and 2 V on the samples. The obtained spectra are

presented in Fig. [6.3] The same peak temperature at around 250 K and shape
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Figure 6.3: DLTS spectra of MOS sample containing Si NCs dependent on fitting
pulse biases: as the pulse bias rises, the transient signal rise 'too’ until saturation.

convince us that this trap is probably a bulk trap, unrelated to the interface states.
Without applying a pulse bias, the MOS sample is in the accumulation region and
electrons are injected from the substrate and stored in the Si NCs. It is well-known
that these stored electrons alter the electrostatic potential and cause the positive flat-
band shift. Therefore, the sample actually is in the inversion region under the pulse
bias. Electron emission from Si NCs occurs and contributes to transient capacitance.
Similar phenomena were observed by Souifi et al. [66] in their CVD samples, However,
the results from Souifi show other noisy peaks in the DLTS spectra, which means
there exist trap sites which are different from the Si quantum dots and interface in
their oxide, such as hydrogen-related traps in CVD process or defects. Their sample
and only a 2 nm tunnel oxide, whereas my sample had a 4 nm tunnel oxide. We
believe it is because of high density (>10'2cm™2) of Si NCs in our sample, since the
tunnel probability is proportional to the total electron emission number. Normally,
because of the Si-O bond breaking in the phase separation process, the sample used
here might contain some dissociating dangling bond in the matrix as a deep level,
but sufficient heat treatment nucleate them for the crystallization of Si dots, so their
amount appears to be below the detection limit of DLTS.

In the case of pulse bias 1 V and 2 V, the DLTS signals at the peak around
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250 K are nearly the same, because the stored electrons in Si NCs are fully released
under these pulse biases and contribute to the same transient capacitances. From
the shape of the DLTS peaks, we consider these deep traps as consistent with the
expected discrete behavior of the nanocrystal. We observe the shift of DLTS peak
related to Si NCs for different "rate windows”. The different DLTS peaks have their
own corresponding temperature T, so the Arrhenius plot is used to determine the
parameters of the trap center in Fig. [6.4 We can find the value of carrier velocity
Vyp = 107cm/s, and N, = 8.4 x 10'8¢m ™3 from the literature and use them in eq27]
For measuring E¢ and o, we fitted the Arrhenius plot in Fig. according to eq27]
The calculated activation energy E; of the main peak is about 0.56 eV. Using this
value and the above value of m*, v,,,, and N, in eq. the capture cross section is

found to be about 1 — 7x 10713 c¢m?2.
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Figure 6.4: The Arrhenius Plot of the NC sample D1. Together with parameter
simulation.

These estimations are much larger than the counterparts of trap impurities associ-
ated with the deep levels of silicon band gap, but are adjacent to the values of Si NCs
in the Si0y matrix, such as the obtained potential barrier of Si NCs by our method
to SiOq insulator is 1.6 eV in previous I-V characterization. Biteen [69] and Kovalev
[70)showed the large cross section of silicon NCs is at the 107 *3c¢m? level and much
larger than the cross section of usual deep level trap centers. Silva confirmed the
large capture cross section of Si NCs [71] in a dielectrics matrix as well. In contrast,

interfacial traps or single dangling bands are mainly located at the gap center with
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a capture cross section of 107 ¢m?-107'7 ¢m? [72]. This was demonstrated by the
conductance method measurements in previous chapter. The capture cross section is
an important parameter for memory operation, a reduced capture cross section and
Coulomb blockade will result in lower programming speed and saturation V. The
larger capture cross sections of Si NCs not only benefit NVM operation, but also play
a key role as a sensitizer in the Er doped silicon dioxide containing Si NC system

already discussed in chapter 1,

6.5 Further discussion and conclusion

Using DLTS, we were able to observe thermal emission from Si NC around 250 K
for certain rate windows. From our estimates for some intrinsic parameters of the
DLTS curve, such as capture cross section o at 107* cm? level and activation energy
Er about 0.6 eV, we concluded that these data are consistent with the properties of
Si NCs which were measured by optical methods, such as photoluminescence Auger
saturation [70]. These results could be a clue that the trapping mechanism in MOS
systems containing Si NCs is related to the quantum levels of the Si quantum dots at
around 300 K. DLTS supplied information other than obtained as C-V measurement

on other electrical characterizations.
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CHAPTER VII

Conclusions and Outlook

7.1 Conclusions

The advantages of Si NC based NVM are low cost and compatibility with current
CMOS technology. The driving force for flash memory scaling is cost reduction. In a
flash memory chip, both the core memory cell array and the peripheral circuitry need
to be scaled.

Although Si nanocrystals in SiO, represent a promising material system which
has been studied over last two decades, tuning the properties of Si nanocrystals for
device applications still needed to be addressed. The fabrication of appropriate sam-
ples for different purposes were introduced in chapter 2l TEM characterizations for
these samples were also included in this chapter. The SiO/SiOq superlattice method
has the advantages of a controled NCs size, density and location. Thus, a much bet-
ter performance in floating gate MOSFET devices can be expected. A nearly fully
charged single Si NCs layer embedded in the insulating matrix under medium bias
was realized by a uniform distribution of Si NCs and will benefit the stability of
threshold values in memory operation. The full charges of Si NCs can not be accom-
plished by other methods, such as implantation, sputtering. The feasibility of the
sequential layer by layer charging in our multilayer samples was shown. The mass
point of this sequential charge was recognized in its memory window dependence of
the programming bias as stable stairs. A comparison of the ratio of voltage stairs
in memory windows from experimental results and theoretical charge model revealed
that the clear stairs were caused by successive charging of a varied number of Si
NC layers in the floating gate. Retention tests of all three programming states show
their stability in retention process, and multi-layer structures could be designed as
a prototype of multi-bit/cell MOS transistors. The stoichiometry of the SiO, layers
was controlled by adjusting the oxygen pressure, which influenced the resulting area

density of the Si NC. The tuning of the Si nanocrystal area density in the layers
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was demonstrated by TEM as well as comparison of capacitance-voltage and photo-
luminescence measurements. The influence of the nanocrystal density on the charge
behavior was discussed. The SiO,/SiOs method realizes a simple but effective way
to control the area density by maintaining other parameters of NCs and gives an
unique possibility to study the influence of the nanocrystal density on the electrical
properties as well as optical properties. The trap center study of Si NCs based on the
DLTS treated the individual Si nano-dots as a single point defect deep level defects
in the oxide and revealed essences of Si NC, such as a large capture cross section and
potential barrier. The properties we observed are consistent with those obtaining by
optical methods and helpful to optimize the performance of real Si NC device. These

properties were also carried out with electrical characterizations in previous chapters.

7.2 QOwutlook
7.2.1 Optimized scaling down for Si NC device

In order to integrate Si NCs into existing functional devices as components for future
devices, a better control of the quality of this MOS stack containing Si NCs is needed.
Especially the following tasks have to be investigated:

e Thermal oxide has been used as a tunnel dielectric for a long time. It is a high
quality material with very small defect density. However, The high barrier of
the tunnel oxide results in small hot electron injection efficiency or FN tun-
neling injection efficiency. Its operation voltage cannot be scaled if a certain
programming speed is to be achieved. High quality SizN4 and some high x ma-
terials, such as H;Oq, Al,O3 are good replacements for amorphous thermally
grown SiOs [73]. The lower injection barrier can enhance the electron injection
efficiency during programming. For the same EOT (Effective Oxide Thickness),
silicon nitride is physically thicker than thermal oxide, and high x materials are
even thicker than silicon nitride. Therefore, better retention might be achieved

if the tunnel insulating layer is some other material than SiO,.

e [t has become clear that the shrinking transistors dimensions will reach less
than 10 nm in the next ten year. Quantum and single electron charging effects
are bringing new functionalities into transistors as shown in Fig. [7.I] The size-

controlled Si NC method realizes a rather high Si NC density in the plane of
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the gate and adjustable distance between neighbor Si dots, and could be very

convenient to fabricate single electron transistors.

Miert I
-~_°__

Single charge tunneling: C<<e?/K T, G<< e?/h

Figure 7.1: Single electron transistor and its principle. Coulomb blockade of quantum
dot in trap will reject the tunnelling of second electron

New materials and novel device structures are always indispensable for flash mem-
ory scaling and device performance improvements. A trap-based flash memory is more
scalable than other floating gate flash memory types. Good trap materials/species
with large areal trap density and deep trap energy level are desirable for enhancing
the programming efficiency and retention time. More work is required to investigate
a good charge trap material that is compatible with current CMOS technology.

Novel device structures represent another approach to achieve small memory cell
size and make flash memory scalable. For instance, a backside trapping structure
memory has been proposed by Silva et al. [74]. Backside storage memories shown
in Fig. present an alternative to the conventional front-floating gate geometries
by storing charge in discrete sites on the back of a thin depleted silicon channel.
The devices are fabricated using a modified 'smart-cut’ substrate preparation process
followed by standard CMOS processing. Because the charge trapping layer is buried
in ultra thin single crystal silicon, this upper ultrathin silicon becomes a channel for
scaled backside trapping silicon non-volatile memories and eliminates the possible
parasitic junctions between Source/Drain and substrate. In this back storage design,
the choice of the charge trapping layer is optional. Not only an ONO stack, but also
semiconductor or metal nanocrystals can be considered, and the ’smart-cut’ process

must be adjusted for these charge trapping layers.
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7.2.2 Nanoscale approach for memory devices

The developments in nanoscale silicon electronics require new tools to locally charac-
terize the electrical properties of the Si NCs. In this direction, Scanning Capacitance
Microscopy and Conductive Atomic Force Microscopy (C-AFM) are alternative tech-
niques to perform an electrical characterization at the nanoscale. C-AFM has also
been used to estimate the amount of charge stored in few Si NCs from its electrical
measurements due to high lateral resolution of the technique, which allows to reveal
details that would be masked when standard wafer level electrical tests had been
carried on [75]. Nanoscale approaches, such as C-AFM, STM or point contact will

play an important role in further single Si NC research.

7.2.3 Approach for optical modulation

Integrated optics in silicon is very attractive for a combination of technology and cost
reasons. Besides lasing and waveguiding, one of the requirements of photonics is the
optical modulation, especially by electrical field. Most efficient way of implementing
optical modulation in silicon via the E-field is to use carrier injection or depletion.
It is clear that the concentration of free carries in silicon contributes to the loss via
absorption, therefore changing the concentration of free charges can influence the

refractive index of the material. Liu et al. from Intel produced high-speed optical
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phase modulation based on a MOS capacitor structure embedded in a silicon waveg-
uide [76]. They used a thin accumulation charge layer on both lateral sides of the
gate oxide in accumulation operation and carriers change the refractive index and op-
tical absorption through Kramers-Kronig analysis. At A = 1.55um, Kramers-Kronig

relation is:

A= Ane + Dy = —[8.8 X 1072AN, + 8.5 x 1075 (AN,)*] (30)
Aa = Dae+ Aoy =85 x 107 AN, +6.0 x 107 PAN),

where A7, is the change in refractive index resulting from change of electron or,
hole carrier concentration, Aa, j, is the change in absorption resulting from change of
electron, hole carrier concentration, AN, , is the carrier concentration change [50].
Considering Si NCs in an SiO, matrix, it is well known that suitable bias can
adjust the amount of the charges of the Si NCs in SiO,, typical the area charging Si
NC density is the level of 10'2/cm? in few tens of nm thick SiO, matrix, approximate

3 Furthermore we estimate the refractive

value charging density is level of 10'8/cm
index change by eq. using these charging levels, higher refractive index change
(> 107*) can be obtained. However, eq. is only valid for silicon medium, since
it derived from the analysis of experimental silicon electro-absorption spectra and
impurity-doping spectra [77]. Because its working speed is proportional to the charge
tunneling process, one of the key limitations for using silicon as a photonic material
is that it only works at relatively low speed of silicon optical modulators compared
to those fabricated from III-V semiconductor compounds and electro-optic materials

such as lithium niobate.

7.2.4 Magnetic ordering in Mn-ion implanted Si NCs

It is known that the silicon device is approaching its limitations. New device physics
and models are required for next generation data process. Spintronics which com-
bine magnetism and solid state electronics, might open into a new route for device
physics. Dilute magnetic semiconductors, a combination of transition metals such
as Mn, Ni with group IV materials will take advantage of prevailing Si technology
and magnetism from transition metal to realize Si-based spintronics devices. There
only a few works on the magnetic property of metal doped silicon NCs. Scientists at
Sandia National Lab speculate on the existence of a ferromagnetic ordering in Mn-ion

doped silicon NCs based on the temperature dependence of PL with and without a
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magnetic field [78]. We might realize magnetic structure by either thermal diffusion

or ion implantation of transition metal into an SiOy matrix containing Si NCs.

7.2.5 Tandem solar cell based on Si quantum dots

Solar cell is a rather old topic. Tandem solar cells are currently discussed in ”third
generation” approaches because of its higher convert efficiency than the first two
generations of solar cells. The concept of tandem solar cells is using stack structure
and vary the band gap of each stack from top surface to bottom as Fig. [7.3] These
different band gaps serve as desired filters and convert the different wavelength of solar

energy. The performance increases as the number of cells in the tandem increases [79].

Keithley for photoconductance
measurement

Solar cells

highest band gap ¢

oAb ke

Sunlight

field

SiMano| ysta i

Tunnel Oxide SiO,

L — L Quartz substrate.
Decreasing band gap —=

Light backside illumination

Figure 7.3: Tandem cell structure from the group of M. Green at Univ of New South
Wales, Australia

Si NCs having excellent properties, such as controlled band gap by adjusting the
dot size, abundant and nontoxic properties, silicon NCs have became a promising
candidate for all-silicon tandem solar cell. However, Si NCs are surrounded by an
insulating matrix, for instance SiOs, SigN,, which deteriorates the current output.
Green model featured values for solar cell, such as bandwidth, mobility dependence
on the properties of Si quantum dots and propose size-controlled Si NCs in a matrix

which could potentially serve as the stack in all-silicon tandem solar cells [60].
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