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Abstract

Flash memories are solid-state non-volatile memories. They play a vital role
especially in information storage in a wide range of consumer electronic devices and
applications including smart phones, digital cameras, laptop computers, and satellite
navigators. The demand for high density flash has surged as a result of the proliferation
of these consumer electronic portable gadgets and the more features they offer —

wireless internet, touch screen, video capabilities.

The increase in the density of flash memory devices over the years has come as
a result of continuous memory cell-size reduction. This size scaling is however
approaching a dead end and it is widely agreed that further reduction beyond the 20 nm
technological node is going to be very difficult, as it would result to challenges such as
cross-talk or cell-to-cell interference, a high statistical variation in the number of stored

electrons in the floating gate and high leakage currents due to thinner tunnel oxides.

Because of these challenges a wide range of solutions in form of materials and
device architectures are being investigated. Among them is three-dimensional (3-D)
flash, which is widely acclaimed as the ideal solution, as they promise the integration of
long-time retention and ultra-high density cells without compromising device reliability.
However, current high-temperature (>600 °C) growth techniques of the Polycrystalline
silicon floating gate material are incompatible with 3-D flash memory; with vertically
stacked memory layers, which require process temperatures to be < 400 °C. There
already exist some low-temperature techniques for producing polycrystalline silicon
such as laser annealing, solid-phase crystallization of amorphous silicon and metal-
induced crystallization. However, these have some short-comings which make them not
suitable for use in 3-D flash memory, e.g. the high furnace annealing temperatures (700
°C) in solid-phase crystallization of amorphous silicon which could potentially damage
underlying memory layers in 3-D flash, and the metal contaminants in metal-induced

crystallization which is a potential source of high leakage currents. There is therefore a
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need for alternative low-temperature techniques that would be most suitable for flash

memory purposes.

With reference to the above, the main objective of this research was to develop
a novel low temperature method for growing silicon structures at < 400 °C. This thesis
thus describes the development of a low-temperature method for polycrystalline silicon

growth and the application of the technique in a capacitor-like flash memory device.

It has been demonstrated that silicon structures with polycrystalline silicon-like
properties can be grown at < 400 °C in a 13.56 MHz radio frequency (RF) plasma-
enhanced chemical vapour deposition (PECVD) reactor with the aid of Nickel Formate
Dihydrate (NFD). It is also shown that the NFD coated on the substrates, thermally
decomposes in-situ during the deposition process forming Ni particles that act as
nucleation and growth sites of polycrystalline silicon. Silicon films grown by this
technique and without annealing, have exhibited optical band gaps of ~ 1.2 eV
compared to 1.78 eV for films grown under identical conditions but without the
substrate being coated. These values were determined from UV-Vis spectroscopy and
Tauc plots. These band gaps correspond to polycrystalline silicon and amorphous
silicon respectively, meaning that the films grown on NFD-coated substrates are
polycrystalline silicon while those grown on uncoated substrates remain amorphous.
Moreover, this novel technique has been used to fabricate a capacitor-like flash memory
that has exhibited hysteresis width corresponding to charge storage density in the order
of 10*? cm™ with a retention time well above 20 days for a device with silicon films
grown at 300 °C. Films grown on uncoated films have not exhibit any significant
hysteresis, and thus no flash memory-like behaviour. Given that all process
temperatures throughout the fabrication of the devices are less than 400 °C and that no
annealing of any sort was done on the material and devices, this growth method is
thermal budget efficient and meets the crucial process temperature requirements of 3-D
flash memory. Furthermore, the technique is glass compatible, which could prove a
major step towards the acquisition of flash memory-integrated systems on glass, as well

as other applications requiring low temperature polycrystalline silicon.
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Chapter 1. An Overview of Research

1.1 Introduction

The outstanding growth and success of the semiconductor non-volatile memory
(NVM) market is a direct consequence of the widespread presence of cellular phones
and other types of portable equipments such as laptop computers, palm tops, MP3,
iPods, digital cameras, and so on. Moreover, the proliferation of the aforementioned
electronic devices and others has spawned demand for ultrahigh-density semiconductor
NVM.

Until the mid 90s, the relevance of semiconductor NVM was mostly related to
the key role they played in electronic systems and their cell concepts and less to the
economic size of their market segment. The introduction of flash memories ushered in a
dramatic increase in the semiconductor NVM market in 1995 and has continued to

increase even though with some valleys and peaks.

Before flash memory, the main semiconductor electrically programmable
NVM were the Erasable Programmable Read Only Memory (EPROM) and Electrically
Erasable PROM (EEPROM). EPROMs offered the possibility of obtaining high density
and cost effectiveness due to their small memory cell size of 1 transistor but could only
be erased by ultra-violet (UV) radiation. On the other hand, EEPROM offered electrical
erase ability with good endurance of 10° write/erase cycles, but because of the complex
structure of their memory cell, (whose size cannot be scaled,) they were quite
expensive. It is in the combination of the advantages of EPROM and EEPROM in flash
memory i.e., the electrical erase ability of EEPROMSs and cost effectiveness and high
density advantages of EPROMSs[1] that made flash memory an attractive technology.
Indeed in 2009, the total revenue for flash memory in the 1% quarter was $3.179billion
which rose to $4.247billion in the 2" quarter with a growth of 33.6% [2]. Further
forecasts by isuppli suggest that the flash memory card market will grow from 530
million units in 2010 to 9.5 billion units by 2013, which will be worth US
$26.5billion[3].



2

With the rise in Smart phones, the more features these phones offer - wireless
internet, touch-screens, video capabilities- the more storage they would require. This
leaves more room for the market of high density chips to grow[3]. For example, the
market for solid-state drives (SSD) which utilize NAND flash memory has surged in

recent years, even making inroads to the hard drive market[4]

The driving force behind the great success of flash memory has been the
continuous cell-size reduction with corresponding cost reduction following Moore’s
law[5]. Scaling-down flash memory cell size enables higher cell density in a chip to be
obtained, which is particularly critical for SSD to compete with hard disc drives
(HDD)[6] Flash size scaled down by a factor of 30 in 1992-2002 specifically from
4.2um? for the 0.6-pum technological node to 0.16pm? at the 0.13-pm node[7]. The first
generation flash (1990-1997) had memory density increase from 256 kb to 2 Mb, while
from 1995-2000 (second generation), memory size increased from 1 Mb to 16 Mb[7].
From 2000-2010, there has been an enormous increase, with Samsung, the world largest
producer of flash, releasing a new 64Gb moviNAND embedded flash memory chip and
a 32Gb microSD removable memory card for mobile devices, both created with the 30-
nm technological node in early 2010[3]. According to the ITRS 2009 edition, flash cell
area for 2010 was projected to be 0.0041pm? and is expected to decrease further to
0.0026pm? by 2012[8]. Thus, compared to the cell-size in 2002, the flash memory cell
would scale by a factor of about 62 in 2012, which is more than double the factor for the
first decade (1992-2002).

Despite the success of flash memory, it faces some technological challenges
in the near future, notably the continuous down-scaling of its cell size[9]. Lateral
scaling which is one way of achieving high density is confronted with challenges such
as patterning, cross talk (cell-to-cell interference), coupling ratio and
manufacturability[10]. This cell-size reduction is approaching a dead-end (< 20nm-
technological node) where data retention and endurance will reduce due to thinner
tunnel oxide as well as the statistical fluctuations of the number of stored electrons in
the floating gate[11, 12]. Leakage currents will also increase significantly due to much
thinner oxide layers. Coupled with the requirements of dielectric quality[12], these

challenges resulting from the down-scaling of flash memory cell may result in less
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integration and less performance gains as well as seriously degraded reliability as a

consequence.

Attempts are being made at many levels to solve these impending challenges of
flash. In this regard, different alternative memory concepts and cell architecture are
being explored by industry and academia with the aim of remedying the limitations of
flash memory and other existing semiconductor memories like dynamic random access
memory (DRAM) and static random access memory (SRAM). The main goal of these
alternative emerging memory devices being explored is for them to be non-volatile,
(i.e., hold content even without being powered), and are expected to have the speed and
random access capabilities of the DRAM and SRAM, which are the main memory and
cache memory in today’s computers. For example, the Phase Change RAM does not
utilize electrons and thus offers good scalability, and excellent endurance of 10*[13],
therefore a promising solution to the scalability and endurance limitations of flash.
Ferroelectric RAM have much higher write speeds than flash and so could be a solution
to the programming speeds, while nanocrystal memory[14-16] and other charge trap
devices like the silicon-oxide-nitride-oxide-silicon (SONOS), Band gap Engineered
SONOS (BE-SONOS), TaN/Al,O3/SiN/SiO, (TANOS)[9] offer discrete charge storage
nodes isolated from each other and they fulfil the functions of the continuous floating
gate in flash. In the event of a pinhole in the tunnel oxide, the memory cell is not
completely discharged as is the case with flash. Other alternative memories being
explored are the Magneto resistive RAM (MRAM) [17-28], organic memory
devices[29-31] and various 3-D cell architectures [32-36].

Among all the solutions being sort to solve the scaling problem and boost the
performance of flash memory devices, three dimensional (3-D) flash is thought to be the
ultimate solution[35, 37]. 3-D flash is highly attractive as it permits the integration of
long-retention and ultra-high density cells without compromising device reliability [38,
39]. Furthermore, 3-D flash cells promise better endurance, longer retention times,
lower power consumption as well as better energy efficiency than conventional flash
memory. Moreover, the prospects for SSD to compete with, and even overtake HDD are
greater with 3-D cells. It is expected that with 3-D memory, further scaling will be
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possible [40, 41]. However, 3-D memory architecture has its own challenges; mainly

the thermal processing of memory layers.

The vertically-stacked cell requires single-crystal silicon or polycrystalline
silicon as floating gate or as channel, and it is also required that process temperatures be
low so as not to damage underneath device layers. This is challenging because the most
common techniques (Atmospheric Pressure Chemical Vapour Deposition (APCVD) or
Low Pressure Chemical Vapour Deposition (LPCVD)) to produce single-crystal or
polycrystalline silicon require very high process temperature > 600°C. These high
temperatures are not favourable with vertically stacked 3-D memory layers as they
stress device structures- especially at interfaces between different materials.
Furthermore, apart from increasing the thermal budget, they also cause the migration of
dopants from their desired locations, consequently decreasing the doping density and
possibly resulting in device leakage[42]. Thus, lowering processing temperatures
conserves the thermal budget allowable during processing, and also permits the use of
low thermal resistance materials like glass and some flexible plastics for use as
substrates especially where the integration of memory in system-on-panel or system-on

glass would be beneficial.

Various low temperature methods are used to deposit the polycrystalline silicon
floating gate (FG) layers in conventional flash memory and Polycrystalline silicon
channel in transistors. These include the deposition of amorphous silicon (a-Si) or
hydrogenated amorphous silicon (a-S:H) at < 500 °C followed by the well known solid-
phase crystallization (SPC) [43-45], the excimer laser annealing (ELA) of a-Si or a-Si:H
[46, 47], metal-induced-crystallization (MIC)[48-50] and metal-induced lateral
crystallization (MILC)[51, 52]. These crystallization methods all require multiple steps
to attain the quality of polycrystalline silicon necessary. The precursor material a-Si or
a-Si:H is first grown using a PECVD reactor or other CVD methods from silicon-
containing source gases [53]. In SPC for instance, furnace annealing of the a-Si or a-
Si:H is performed at high furnace temperatures (550-900 °C) for long hours[54] or rapid
thermal annealing at ~700°C for few minutes[55]. The ELA method is expensive and
the laser beam diameter is small. MIC and MILC crystallize the a-Si by using particles

of metals that can form a eutectoid with silicon and often also require annealing. The
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resulting films exhibit low field effect mobility and high leakage currents due to the
formation of sillicides [56-60]. The process also has many complex steps to attain the

final Polycrystalline silicon film.

The question one can ask is whether it is possible to grow high quality
polycrystalline silicon from silane gas only at temperatures < 400°C using RF PECVD
and without annealing, or whether it is possible to produce the polycrystalline silicon
FG flash memory devices with all process temperatures < 400°C and omitting annealing
steps. If these questions can be answered in the affirmative, that would go a long way to

reduce costs further and move closer to achieving 3-D flash memory.

1.2 Research Objectives

The main objective of this project was to develop a novel low temperature
technique for growing polycrystalline silicon films at temperatures < 400°C and to
investigate the possibility of using these films as the FG charge storage medium in flash
NVM; in addition to examine the possibility of extending their use in 3-D flash

memory.

In order to attain these objectives, a source of material that would aid
nucleation and growth of polycrystalline silicon at temperatures < 400°C was selected,
which was nickel formate dihydrate, henceforth referred to in this thesis as NFD. Using
a dip-coater, glass and silicon substrates were coated with NFD and the coatings studied
by Fourier transform infra-red spectroscopy (FTIR). Silicon thin films were deposited
on the coated substrates from silane as the only precursor gas, using the 13.56 MHz RF.
PECVD reactor. The properties of the silicon films grown have been studied using
various characterization techniques that include current-voltage (I-V) and capacitance-
voltage (C-V) electrical measurements, ultra-violet visible spectroscopy (UV-Vis),
FTIR and atomic force microscopy (AFM). The properties of these Si films have been
compared with properties of Si films grown on uncoated substrates, grown alongside
those on NFD-coated substrates. The memory behaviour of these films is investigated
mainly by electrical measurements on capacitor-like devices using the LCR Bridge and
the picoammeter. These devices contain a stack of an insulator and the silicon films

obtained by the investigated novel technique and thermally evaporated metal electrode.



1.3 Thesis structure

The thesis is organized thus: In chapter 2 a brief historic evolution of the FG
NVM and an overview of flash memory are presented. Additionally, alternative
memory devices currently being considered as possible alternatives to flash memory are
also discussed. Chapter 3 treats some commonly employed methods of obtaining
polycrystalline silicon material, their merits and demerits while chapter 4 deals with the
experimental methods employed in the research. The dip-coating of NFD on substrates
and the FTIR investigation of NFD are reported in chapter 5 while the growth and
characterization of silicon structures and charge storage in the films are treated in
chapter 6. Chapter 7 discusses the fabrication of memory devices and investigation of
memory characteristics such as retention and endurance. Finally, the summary of the
research findings with original contribution made and recommendation for further

studies is presented in chapter 8.
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Chapter 2. Flash Memory and Related Emerging

Storage Devices

2.1 Introduction

Semiconductor memories can be broadly classed into two main categories
namely Volatile Memories (VM), and Non-Volatile Memories (NVM). The former
retains data only as long as a power supply is switched on. This class of memory are
mainly used in the execution of code, where fast access to data is necessary due to their
high execution speed but they have the disadvantage that their storage density is low
and need a power supply to operate. The SRAM and DRAM fall in this class of
memory. On the other hand, NVM are memory devices that can retain stored data even
when power is switched off. This ability is very attractive for portable device electronics
since these require a field update of code or data and the user’s ability to update
information in real time. In this class of memory, we have EPROM, EEPROM and

Flash memory. Figure 2-1 shows the different classes of semiconductor memories.

| SRAM |

Volatile
Memory

BLVALY I

emiconducto
Memory

I EPROM ‘

Non-Volatile I

Memory EEPROM ‘
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Figure 2-1: Semiconductor memory tree
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This chapter aims at giving a thorough overview of conventional flash memory
cells; their structure and their basic operation mechanism in order to provide an
understanding of the underlying physics so as to better appreciate the different device
structures and processing technologies. Additionally, the current challenges faced by
conventional flash memory are reviewed as well as solutions suggested of some
emerging memory devices and architecture. However, to give a complete picture of how
flash memory is related to other class memories, like SRAM and DRAM, these will be
introduced briefly, beginning with the hard disc drive which, though not a
semiconductor memory, stands as a reference to solid-state drives composed of arrays

of flash memory cells.

2.1.1 Hard Disc Drive and Solid-State Drive
The hard disk drive (HDD) invented by IBM in 1956[61], is a direct access

storage device for digital data. Figure 2-2 shows the diagram of the HDD. It contains
one or more rigid platters on a spindle driven by electric motors and is enclosed in a

metal case.

Spindle  Head

Platter
Actuator Arm

Actuator Axis

Power Connector

Jumper Block
Actuator

IDE Connector

Figure 2-2: The hard disc drive (HDD)[62]

Above the platter is a read/write head, floating on a cushion of air. The read/write heads
are held by the access arm also (known as the actuator arm). They are moved by the

actuator radially across the platters as they spin about the spindle at very high speeds

10
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(4200 to 15000 rpm). The platters are made of nonmagnetic material usually aluminium
alloys or glass, which are coated with a very thin (10-20nm) layer of magnetic material,
e.g. cobalt-based alloys. The magnetic surfaces are divided into sub-micrometer regions
that are used to encode a single binary digit of information into each region. Each region
is composed of a few hundreds of magnetic grains and each grain about 10 nm in size
forms a magnetic domain. Each submicron region then forms a magnetic dipole which

generates a highly localized magnetic field nearby.

In a HDD, a write head is used to write data by directionally magnetizing a
ferromagnetic material to represent a binary digit 0 or 1. This is done by generating a
very strong local magnetic field. Data is read by detecting the magnetization of the
material. In today’s heads, the read and write elements are in close proximity, and made

of magneto-resistive and thin-film inductive materials respectively.

A solid-state drive (SSD) is a flash memory-based storage device. It is non-
volatile just like HDD, but unlike HDD, which is an electromechanical device with
moving parts (spinning disc and movable read/write heads), SSD contains no moving
parts and it uses NAND-based flash memory microchips. Early SSDs were RAM-based
16Kb introduced in 1978 by Texas Memory Systems that would have cost $1million per
Gb[63], but very recently very high density storage flash memory-based SSD of up to
256GB have been released, with lowest prices hitting $1.05 per Gb on a particular day
in June 2010[64]. That is a tremendous drop in price over the years. More consumers
are now turning away from HDD in preference of SDD for the following
advantages[65]:

1. They have premium input/output (I/O) performance for data access

operations over their HDD rivals, typically more than 100 times better;

2. They save power better than HDD; typically they use 0.51% of the power
HDDs would use for a given IOPS implementation. This is due to the fact
that they have no moving parts and they require fewer drives for the same

operation compared to HDDs;

11
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3. The entire SDD is utilized for each intended purpose while the usable
capacity of HDD is significantly reduced to less than 50% by short-
stroking in order to increase the input/output performance per second
(10PS);

4. Enterprise SSDs (savers and storage applications SDDs) occupy far less

space than HDDs;

5. Service life of SSD is longer (10years) than advertised service life of HDD
(5years). This is so because the moving parts of HDD wear out with time.

Despite these advantages, and the fact that SSD prices have dropped
tremendously, they are still more expensive than HDD for similar or equal capacity. For
instance, Higginbotham of priceG2 Inc reported that in mid 2010, the lowest price
tracked for a 2.5 inch internal portable 250GB HDD was $0.16/GB while the price was
$1.05/GB for 256GB SSD, showing SSD costs about 7 times HDD[64]. However, SSD
prices are dropping and it may be possible to get an 80GB SDD for approximately $23
by 2012[64]. With the advent of 3-D flash, situations may improve further.

2.1.2 Random Access Memory (RAM)

Random access memory (RAM) is a type of computer memory that allows
stored data to be accessed randomly regardless of its physical location. RAM is volatile-
information is only retained as long as the system is powered and lost once power is
turned off. RAM can be classed into two main types: Static RAM (SRAM) and
Dynamic RAM (DRAM). In DRAM, each bit of data is stored in a separate capacitor
which needs to be refreshed periodically in order not to lose the data. It is this refresh
requirement that makes it dynamic memory. On the other hand, SRAM does not require
the periodic refresh because it stores data in a bistable latching (flip-flop) circuitry, and
hence makes it faster than DRAM. A cell of DRAM is composed of one capacitor and
one transistor as shown in figure 2-3a. Conventionally though, a cell of SRAM has six
transistors as shown in figure 2-3b[66]. M5 and M6 are access transistors, M1-M4 form

the cross coupled inverters in the flip-flop circuit powered by a constant voltage V.
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The simple structure of DRAM gives it its advantage over SRAM because high
densities can be reached with DRAM which is not possible with SRAM. The
disadvantage of DRAM over SRAM is that it is slower and the requirement of refresh

makes its power consumption significantly more.

WL Word Line (Row Line)

constant voltage

N

M2 |b— —d| M,
Row Wordline ) QT—[_
M
T TRl ;
s M | —]{| M3
L. = Flip-Fl ircuit
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BL BL
Bit Line Bit Line
(Column Line) (Column Line)
(a) DRAM (b) SRAM

Figure 2-3: Illustration of (a) DRAM and (b) SRAMI66]

2.1.3 Read Only Memory (ROM)

ROM refers to read only memory. This is computer storage device in which
data stored cannot be easily modified. Unlike RAM, it is non-volatile. Different types of
ROM exist; these are Programmable Read Only Memory (PROM), Erasable
Programmable ROM (EPROM) and Electrically Erasable Programmable ROM
(EEPROM). PROM allows the user to programme it once by physically altering its
structure through the application of a high voltage pulse after its initial programmed
state. EPROM on the other hand can be erased or repeatedly reset to its unprogrammed
state by exposure to UV-radiation. EEPROM is user-modifiable, read-only memory
(ROM) that can be erased and reprogrammed repeatedly through the application of
higher than normal electrical voltage generated externally (or internally in the case of
modern EEPROMS). Thus, it is electrically-erasable unlike EPROMSs that are UV-
erasable. Furthermore, programming of EPROM is by hot electron injection while

EEPROMs are programmed and erased by a field electron emission method known as

13



14

Fowler-Nordheim tunnelling. These programming techniques will be dealt with in
greater details in subsequent sections. Because of the erase method of EPROMs, they

need to be encapsulated with a material that is not permeable to UV radiation.

Both EPROM and EEPROM have the floating gate transistor structure that will
also be detailed in subsequent sections. The floating gate transistor has a Polycrystalline
silicon gate which is isolated and surrounded completely by a good quality insulating
material, usually silicon dioxide. During a write operation, electrons are put onto the
floating gate either by channel hot electron injection or by Fowler-Nordheim tunnelling
and erased by UV or by FN. The stored electrons are prevented from leaking out by the
insulator when power is turned off. This is what makes these devices non-volatile.
Failure of these devices can occur through repeated write/erase cycles. During rewrites,
the gate oxide layer of the floating gate traps some electrons. These generate an electric
field which adds to that of electrons in the floating gate, thus lowering the threshold
voltage shift between the programmed and erased states of the transistor. After a
number of rewrites, the threshold voltage shift between the write and erased states
becomes insignificant to be able to distinguish between the states and thus endurance
failure occurs. Manufacturers usually specify 10%-10° write/erase cycles as device
endurance[67]. Apart from this write endurance failure, stored charge in the floating
gate can also leak through the gate oxides especially at high temperatures thus reverting
the device to an erased state. A minimum of 10 years retention time is usually specified

by manufacturers[67].

2.1.4 Non-Volatile RAM

This is a class of random accessed memories which retain stored data even
when not powered. Flash memory falls within this class of memory. Flash memory is
basically identical to the EEPROM but differs in its internal layout. Depending on the
way the cells are wired in flash memory, we can obtain the NOR-flash and NAND as
shown in figure 4. In the case where each cell has one end connected to ground and the
other to the bit line, a NOR is obtained (figure 2-4a). It is called NOR because it
basically functions like a NOR gate- when a word line is high, a corresponding
transistor acts to bring the output bit line to low. For NAND flash, several transistors are

connected in series (figure 2-4b). In this type of flash, the output bit line is low if only
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all the input word lines are pulled high above a certain threshold voltage of the
transistors, an action identical to the NAND gate. NAND and NOR also differ in their
programming; while NOR-flash is written by hot electron injection and erased by
quantum tunnelling, NAND is written and erased by tunnelling injection and tunnelling

release respectively.

(a) Bit Line

Word Word Word Word Word Word
Line 0 Line 1 Line 2 Line 3 Line 4 Line 5
Bit Line
(b)
Ground Bit Line
Select Word Word Word Word Word Word Word Word Select

Transistor Line 0 Line 1 Line 2 Line 3 Line 4 Line 5 Line 6 Line 7 Transisto

1

£ L L

Figure 2-4: Cell connections in (a) NOR flash and (b) NAND flash memory devices

2.2 Brief Historical Evolution of Floating Gate Non-Volatile

Memory

D. Kahng and S. M. Sze in 1967 first suggested the floating gate non-volatile
memory (FG NVM) device[68]. Their proposed device was a basic MOS structure with
the gate structure replaced by an extremely thin tunnel oxide necessary to obtain an
extremely high electric field for electron tunnelling to a metal FG for capturing and
storing of electrons. Above the metal FG is another oxide layer thick enough to prevent
electron leakage to an external metal gate as shown in figure 2-5. The structure thus
obtained was a metal-insulator-metal-insulator-semiconductor (MIMIS) cell. In the
Kahng and Sze device, programming and erasure of the cell is by direct tunnelling.
Applying a positive voltage to the external metal gate causes electrons to tunnel directly
through the thin oxide layer onto the metal FG. When the gate voltage is removed,
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electrons remain trapped in the isolated metal FG as the field in the tunnel oxide is too
small to permit back-tunnelling. Applying a negative voltage to the external metal gate

leads to erasure (electron discharge) of the FG by the same direct tunnelling mechanism.

External metal gate

Thick oxide layer l

Conducting metal layer

Thin oxide layer

Figure 2-5: metal-insulator-metal-insulator-semiconductor (MIMIS) FG device.

This MIMIS device is historically important in that it introduced the basic
concept of NVM devices and contained concepts that led to the development of the
direct tunnelling concept used in charge trapping devices and the FG concept in various
FG memory types. However, some technological constraints served as stringent
deterrents for this device; the difficulty in achieving extremely thin defect-free tunnel
oxides less than 5nm at that time, a requirement imposed by the direct tunnelling
mechanism. Furthermore any pinhole on the tunnel dielectric would cause the complete

erasure of electrons from the metal FG.

Later in 1967, the metal-nitride-oxide-semiconductor (MNQOS) cell (figure 2-
6a) was introduced by Wegener et. al.[69]. This was a solution to one of the problems
with the MIMIS cell. In this cell, a nitride layer replaced the metal FG and control gate
oxide. The nitride layer contains trapping centres of holes and electrons and fulfils the
storage function of the metal FG in a MIMIS cell. The individual traps are discrete
(isolated from each other) and thus in the situation where there is a pinhole in the tunnel
oxide, the cell is not completely discharged (erased) as in MIMIS. The application of a
high voltage to the gate causes electrons to tunnel from the silicon conduction band to

the nitride conduction band and eventually gets trapped in nitride traps. This leads to a
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positive threshold voltage shift. A high negative voltage applied to the gate causes holes
to tunnel from the silicon valence band to the nitride valence band leading to a negative
threshold voltage shift. This electrical programming and erasing concept is applied in
several kinds of applications specifically in EEPROMs. This class of memory device is
mostly used in military and applications that are resistant to radiation.

In 1971, Frohman-Bentchkowsky introduced the very first operational FG
device known as the FG avalanche injection MOS (FAMOS)[70-72]. The FG in this
cell was made of Polycrystalline silicon surrounded by a thick (= 100nm) oxide layer
(figure 2-6b). With the FAMOS cell, the inherent problem of very thin tunnel oxide in
MIMIS was solved and the shorting path was obviated. However, the programme and
erase mechanisms were different; (not the direct tunnelling in MIMIS.) programming in
FAMOS is by applying a very high negative voltage (> 30V) at the drain to cause the
injection of highly energetic electrons from avalanche plasma in the drain region
beneath the gate. This avalanche of electrons is created by the high negative voltage.
These injected energetic electrons drift towards the FG by the help of the positive field

in the oxide induced by capacitive coupling between the FG and the drain [72].

_ Si0,
Poly-Si FG

Drain

(a) The Metal-Nitride-Oxide- (b) The Floating gate Avalanche
Semiconductor (MNOS) device injection MOS (FAMOS) device

~ Control Gate
Poly-Si FG
Source

(c) The Stacked gate Avalanche
injection MOS (SAMOS) device

Figure 2-6: Diagrammatic representation of (a) The MNOS cell, (b) the
FAMOS cell and (c) the SAMOS cell.
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A disadvantage of this device was the inefficiency of the write process.
Electrical erasure did not exist since no field emission was possible due to lack of an
external gate. Erasure of this memory cell type was either by UV or X-ray irradiation.
These drawbacks were later alleviated by several adopted concepts among which was
the Staked gate Avalanche injection MOS (SAMOS) introduced by H. lizuka et al in
1972[73].

The SAMOS shown in figure 2-6¢ above differed from FAMOS in that it had
an external gate added to its structure. This new structure improved the writing
efficiency and programming speed by the increase in electron drift velocity in the oxide,
a field induced energy barrier lowering at the Si/SiO, interface and a decreased drain
breakdown voltage[74]. Field emission at the top dielectric as a result of the polyoxide
conduction also made the device to be electrical erasable. Electrically erasable
programmable ROM (EEPROM) (figure 2-7) consequently became feasible with the
first designed in 1978 by George Perlegos while still working with Intel [1].

Control oxide
\ Control gate

Floating gate

Tunnel oxide

Select
transistor

Figure 2-7: The Electrically Erasable programmable ROM
(EEPROM) with a select transistor

The first such EEPROMSs had to be taken out of the computer in case any
reprogramming had to be carried out. On later joining Seeq Technology, Perlegos
designed the first fully-functional EEPROM where he reduced the thickness of the
insulating layer and integrated an oscillator and a capacitor in the memory chip to act as
a charge pump capable of providing the required programming voltage. Thus it was no

longer necessary to remove the device from the computer before reprogramming.

18



19

EEPROMs though reprogrammable, could be altered only in a finite number of times,
which is why they were mostly used in storing only configuration data such as the
computer basic input/output system (BIOS) code, which does not require frequent

reprogramming.

In the 1980s, EEPROM evolved to flash memory through Toshiba’s F.
Masuoka invention [75]. Flash memory is identical to EEPROM but they differ in the
mode of data erasure from the FG. Though introduced in the mid 80s, the flash memory
market did not take off until the technology was proven to be reliable and
manufacturable[76]. In flash, data is erased in blocks and not bitwise as in EEPROM.
Flash has since grown to become the largest market in non-volatile memory, due to the
highly competitive trade-off between functionality and cost per bit. Novel applications
of flash have also arisen such as in solid-state drives (SSD)[77] mentioned above for
portable computers and smart cards. Early devices were programmed by hot electron
injection, but novel device structures have been proposed that use Fowler-Nordheim
tunnelling for both programme and erase. Others using the source-side injection
programming mechanism have gained interest because of their unique combination of

fast programming capabilities with low power consumption.

In 1980, there was an important breakthrough for MNOS with the development
of a silicon-gate n-channel silicon-nitride-oxide-semiconductor (SNOS) process that
resulted in the first 16Kbit SNOS EEPROM [78]. This SNOS EEPROM cell consists of
two transistors; a MOS select transistor and the SNOS storage transistor made up of a
20-40nm nitride layer above the ultra-thin oxide on silicon channel. The nitride has
discrete traps wherein net positive and negative charges can be stored[79]. During a
write process, electrons are injected into the silicon nitride conduction band by the
modified Fowler-Nordheim tunnelling[80] through the application of a high positive
voltage at the gate with the well grounded. In order to erase the cell, a high positive
voltage is applied to the well while the gate is grounded. This leads to direct tunnelling
of holes from the silicon valence band into the nitride valence band or traps. The cell is
read by addressing it through the select transistor and sensing the state of the SNOS
transistor [79, 81]. The ultra-thin oxide leaves the possibility of back-tunnelling to occur

thereby modifying the charge in the silicon nitride even when the gate is grounded.
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Figure 2-8: Cell structure of the (a) Silicon-Nitride-Oxide-Semiconductor
(SNOS) and (b) Silicon-Oxide-Nitride-Oxide-Semiconductor (SONOS) devices.
The MOS select transistor is not shown.

When a thin oxide layer is added on top of the nitride, the so called silicon-
oxide-nitride-oxide-semiconductor (SONOS) device is obtained in which charge
injection from the gate is reduced. This device was first reported by P. C. Chen[82] in
1977 and further improvements in the structure with regards to layer thicknesses of the
oxides and nitride done by various researchers[83-88]. The cell is programmed by
applying a required positive voltage (7V) on the Polycrystalline silicon gate. This
causes electrons to tunnel from the substrate to the charge storage layer of the ONO
stack by Fowler-Nordheim tunnelling. The device is erased by applying the same
voltage of opposite polarity which causes Fowler-Nordheim tunnelling of holes from

the substrate to the charge traps in the storage layer.

2.3 Flash Memory Overview

As the aforementioned flash memory invented by Masuoka et al[75] is a non-
volatile electrically re-writable class of memory devices, it can store data for a very long
time even when unpowered. It is a particular type of EEPROM that is erased and
programmed in large blocks unlike EEPROMs that are electrically erasable and
programmed per byte. It is called flash because many stored blocks (large number of
cells) can be erased (flashed) at once. It costs far less than byte-programmable
EEPROM and therefore has become the dominant NVM technology.
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Two major applications of flash include NVM integration in logic systems
where they, among other uses, allow software updates, store identification codes and
reconfigure the system on the field. The other major application is to create storing
elements like solid-state disks (SSD) made of memory arrays configured to create large
size memories to compete with miniaturized hard disks. This application is very
attractive to portable devices since SSDs have small dimensions, low power
consumption and no mobile parts making them more robust. In computer programme
management, programmes can be stored in flash chips without being continuously
loaded and unloaded from the HDD. Flash technology has advanced to a great extent
and today it stands as a strong challenger and competitor to other non-volatile

memories.

2.3.1 Flash Memory Cell Structure

The conventional commercial flash elementary cell is a MOSFET with a
continuous Polycrystalline silicon FG, as shown in figure 2-9. The FG is coupled to the
control gate by a control oxide also known as interpoly dielectric (IPD) and to the
silicon channel by a thin tunnel oxide (< 10nm) usually silicon dioxide. The gate is
called “floating” because it is completely electrically isolated from the channel and top
gate by the tunnel and control dielectrics respectively. The control gate acts as the
external gate of the MOSFET in figure 2-9a. The IPD can also be a nitride or stacked
layers of oxides and nitrides (oxide-nitride-oxide) ONO. The source and drain regions
are highly-doped regions of the substrate that act as the terminals for electron flow. The
silicon substrate acts as a channel for electrons from source to drain. The FG stores
charge and thus acts like a potential well. Once charge is stored in it, it cannot move
unless an external force is applied. The charge is prevented from moving by the
dielectrics surrounding the FG. Moving charge into the FG can be achieved by applying
a high field to both the control gate and the drain such that the MOSFET is in
saturation. To remove the charge, a high positive voltage is applied to the source and the
control gate grounded. Putting and removing charge from the FG causes the MOSFET
to have two different threshold voltages corresponding to two logic levels 0 and 1.
When there is charge in the FG, the MOSFET is in logic level “0” and when charge is
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removed it is in logic state “1”. These two states form the basis of the flash memory
device.

Control gate

Tunnel oxide Control oxide

Floating gate

Source Source

Substrate

Substrate

(a) MOSFET Structure (b) Basic flash memory cell

Figure 2-9: The basic cell structure of (a) the MOSFET and (b) the FG flash
memory cell.

2.3.2 The Capacitor Model and Equations of the FG MOS Device

In order to understand the electrical behaviour of the FG device, use is made of
the simple model by S.T. Wang[89] shown in figure 2-10. Cgc, Cgs, Ceg and Cep are the
capacitances between the FG and the control gate, source, base and drain respectively

while Vg, Vs, Vp and Vg are the potentials of the control gate, source, drain and bulk
respectively and Vg is the potential on the FG.

| Floating gate

Vs t‘FS t‘FB C
-.I_
Base

D Vi

I ‘YB

Figure 2-10: Illustration of the capacitance model of the
FG memory cell.
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The total capacitance Cyy of the FG MOS device is Ci=Crc+Crs+Crs+Crp[89]. If the
FG coupling ratio to the other electrodes is defined as Keiectrode = Crelectrode/ Crot, (€.€. K=

Crp/Ciot), then in the case where no charge is stored in the FG, Q=0. This means that
Cre(Crs =Cos) +Crs (Vs =Vo) +Crp(Crg —C3) +Cp(Crs —Cp) =0 (2-1)
From eqn. (2-1), the FG potential can thus be determined from

Vee = & Vas + KV, + K,V + 5,4V (2-2)

where the potentials are with respect to the source and kg, s, kb, and kg are the FG
coupling ratios to the control gate, source, base and drain respectively. In the case where
the source and bulk are grounded, i.e. Vs and Vg both equal to zero, eqn. (2-2) reduces

to

Ve = KgVGS +x4Vps = Ky Ves + Vi) (2-3)

where f =x,/x, =Cg, /Cq. the capacitive coupling ratio between the FG and drain

to FG and control gate.

If charge is stored in the FG, i.e. Q # 0, egn. (2-3) modifies to

Vg = KgVGS +K4Vps +C& =Ky Ves + Vi) +Ci (2-4)

tot tot
In order to compare these equations with those of the MOS transistor, the MOS
gate potential must be replaced by the FG potential, and transforming parameters such
as threshold voltage V; and conductivity factor 3, to values measured with respect to the

control gate. The threshold voltage of the MOS transistor is given by[90]

vV ok_- (2-5)

where K is a constant that depends on the gate and substrate material, doping and gate
oxide thickness, Q is the charge weighted with respect to its position in the gate oxide

and C is the oxide capacitance. From (2-2), redefining V" = «,V,“® for Vps = 0 and
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BTC = B°© /i [89] makes it easier to deduce the I-V relationship of the FG MOS that can
be compared to the conventional MOS transistors in the linear (triode) (TR) and
saturation regions (SR) respectively. TR is the region in the Ips-Vps characteristic
where the current increases rapidly with increase in Vps while SR is the region where
Ips saturates as Vps increases for a MOS transistor. In the TR, for the MOS transistor,

V2 i
los = A{Ves +Vi)Vos +%‘°‘}, valid for V5| <Vgs —V{| (2-6a)

For the FG MOS transistor, these transform to

1 .
los = A{Ves +V )Vps —(f —g)vgs}, valid for |Vps| < &, Vgs + Vps =V, (2-6b)In

9

the saturation regime (SR), the MOS transistor gives
los = g(\/GS ~V,)?, valid for Vps| > Vgs =V, (2-7a)

For the FG transistor, this transforms to

Pk i
los = 29 (Vgs + Vs —=V,)?, valid for [VDS| 2Kg[\/es + Vs _Vt| (2-7b)

From equation (2-4) when Q = 0,

VCG:ivFG_ Q :ivFG_i (2'8)

g 9

_ v_a-HQ _ 1y
los = A{lVes Vo =A== Vo + (1 =5 Vi) 29

From equation (2-8), it can be observed that the threshold voltage V*® written as V, is
dependent on charge Q stored in the device. The threshold voltage shift when charge is

stored in the device is

AV, =V, -V, = —Q (2-10)
Cre
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where Vy, is the threshold voltage when no charge is stored. From equation (2-9), it can
also be observed that when charge is stored in the device, it causes a shift in the I-V
characteristics of the device. This shift in threshold voltage of the Ips vs. Vgs is
otherwise known as the memory window. The presence of charge in the FG thus affects
the current level to sense the memory state. Figure 2-11 is an illustration of the I-V
characteristic of the FG MOS showing the two states of the device, charged and

uncharged.

Reading voltage

Figure 2-11: I-V characteristics of the FG MOS device at the neutral 1"
and charged "0" states. The threshold voltage shift AV, is proportional to
the charge stored in the FG. AV is also known as the memory window.

Other deductions can be made from equations (2-6) and (2-7) regarding the
differences in the I-V behaviour of the conventional MOS and the FG MOS transistors.
These differences are primarily due to the capacitive coupling between the drain and the
FG. The first observation is that for the FG and conventional MOS transistor, the

boundary between TR and SR are given respectively by

[VDS| =Ky [VGS + fVDS _Vt| and [VDS| = [VGs _Vt| (2-11)

From equation (2-6) it is observed that the FG transistor can go into depletion-mode
operation and can conduct current even when [Vgs| < |V4 because of the “drain turn-on”
effect wherein the channel is turned on by the drain voltage through the term fVps.

Furthermore, saturation does not occur in the FG transistor as Ips continues to increase
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with increase in Vps. This contrasts with the MOS transistor where SR is essentially
where Ips is independent of Vps (equation (2-7)). Furthermore in the SR regime for the
FG transistor, the transconductance which is the partial differential of the drain current
with respect to the gate voltage at constant drain voltage is expressed as in equation (2-
12) increases with Vps unlike in the MOS where it is independent of Vps.

ol
G=_—2> = Pk, (Vos + Vps =V,) (2-12)

- Vps=constant
Vs

The capacitive coupling ratio f depends only on Cp and Cgc and its value can be
obtained or verified by

Vg
Vo

(2-13)

I pg=constant

2.3.3 Working Mechanisms of Flash Memory Cell

The conventional floating gate memory cell operation mechanisms basically
involve charge injection into and removal from the FG, thereby programming the
MOSFET to two different threshold voltages corresponding to two logic levels. When
electrons are stored in the FG, the cell is said to be programmed and exhibit a high
threshold voltage state. It is assigned to logic level “0” as shown in figure 2-11. On the
other hand, when electrons are removed from the FG, the cell exhibits a low threshold
voltage and is said to be erased. It is assigned the logic level “1” also shown in figure 2-
11. In a read operation, a moderate voltage is applied between the drain and the control
gate. This causes the capacitively coupled FG voltage to be between the high and low

threshold voltages of the programmed cell.

Different mechanisms of charge transfer into and from the FG have been
proposed, all involving charge passage to the FG through a thin layer of dielectric
material for both the erase and write operations. Two main mechanisms are
predominant for the programme and erase operations; channel hot electron (CHE)
injection and Fowler-Nordheim (FN) tunnelling. CHE injection and FN tunnelling are
used for writing to- and erasing from the FG respectively of a NOR flash memory. For

NAND flash, programme and erase are both by FN tunnelling mechanism.
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2.3.3.1 Channel Hot Electron Injection

This is a mechanism for programming a NOR flash memory cell wherein a
lateral electric field between the source and drain heats the electrons up and a transverse
electric field between the control gate and channel cause the electrons to be injected to
the FG through the dielectric (tunnel oxide). This happens when the FG MOSFET is
biased in saturation. The channel electrons that travel from the source to the drain are
heated by the lateral electric field generated by the source-drain potential Vps. The
electrons become hot, (more energetic) and thus gain kinetic energy and are accelerated
towards the drain. Those electrons with high enough energy travelling close to the drain
and whose velocity is directed towards the interface can directly surmount the energy
barrier (3.15eV) of the thin oxide and flow into the FG attracted by the vertical electric
field induced by the gate voltage. Only a few electrons that reach the drain are
successfully injected into the FG and these are known as hot electrons as shown in
figure 2-12.

Yee

Control gate

Hot electrons

vy A,
anne
Eii -
=
|
vl 5i0; harriers
B >

(a) (b)

Figure 2-12: (a) Schematic illustration of channel hot electron (CHE) injection
programming and (b) the potential energy diagram of CHE versus vertical
distance from control gate.

To maximise this hot electron injection effect, the drain junction is made
shallower than the source junction. This causes the lateral field to peak near the pinch-
off region near the drain as a result of the influence of the drain voltage on the surface
potential. Consequently the average electron energy also peaks near the drain at the end

of the channel. As the electrons accelerate through the channel from source to drain,
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they generate electron-hole pairs through impact ionization. These generated electrons
(holes) are known as secondary electrons (secondary holes). The secondary holes are
eventually collected by the base contact thus giving rise to the base current Ig [91, 92].
Meanwhile, the secondary electrons can gain enough Kinetic energy to be injected into
the gate consequently contributing to the gate current ls. Thus the gate and base
currents have the same origin, being the accelerating hot electrons as they travel along

the channel.

A number of factors affect the efficiency of this charging (programming)
method. These are the lateral electric field between the source and drain which is
responsible for heating up and accelerating the electrons toward the drain, and the
vertical electric field close to the drain. This vertical field influences the probability for
the hot electrons to tunnel through the potential barrier to the FG. As mentioned earlier,
very few electrons actually cross the potential barrier and reach the FG. An effective
evaluation of the number of hot electrons would require knowledge of the energy
distribution as a function of lateral field, the momentum distribution as a function of
electron energy, the shape and height of the potential barrier and the probability that an
electron with a certain amount of energy and wave vector a distance d from the Si/SiO,
interface will surmount the barrier. A quantitative model would be very complex to
study, as each of these factors has to be specified at each point of the channel. However,
the lucky electron model developed by Hu[93] and the hot electron injection current
model[94] are often employed to qualitatively study the efficiency of this FG
programming method.

The lucky electron model is based on the probability that an electron would be
lucky to travel across the channel a distance several times the mean free path without
scattering and eventually acquire enough kinetic energy to surmount the barrier if a
collision pushes it towards the Si/SiO; interface. Denoting the potential barrier by @,
and assuming the lateral electric field Ex (as in figure 2-12) to be constant, then the hot
electron needs to travel a distance d = ®,/Ex to acquire enough kinetic energy (9,=3.15
eV) to overcome the barrier. However, it has to do this distance d without suffering any

— p(®o/Exh)

collision and the probability of doing so is given by[95] e ¥* where X is the

mean free path associated with phonon scattering dependent both on the optical-phonon
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mean free path and the impact-ionization mean free path. Its value at room temperature
is = 91A[96]. The probability of an electron acquiring enough kinetic energy to cross

the barrier and having enough normal momentum after redirection is given by[93]

P, = [ 5,4 jexp(— o ) (2-14).

4D, E,A

X

The hot electron injection current can thus be expressed as [94]

CI)O
E A

X

leve = Al DS[ EX&J exp(- ) (2-15)

40,
where Ayq is a fitting parameter (constant). It can be observed from equation (2-15) that

the injected current increases exponentially with a decrease in the barrier height.

2.3.3.2 Fowler-Nordheim Tunnelling

Fowler-Nordheim (FN) tunnelling is used for programming NAND flash
and for erasing NOR and NAND. FN is a quantum mechanical field emission
process[97] in which electrons tunnel through a barrier in the presence of a high electric
field. Applying a high electric field across a polycrystalline silicon-SiO,-silicon
structure modifies its energy band structure. The high field causes electrons in the
silicon conduction band to see a triangular energy barrier whose width depends on the
applied field and height on the electrode material and the band structure of the silicon
dioxide. At sufficiently high electric fields, the width of the barrier becomes so small
that the electrons in the silicon conduction band can tunnel through the silicon dioxide
into the floating gate. Under erase conditions, a large negative potential is applied on the
control gate that sets up a strong electric field between the gate and the source. This
field reduces the energy barrier width and increases the energy barrier slope thus
effectively thinning down the top of the barrier making it triangular. Concurrently, this
high field also imparts Kinetic energy to some of the electrons in the FG thus setting
these to move energetically towards the top of the tunnel oxide potential barrier where
they effectively penetrate in a wave-like manner through the reduced barrier to the

source. These electrons then rapidly thermalize through interaction with the lattice and
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other electrons in the source and with one another to stabilize once they reach the

source.

VCG

Control gate
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(a) F-N programming (b) F-N Erase

Figure 2-13: Schematic illustration of Fowler-Nordheim (F-N) tunnelling (a)
Programming and (b) Erase with corresponding electron energy diagrams
against vertical distance from control gate.

The tunnel probability for this triangular barrier can be derived from the 1-D
Schrddinger equation using the Wigner-Kramer-Bruillouin (WKB) approximation

which leads to the expression[98]

0= exp(—#,mqm*q)ﬁ’z) (2-16)

where F is the electric field across the oxide and m* is the effective mass of the

electron and  is the semiconductor-oxide barrier height. The FN tunnelling current
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density J, can be obtained from the product of the number n, of electrons arriving at the
Si/SiO, interface per unit area and time, the velocity Vg with which these electrons
arrive the Si/SiO, interface and the tunnelling probability. That velocity is known as the

Richardson velocity. Thus current density J is given by
J =qVgn® = oF * exp(—%iF,/qu*CI)ﬁ’z) (2-17)

where a =q®/(167°ad,)and | is as defined above [97-99]

2.3.3.3 Reading Operation

The presence of charge in the FG greatly influences the current level used to
sense the cell and as shown in equation (2-10), the threshold voltage shift is directly
proportional to the amount of charge stored in the cell. Therefore, defining a proper
charge and a corresponding voltage shift, a reading voltage can possibly be fixed such
that the current of the “1” state corresponding to uncharged state is very high and that of
the “0” state corresponding to the charged state is low (zero current reading). As shown
in figure 2-11, when the gate voltage is Vg, a high current is sensed at the “1”-state and
zero current is sensed at “0”-state. We can thus define the logic states “0” as a state at
which charge is stored in the FG and zero current is sensed and the “1” state as a state at

which no charge is stored in the FG and a high current is sensed.

2.3.4 Reliability

Two important functional characteristics of flash memory used to evaluate the
performance of the device and which are the main reliability concerns are data retention
and write/erase cycle endurance [7, 100, 101]. A study carried out by P. Muroke[102]
has identified early failure rate of flash memory devices due to latent defects as the
main cause of field failure. As device cell sizes continue to scale down, challenges
related to high electric fields and smaller thicknesses of gate oxides and IPD are certain
to make these defect related early failure rates worse[12]. Knowledge of the
fundamentals of the failure mechanisms associated with the tunnel oxide and the IPD
would thus lead to a better understanding of retention and write/erase cycle endurance
characteristics as the two oxide layers affect these characteristics.
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Tunnel oxide breakdown and the trapping of electrons in the oxide due to high
electric field stressing during CHE injection or F-N programme and erase operations are
the primary failure mechanisms of tunnel (gate) oxide. Oxide breakdown occurs after a
fixed amount of charge per unit area has been injected. This fixed amount of charge per
unit area is a function of electric field[103] and the higher the amount, the better the
quality of the oxide. This fixed charge per unit area injected through the oxide also
depends on the thickness, the mode of current injection and operation temperature
[103]. Trapped electrons (charges) in the oxide during injection can be attributed to
defects in the oxide as well as broken Si-O bonds. These trapped charges in the oxide
layers thus affect the injection field and thus the amount of charge transferred to or from

the FG during programming and erase operations.

The FG is isolated from the top (control) gate, source and drain by the control
oxide or IPD. Thus the IPD prevents charge leakage to other electrodes and should
therefore be defect-free to perfectly function as such. However, the surface topology of
the Polycrystalline silicon FG is often modified through enhanced oxidation of the
Polycrystalline silicon at grain boundaries during the IPD growth[104], forming
protrusions and inclusions and thus leading to surface non-uniformity. This causes the
electric field to differ substantially[105] thus resulting in higher leakage currents. Other
factors responsible for the quality of the IPD are the doping of the source/drain regions
and the deposition temperatures of the Polycrystalline silicon and the oxidation
temperature which may affect the materials at the interfaces differently and cause
migration of dopants away from desired locations [105, 106]. ONO multilayer are now
commonly preferred to the single SiO, layer as IPD because the oxide-nitride-oxide
(ONO) stack registers lower defect densities and can withstand higher electric fields.
The low leakage currents for this stack is simply due to the fact that leaked charges from
the FG get trapped in the oxide-nitride interface, build up and thus repel further electron
leakage from the FG[107]. Typical thicknesses in the ONO stack are 5-10nm, 20nm and

3nm for the bottom oxide, nitride and top oxide respectively.

2.3.4.1 Write/Erase Cycle Endurance
Endurance can simply be defined as the resistance to failure of the flash

memory device after repeated programme/erase (P/E) cycles. Thus the endurance

32



33

characteristic is the memory window (threshold voltage) as a function of the number of
P/E cycles, which usually shows memory window closure after a high number of P/E
cycles. Flash memories are typically specified to endure 10*-10°P/E cycles [108-111].
The phenomenon of window closure occurs when the threshold voltages of the
programmed and erased states cannot be distinguished from each other. Repeated P/E
cycles is known to induce stress in the tunnel oxide which causes its degradation and
leads to the phenomenon known as stress-induced leakage currents (SILC)[112]. P/E
cycling leads to tunnel oxide breakdown and trap-ups (charge traps) during the CHE
injection or F-N operations. These are damaging to memory devices and limit their
number of P/E cycles. SILC can be attributed to stress—-induced oxide defects as well as
trap-assisted tunnelling mechanism and are controlled by the stress field, the amount of
charge injected during the stress and the oxide thickness. For a given stress level, the
thinner the oxide layer, the stronger the leakage current [113-115].

2.3.4.2 Retention

Flash memory retention can be defined as the ability of a memory bit to retain
its stored data over a long period of time whether powered or unpowered. Thus when a
memory cell can no longer retain charge in its FG, its retention capabilities are said to
be affected. The usually-specified retention time for flash memory by industry is 10
years [111, 116]. There are different avenues through which charge can leak away from
the FG. These include [7]

1. charge loss through defects in the tunnel oxide;

2. charge loss through defects in the IPD;

3. detrapping of charge from insulating layers surrounding the FG and
4. mobile ion contamination

Defects in the tunnel oxide can be due to defects in the device structure or due
to the physical mechanisms used in programming and erasing the cell. These losses of
charge or charge variation in the FG usually lead to a variation in the FG potential and

consequently to a shift in the threshold voltage of the memory cell. Thus it is possible to

33



34

quantify retention by estimating the time it takes for the FG to discharge when it

intended to keep the data stored. From equation (2-10),
dQr; =—CcdV, (2-18)

where dQrs, Crs and dV; are the charge lost from the FG, the FG capacitance and the
threshold voltage shifts respectively. From equation (2-18), the number of electrons lost
from the FG can be associated to the leakage current I as[117]

dQce Ldt _ CredV,

dn= = = 2-19
1.6x10* 1.6x107%° 1.6x10™ (2-19)

where 1.6 x 10™°C is the charge of an electron. Thus knowing the threshold voltage
shift, it is possible to estimate the retention time for some measured leakage current for
a typical FG capacitance of the order of 10™ F, about 10*-10° electrons are lost from
the FG for a threshold voltage shift of about 2V.

2.3.4.3 Cell Disturb

Cell disturb is a failure mechanism in flash memories that concerns data
corruption of an unselected written cell caused by programming or reading some
selected cells[118]. The failure mechanism is known as programme disturb when
programming and read disturb when reading of selected cells cause data corruption in
the unselected. Programme disturbs are more frequently observed because of the

relatively high voltages applied to the selected cells for programming.

Two types of programme disturbs are common: row disturb or gate stress and
column disturb or drain stress. Row disturbs occur due to gate stress when programming
other cells in the same wordline while column disturb occurs due to drain stress applied
to a cell while programming other cells in the same bitline. Applying a high voltage to a
selected row (gate) during programming means that all the cells in that row must
withstand that stress without losing data. Data loss in this disturb can either be by a
leakage in the gate (tunnel) oxide or by a leakage in the control oxide (IPD). On the
other hand, under column disturb or drain stress, data can be lost from programmed

cells by F-N tunnelling from the FG to the drain. This is also known as soft erasing.
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Other cell disturbs are dc erase and dc programme[100]. DC programme occurs on cells
that are in erased states on the same wordline as the cell being programmed. When the
wordline is raised to a high voltage, the electric field across the tunnel oxide may be
high enough to cause electrons to tunnel into the FG from the substrate thus increasing
the threshold voltage of the cell. In severe cases, the cell in unintentionally programmed
and this is known as soft write. This for instance can happen in cell (R2, C1) if it is in
the erased state and cell (R2, C2) is being programmed as shown in figure 2-14. DC
erase occurs on already programmed cells in the same wordline as the cell being
programmed. A high programming voltage may cause a high electric field across the
IPD (control oxide) of the programmed cell which may be capable of causing
conduction of electrons across it from the FG to the control gate. This is also known as
Polycrystalline silicon to Polycrystalline silicon erase and in severe cases may cause
complete loss of data. If cell (R2, C3) were initially programmed before the shaded cell
is programmed as in figure 2-14, dc erase could likely occur there. Disturb propagations
can be prevented by using block select transistors in a divided bitline and wordline

organization to completely isolate each sector.
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Figure 2-14: An illustration of cell disturbs in an array of flash memory cells.
The shaded cell is being programmed while cell disturb occurs in the other
cells in the same wordline (row) and bitline (column).
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2.4 Flash Memory Challenges

Despite the enormous success, conventional flash memory still faces some
challenges notably the scaling limitations. As mentioned in the introductory chapter
(chapter 1), the memory cell has scaled down from 4.2 pm? for the 0.6-pm technological
node in 1992[7] to 0.0041 um? for the 32 nm node in 2010[8]. Because of the scaling,
flash storage density has increased from 256 kb in 1990[7] 2 Mb in 2000 to 64 Gb in
2010[3]. Moreover, the cost of flash has equally dropped tremendously from $80,000
per Gb in 1987 to =~ $10 per Gb in 2007[119] and forecasts are that the average price of
NAND 3bit/cell will be $1.20 per Gb by the end of 2010[120]. Figure 2-15 shows how
the memory cell size has scaled within the last decade (2000-2010). The decrease in cell
size is approximately exponential and the cell size has reduced by a factor of more than
90 (from 0.38 to 0.0041 pm?) from 2000-2010. This reduction with the corresponding
increase in density is credited to the ingenuity and hard work of the best scientist and

engineers both in academia and the semiconductor industry.
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Figure 2-15: Graph of flash memory cell area achieved within the decade 2000-
2010, illustrating flash memory scaling.

Unfortunately, cell-size reduction is approaching a limit beyond which further
scaling could prove extremely difficult. In 2014, flash technology is expected to reach
the 20nm-node[8]. Beyond this, lots of difficulties are expected. Cell-size scaling also
involves thinning down the IPD and the tunnel oxide layers. The current tunnel oxide

thickness is 3-5nm and scaling beyond this is intrinsically incompatible with the need to
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preserve the minimum thickness in these devices to maintain the reliability and data
retention after many write/erase cycles[121]. Atwood G[12] and Lai S. K[119] have
grouped these scaling limitations into three main classes, namely: physical scaling
defined by lithography; electrical scaling defined by program/erase voltages and
reliability scaling defined by the fundamental physics of the program, erase and storage
mechanisms. These classes however do not have a strict line of demarcation between
them as one is intrinsically linked to another. For instance, reduction of channel length
concerns lithography and thus physical scaling but an understanding of the effects
caused by channel length reduction is related to the effects of the voltages required for

CHE injection programming, which is more to do with electrical scaling.

Concerning physical scaling, while the i-line and immersion technology of
conventional lithography is affected by a manufacturing limit of 40 nm for NAND and
the optical enhancement nonconductive 45° angle structures around the source contacts
in NOR flash, there are new techniques developed such as self-aligned double
patterning by Kwak et. al[122] for NAND and the self-aligned contact technology by
Wei et al.[123] for NOR that will carry manufacture beyond the conventional
lithography limit and extend to nearly 20 nm. However, this new technique by Kwak et
al[122] adds exposure and other process steps that increases cost of pattern definition
which could be reflected in the cost of flash. Worth noting is that the new self-aligned
contact technique for NOR flash reduces the contact area and the new layout consists of
straight lines only similar to NAND making it easier to implement optical enhancement

techniques.

Concerning electrical scaling, and as mentioned above, there is a limit to the
high voltage required for programming a NOR flash. At least a Vps of 4V is required
from source to drain so as to produce electrons with sufficient energy (hot electrons)
capable of overcoming the 3.15-eV Si/SiO, barrier height during CHE injection
programming[12]. This voltage requirement in turn puts a limit to the channel length of
the cell. This channel length limit is much shorter in the case of NAND which requires a
much lower Vps since the transistor channel is used for read only. One way of solving
this is by the use of a 3-D cell structure (to be discussed further in subsequent sections)

which moves the channel length constraints into the vertical direction allowing further
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planar scaling to occur. Another significant electrical scaling limitation concerns the
high coupling ratio required to provide adequate control of the channel to read and
maintain adequate coupling between the FG and the control gate. Thinner IPD are
required to maintain control of the channel in scaled down cells using self-aligned
techniques. High programming voltages will ultimately cause high leakages from the
FG through the IPD to the control gate. In order to maintain the high capacitive
coupling ratio between the control gate and FG, IPD with high dielectric constants
(high-k dielectrics) are used. Important parameters here are high electric breakdown
fields and low trap density. Thus the IPD must be optimized for no leakage current
under low-field charge storage. Viable candidate materials are Al,O3, HfO,, ZrO, and
Si3Njy.

Another critical electrical scaling issue with flash memory concerns cross-talk
between adjacent cells [12, 124, 125]. This is caused by the electrostatic interaction of
stored charges in FG of neighbouring cells on the FG and channel region of one
particular cell. As the spacing between FGs reduce, the coupling between FGs increases
thus increasing the cross-talk effect. Luckily, a variety of solutions to this cross-talk
effect exist. These include using appropriate programming algorithms capable of
extrapolating cross-talk from data patterns and adjusting the amount of injected
electrons for individual cells accordingly. Furthermore, reducing the size of the FG and
electrically screening it would also reduce the effect of cross-talk. One very promising
solution is to replace the continuous FG with floating traps or conducting islands or
nanoparticles or quantum dots that act as charge storage nodes [16, 124, 126]. By so
doing, the capacitive coupling between charge storage nodes in adjacent cells is greatly
reduced. This solution is however not applicable to NOR flash which uses CHE
injection programming as a conducting layer is required to move the electrons across

the transistor channel and to redistribute the CHE injected in the drain area.

Regarding reliability scaling limitations, we note that as the memory cell size is
reduced, the cell capacitance is reduced and thus the ability of the cell to store more
charge is decreased [12, 124]. The number of stored electrons decreases with each new
technological node, but the defect charge leakage mechanisms remain the same. This

means the impact of the charge leakage mechanisms on the memory cell which is
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manifested in the cell threshold voltage, increases with each new lithography node.
Thus threshold memory window closure is faster and error rates increase with each new
lithography node. One way of mitigating this effect is by improving the quality of the
tunnel oxide through introducing nitrogen into SiO, [127]. Alternatively, the tunnel
oxide can be engineered such that retention is not compromised at low electric fields
while the tunnelling probability is enhanced at high electric fields[128]. The variable
oxide thickness (VARIOT) composite film[129] proposed by Govoreanu et al is one
such barrier engineered tunnel dielectric. It is composed of dielectrics of different
barrier heights layered to give the required tunnelling properties. Another way is to
replace the continuous FG with charge traps such as the SizN4 or floating semiconductor
or metal nanodots [14, 16, 126]. These have the advantage over the continuous FG in
that because of their discrete nature, a localised defect in the tunnelling oxide layer
would only discharge a single NC or a small number of NCs in the vicinity of the defect
and not the entire FG, thus offering the possibility to isolate leakage paths generated by
the “point” defect and consequently allowing the use of thinner tunnel and control oxide
layers. However, the use of discrete storage FG further worsens the problem of the
number of electrons stored as they store a smaller number when compared with the
continuous FG.

A very significant innovation in flash memories is the multilayer cell (MLC)
technology which has opened flash to the possibility of storing more than one bit per
cell. A single layer cell (SLC) can only store one bit per flash memory cell. There is
however a weakness identified with the MLC; the separation between charge states is
less compared with SLC technology. This makes MLCs more sensitive to cell
degradation mechanisms than SLC[130]. It is thus important to properly control write
and erase operations by the use of special MLC charge-placement algorithms in order to
achieve stable storage. This is done by reducing the applied fields and controlling how
these fields are increased or decrease during write and erase operations so as to reduce
the damage caused to the tunnel oxide[130]. Summarily, table 1 highlights some scaling

challenges and suggested solutions in order to overcome them.
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Table 2-1: Summary cell-size scaling challenges and some proposed solutions

Scaling Scaling Issue Proposed Solutions
Challenge
Type
Physical Lithography Self-aligned double patterning lithography
Scaling technique[122]
e i-line and immersion
technology affected at
~40 nm node (NAND)

Layout for the memory cell Self-aligned contact technology[123]

(NOR) has 45° angle structures

around the source contacts. e Reduces contact area

e Consist of straight lines similar to
NAND

Electrical High voltage requirement, Vps of | 3-D cell structures, barrier engineered
Cell-Scaling | 4V for NOR limits channel tunnel dielectric

length scaling

Low Control gate-FG capacitive | Use high-k IPD,

coupling

Cross-talk Reduce FG size, use Q-dots, charge traps

and nanodots to replace FG, electrically
screen cells with spacers

Reliability Faster threshold voltage drops Introduce nitrogen in SiO, tunnel oxide,
Scaling and increase in error rate replace FG with quantum dots, Use barrier

—engineer tunnel oxide

2.5 Emerging Universal Memory Technologies

Functional memories DRAM, SRAM and flash are expected to face challenges,

fundamentally the scaling limitation as already discussed above. These impending

difficulties have prompted research into alternative memory technologies that will

ensure the continuation of Moore’s law. For instance, as DRAM scales to less than

30nm, short channel effects as well as junction leakage in the array transistors will be

major problems, and thus new device structures will be required to overcome these.
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Furthermore, higher aspect ratios and new high-k materials will be required in order to
maintain the capacitor capacitance of 25fF of DRAM. As for NOR flash memory,
challenges in channel length scaling and maintaining the drain bias voltage margin
necessary to minimize programme disturb will need to be overcome. Cross-talk between
adjacent cells in NAND flash memory will need to be overcome as cell geometries scale
down. Moreover, it will be increasingly more difficult for the ONO IPD dielectric to
wrap round the floating gate to maintain the coupling ratio between the control gate and
the floating gate. Future generation NAND flash will thus require low-k materials
between the cells and high-k IPD dielectrics in the cell.

The emerging universal memory technologies such as the zero-capacitance
RAM, the floating body cell memory and the spin-torque MRAM have promising non-
volatile RAM-like performance and are likely candidates to replace DRAM. Those
candidate memories lined up to replace flash memory are the phase-change memory
(PCM, PRAM), charge trap memory, nanocrystal memory, Resistive RAM, and 3D
memory. The expected characteristics of these emerging universal memories include
high-density, low cost, high speed for both read and write processes, low power,
random accessibility, non-volatility and very high endurance[131]. These emerging
memories, though with huge potentials to replace the conventional semiconductor

memories, have some challenges as well to overcome before commercialization.

In this section, a brief discussion of some of these emerging universal
memories and the basic operations are presented. The section ends with a comparative
summary of these devices with the conventional memories and the challenges with

these memories.

2.5.1 Phase Change Memory

Phase-change memory (PCM) also known as phase-change random access
memory (PRAM) is a device that stores data as the resistance of a material changes due
to a switch between the amorphous and crystalline states upon the application of energy
in the form of voltage or current. The most common material used in PCM is the
chalcogenide resistive alloy made of germanium, antimony and tellurium Ge,Sb,Tes

(GST)[132-134]. The chalcogenides exhibit a reversible phase change between the
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amorphous phase and the crystalline phase. The amorphous phase is characterized by
the absence of regular order in the crystallite lattice. It thus demonstrates a high
electrical resistivity and low reflectivity. In the polycrystalline phase on the other hand,
the material has a regular crystalline structure and exhibits high reflectivity and low
electrical resistivity [135]. PCM thus exploit the difference in resistivity between the
two phases of the material. It should also be noted that the chalcogenide is also widely
used in the rewritable CD and DVD industry where the reflectivity property of the alloy
is well exploited unlike in PCM where the resistance is exploited.

The phase change in GST is induced through localized Joule heating caused by
current injection. The final phase of the material is modulated by the magnitude of the
injected current and the time of the operation. A basic PCM cell is as shown in figure 2-
16

Programmable volume

Top electrode Bitline BL,

G -

Wordline WL

3
E o
2 g
28
m T
N

Substrate

Figure 2-16: An illustration of the phase change random access memory with
the coresponding schematic 1T1R circuit representation

The cell contains one transistor and one resistor and is named “IT1R” where
the T is the NMOS transistor and the R is the GST[28] A layer of GST is sandwiched
between a top electrode and a bottom electrode. A resistive heating element extends
from the bottom electrode and contacts the GST. Current passed through the heater
induces the phase change through Joule heating. Because of the change in reflectivity,
the amorphous bit appears as a mushroom cap-shaped structure in the layer of
polycrystalline GST[13]
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Two write operations exist for this memory: the SET that switches the GST
into crystalline phase by heating it above its crystallization temperature and the RESET
switches it back to amorphous phase by melt-quenching the GST [136]. Both operations
are controlled by electrical current whereby a high power pulse for the reset operation
heats the cell above the melting point of the GST and moderate power heats it above the
crystallization temperature but below the melting point of the GST. The stored data in
this memory cell is read by applying a small voltage across the GST. Because of the
large variance in the equivalent resistances of the SET and RESET status, it is possible
to sense the current through the cell. The read voltage should be such that it is
sufficiently strong to invoke detectable current but must also be low enough to avoid
write disturb. The data stored in the PCM cell can be accessed by wordline controlling

of the cell consisting of the GST in series with the NMOS as shown in figure 2-16.

Advantages of PCM include good signal sensing margin; the resistance ratio
between reset and set states is between 10%-10%[137], fast programming speed less than
300ns[138], excellent endurance of 102, good scalability as it does not utilize
electrons[13] and low cost[137]. Even though PCM claims good performance together
with the above mentioned advantages, there are nevertheless great challenges standing
in the path of it becoming really competitive to flash memory for commercialization,
one of which is the large programming current required for reset processes. This large
current requires large transistor cell size and thus makes it difficult for high density
PCMs to be achieved. Naele[139] argues that this cancels the advantage of scalability
of PCM claimed by others like Atwood[13].

2.5.2 Magnetoresistive Random Access Memory

This is a type of NVM that has been in development for about 20 years but
recently came into market with Freescale Semiconductor’s 4-MB offering. This
memory type is an application of spintronics, which combines the magnetic tunnel
junction (MTJ) and CMOS technologies [140, 141]. The basic cell structure is a 1T1R
similar to PCM but in this case the single resistor is the MTJ as shown in figure 2-17.
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Figure 2-17: Illustrations of the 1T1R Magnetoresistive RAM showing the
magnetic tunnel junction MTJ in the antiparallel (high resistance “1” state) and
parallel states (low resistance “0” state)[141].

Information in this memory is stored by modulating the resistance of the MJT.
The resistivity of this junction depends on the magnetic polarization of thin
ferromagnetic material layers. The MTJ is composed basically of a fixed magnetic
layer, a thin dielectric tunnel barrier and a free magnetic layer. When a current is
applied to the MTJ, this triggers the movement of electrons which become spin-
polarized by the magnetic layer as they traverse the dielectric. If the magnetic vectors
are parallel on both layers, a low resistance is detected; otherwise a high resistance is
detected. These states are assigned the logic levels “0” and “1” for low and high
resistance respectively. A newer form of MRAM known as spin-transfer torque RAM
changes the magnetic direction of the free magnetic layer by directly passing a spin-
polarized current unlike older generation MRAMSs that used external magnetic fields to
change the magnetic direction of the free magnetic layer[28]. This new generation spin-
transfer torque RAM has the advantage of scalability compared to the older generation
MRAM as the threshold current required for the status reversal decreases as the MTJ

gets smaller.

During a write process, a positive voltage difference is established between the
source and bit lines for a “0” state or a negative voltage difference for a “1” state. The
required current amplitude to ensure a status reversal is known as the threshold current
and depends on the MTJ geometry, the material of the tunnel barrier and writing pulse
duration. For a read operation, NMOS is enabled and a very small, usually negative

voltage difference Vg -V is applied between the bit line and source line and will cause
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a current to pass through the MTJ[142]. It is necessary for the voltage to be small
enough so as not to invoke a disturbed write operation. The value of the current is
determined by the equivalence resistance of the MTJ which is compared with a
reference current by a sense amplifier and then decides whether a “0” or “1” state is

read.

The Freescale 4AMB MR2A16A[143] based on the 0.18-um CMOS technology
was the first commercially available MRAM. The key advantage is in its performance
and endurance. They are non-volatile and have the attributes of high speed operation
and unlimited read and write endurance. While this device still has a future, some issues
exist that need to be solved, among which include the current distribution in the word-
and bit-line during write operations (write disturbs)[144] and low readout signal during
read operation. Furthermore, the quest for high density integration is prompting the
move of MRAM devices from planar to 3-D cells. These future MRAM devices will
likely be based around spin valves or variations thereof that utilize the effect of giant
magnetoresistance (GMR) for their operations. Sautner et. al.[145], have found the
problem of integration of contacts into these spintronic devices nontrivial, as magnetic
materials are very sensitive to topographical variations created by contacts that can

introduce uncertainty in their behaviour.

2.5.3 Ferroelectric RAM (FeERAM)
A ferroelectric RAM is a type of NVM device with structure similar to the 1T-

1C DRAM but whose capacitor contains a ferroelectric material layer to achieve NVM
effects rather than a dielectric as in DRAM[146]. Thus a FeERAM utilizes a ferroelectric
FET with memory application based on the hysteresis behaviour of ferroelectric
material polarization with the application of an external electric field. Typical
ferroelectric material used is the lead zirconate titinate (PZT)[147] and SrBi;Ta,Oq
(SBT)[148]. These materials show a reversible spontaneous polarization in the absence
of an electric field. The spontaneous polarization arises from the fact that the material
has a noncentrosymmetric arrangement of ions in its unit cell similar to an ABO;

perovskites structure [149] as shown in figure 2-18.
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Figure 2-18: lllustration of the lead zirconate titanate (PZT) structure[150].

These ions in the unit cell produce an electric dipole moment. Neighbouring
cells tend to polarize in the same direction, thus forming what is known as a
ferroelectric domain. In the presence of an alternating electric field, the polarization of
the ferroelectric exhibits a hysteresis as shown in figure 2-19. The hysteresis is brought
about by the fact that initially the domains that are oriented in the direction of the E-
field grow favourably at the expense of other domains, until saturation Ps is reached.
When the E-Field is removed, not all the domains return to their initial random
configuration and orientation. The polarization at this stage is known as remnant
polarization P.. The electric field strength required to return the polarization to zero is
known as the coercive field E.

When a voltage is applied to the ferroelectric capacitor, there is a net
ionic displacement in the unit cell of the material. The unit cell interacts constructively
with neighbouring unit cells to produce ferroelectric domains. When the voltage is
removed, a majority of the domains remain poled in the direction of the applied field,
thus requiring compensating charge to remain on the plates of the capacitor. It is the
compensating charge that causes a hysteresis in the polarization when an external
voltage is applied[151]. At zero applied voltage, there are two states of polarization +P,
which are equally stable. Either of them can be assigned the logic code 1 or 0 and since
no external electric field is required to maintain these states, the memory is non-volatile.

Switching these states thus clearly requires an external electric field > E..
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Figure 2-19: lllustration of the polarization behaviour of the ferroelectric PZT
with applied electric field

Two main types of FeRAM classified by readout exist. These are the
destructive read-out type(DRO)[152] and the non-destructive read-out (NDRO)
type[153]. The DRO type is the 1 transistor-lcapacitor type similar in structure to
DRAM, easy to fabricate but has the disadvantage that it has low access speed and
number of endurance cycles. In this type, the ferroelectric layer of the 1T1C transistor is
separated from the CMOS layer by a thick interlayer dielectric (ILD). In the readout
operation, the data is destroyed and then written again. With the NDRO FeRAM, the
transistor is FET-type and difficult to fabricate but has the potential advantage of high
speed and high reliability. In the readout operation, the current between the source and

drain is sensed and the polarization does not reverse and thus data is not destroyed.

If an electric field is applied to the ferroelectric in a direction opposite to the
previous, this will cause the switching of the remnant domains, thus requiring
compensating charges to flow into the capacitor plate. If the field is in the same
direction as the previous field, switching does not take place, charge compensation does
not change and a reduced amount of charge flows to the capacitor plates. This property
is used to read a state or write a desired state into a ferroelectric memory. For instance if
the memory is in a negative state (-P,) and a positive field is applied to it, there would

be a switching charge given by[154]

Q=AeE, +A f %—Tdt (2-20)
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where A is the cell area, € the permittivity, E, is the applied electric field while P is the

polarization. Thus for a positive state and a positive field the charge stored is AcE,.

FeRAM write speeds are much higher than those of flash, typically in the ns
range. However, their bit density is lower than flash and they are more expensive.

2.5.4 Organic Memory Devices (OMD)

These are memory devices with active materials that are carbon-based as
opposed to traditional memory devices which are based on inorganic materials. OMDs
can be classed into three different categories namely: resistive switch and write once
read many times (WORM), molecular memory devices (MMD) and polymer memory
devices (PMD)[29]. All three classes have a similar structure of cross-point top and
bottom array of electrodes with different active organic materials sandwiched between
the electrodes to distinguish between the types of cells. The organic active layers are
usually deposited by spin-coating or by dip-coating. For WORM structure there is a
resistive polymer admixture sandwiched between the cross-point array of top and
bottom electrodes. Each cross-point of the bottom and top electrode with the resistive
material forms a memory cell. Depending on the type of resistive material used in the
cell, the device will short between electrodes giving a low resistance than the pristine
state while the second type acts like a blown fuse giving a higher resistance than the
pristine when a voltage pulse is applied across. For the MMD[155-158] structure the
sandwiched material between the cross-point top and bottom electrode arrays is
composed of small organic molecules. These molecules are packed in an ordered
manner so that one end of the molecule is electrically connected to the bottom electrode
while the other end is connected to the top electrode. When a voltage is applied across
the electrodes, the conductivity of the molecules is altered enabling data to be stored in
a non-volatile manner. Applying a voltage of opposite polarity reverses the situation and
data is erased. The PMD[159] is similar to WORM and MMD but in this case, the
sandwiched organic material also consists of deliberately introduced nanoparticles or
some other molecules in the admixture. Applying a voltage across a memory cell
invokes a change in the conductivity of the polymer admixture and thus allowing a bit

of data to be stored.
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Figure 2-20. Schematic diagram of organic memory devices

A recent review of this class of memory devices by Prime et al[29] has
distinguished three different shapes of 1-V characteristics for this class of devices. These
are N-, S- and O-shapes shown in figure 2-21 below. The N-shape (figure 2-21a) is
characterized by a region of low current up to a threshold voltage where current
suddenly increases to many orders of magnitude. If the voltage is reduced, the current
remains, thus leaving the device in the high conductivity state. On the other hand, at
higher voltages above the threshold, the device returns to its low conductivity state. This
phenomenon wherein an increase in voltage leads to a reduction in current is known as
voltage-controlled negative resistance (VCNR). Devices with N-shaped characteristic
respond symmetrically to applied voltages-negative voltages have the same effect as
positive voltages. The sudden increase in current observed in N-shaped I-V
characteristic is also observed for S-shaped characteristics (figure 2-21 c¢ and d). The
difference is the absence of the VCNR region in S-shaped I-V where instead, the current
continues to increase with applied voltages. Both symmetric (figure 2-21c) and
asymmetric (figure 2-21d) I-V characteristics are possible with the S-shaped I-V. Unlike
in the N- and S-shaped characteristics where there exist an abrupt increase in current,
this abrupt increase is absent in O-shaped I-V (figure 2-21b). Instead, a simple
hysteresis loop is observed, the direction (anticlockwise or clockwise) depending on the

particular device being studied.
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Figure 2-21: lllustration of different shapes of I-V characteristics of polymer
memory devices: (a) N-Shaped, (b) O-shaped, (¢) Symmetric S-Shaped and (d)
asymmetric S-Shaped [29].

Organic electronic devices demonstrate unique advantages of easy fabrication
methods, low fabrication costs, high mechanical flexibility and versatility of the
material chemical structure over inorganic electronic devices; yet even with the
interesting performances exhibited by some of materials and devices [160, 161], they
are far from practical applications in memory. Even in the long run, they may only be
useful in short term memory devices, for instance in children’s toys, but not in durable

appliances like laptops and cellular phones.

2.6 Three-Dimensional Flash Memory

Among the emerging NVM, 3-D flash is widely considered the ultimate choice
to satisfy the needs of future envisioned memory, featuring low cost, high density, low
power consumption and better performance [32, 39, 40, 162-164]. Even some of the
alternative memory devices considered potential replacement of current flash memory
are also gearing towards 3-D cell structures to solve their scalability problems [145,

165]. In this section, a brief look at the different 3-D cell designs as well as the promises
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of 3-D flash memory is presented. Less attention will be given to the type of memory

layer materials.

2.6.1 Different 3-D Memory Cell Designs

Since the 1980s when the concept of 3-D integration was introduced [166,
167], various cell designs have been researched. These include the FINFET[168-170],
multiple vertically stacked memory layer design[40, 163, 171, 172] , the surround gate
transistor[173], the vertical-Recess-Array Transistor[162, 174], the V-groove[15] and
lateral recess-channel array transistor[175]. The basic idea in the 3-D vertically-stacked
type memory is to stack multilayer cells atop one another to build a higher capacity chip
that would occupy less area than a single layer chip with the same capacity. All these
approaches promise higher storage capacity and speeds, better endurance, longer
retention time as well as better energy efficiency than their planar counterpart. They
however differ in the ease of fabrication and even in their performance, in which case

some will be more preferred than others.

As far as NAND flash is concerned, the most important breakthrough was the
Bit-Cost Scalable (BiCS) approach[39]. In the BiCS approach, Tanaka et. al., used a
drilled hole to define many memory layers simultaneously. More recently, other designs
have been proposed to solve various challenges in earlier technologies. These include
the pipe-shaped BICS (P-BICS)[176], the terabit-cell-array transistor TCAT[162], the
vertical-stacked-array transistor VSAT[177] and the vertical gate VG[175]. Some of
these are illustrated in figure 2-22 below. Vivid comparisons of the illustrated device
structures (table 2-2) have been made by Hsiao et. al.[178]. They note that scalability is
ultimately limited by the poly-channel thickness and the ONO thickness which in the
compared devices is the charge trap layer. With this, and the fact that for a reasonable
read current the channel dimension should be ~10 nm and the ONO thickness ~20 nm
for better reliability and good memory window, they have been able to estimate the
corresponding lateral scalability, and conclude that the VG device has the best
scalability in the 20s of nm (2x nm).
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Figure 2-22. lllustrations of the TCAT, P-BICS, VSAT and VG 3-D-type flash

memories[178]
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Table 2-2: Comparative summary of 3D NAND Flash array architectures in terms

of process, cell size, device structure, and scalability [178]

Cell Shape

VSAT

Cell Size in X, Y

2 2 2 2
dicetiot 6F2 (3F*2F) 6F2 (3F*2F) 6F2(3F*2F) 4F2 (2F*2F)
Gate Gate first Gate last Gate First Gate Last
Process
Cur'rent_FIow U-turn Vertical Multi-U-turn Horizontal
direction
Device
Structure GAA GAA Planar Double Gate
P.OS.SIbIe ~50 nm ~50 nm ~50 nm ~2X nm
minimal F

Another study carried out by Park et al.,[179] on the program/erase efficiency

and retention properties of 3-D SONOS flash memory cell array transistors has found

that the Gate All-Around cell array transistor (GAA-CAT) is more superior to the
Double Gate (DG-CAT) and the FInFET (structures shown in figure 2-23) in terms of

P/E efficiency, low voltage operation and integration density, and that the superiority is

more prominent with smaller substrate diameter Ds;. Furthermore, they have shown that

this superiority results from the higher FN current in P/E conditions due to higher

electric field concentration effect rather than the gate controllability in the read

condition[178]
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Figure 2-23 : Schematic Illustration of the 3-D cell array transistors (3-D CAT) (a)
Gate all around (GAA-CAT), (b) Double Gate (DG-CAT) (c) FinFET (Fin-
CAT)[179]

Another 3-D-type architecture is the V-groove type designed by Kolliopolou et
al.,[15]. This is designed following the low temperature wafer binding technique of
Goustouridis et al[180]. The design of the V-groove SiGe MOSFET device fabrication
procedure combines a low-temperature wafer-bonding process and a V-groove
technique[181] for channel definition as shown in figure 2-24(1). The memory layers
and device patterning are completed as described in ref 26 to obtain the simple structure
shown in figure 2-24 (11).
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Figure 2-24: (1) An illustration of the V-groove MOSFET transistor device process
flow: (a) handling and device wafers; (b) low temperature bonding; (c) Si removal
and texturing of buried oxide; (d) Si anisotropic etching and buried oxide
stripping. (I1) V-groove 3-D NVM transistor

The spin-on-glass bonding material used in the process is methylsilsesquioxane
(MSSQ). Kolliopolou and coworkers have demonstrated memory behaviour using this
transistor, shown in figure 2-24(1l), with all process temperatures less than 400°C.
However, Au nanoparticles in a matrix of cadmium arachidate are used as the charge
trapping material instead the ONO charge trap or the usual alternative Si nanocrystals.
Here, the metallic nanoparticles offer a significant advantage over the semiconductor
nanocrystals as charge storage media because of their very large work functions, little or
no quantum confinement and excellent control over nanoparticles size. The large work
functions can improve the retention times of the devices without compromising on the

program/erase speeds.
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2.7 Summary

In this chapter, the various memory types have been reviewed ranging from the
volatile SRAM and DRAM semiconductor memories to the non-volatile EPROM,
EEPROM and Flash. The historical evolution of NVM memory from the MIMIS,
through the EEPROM to Flash have been examined together with brief working
principles of these devices. More importantly, a detailed description of flash memory, in
terms of structure and operation mechanisms of programme, read and erase have been
explored. The problems plaguing these devices have been analysed and understood to
be relate to the down-scaling of the devices beyond a physical limit with consequences
requiring new cell designs or new materials to replace the current FG cell. The
challenges have been categorized into three main groups, physical scaling, electrical
scaling and reliability scaling challenges. Solutions proposed to solve some of these
challenges plaguing current flash have been analysed as well as their shortcomings.
They include the novel material devices such as PCM, MRAM, FeRAM and the
Organic memory devices and novel cell designs that includes the vertical direction in
the fabrication (3-D). The widely acclaimed 3-D memory cells with some selected type

designs have been discussed.
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Chapter 3. Overview of Low-Temperature

Methods of Obtaining Polycrystalline Silicon

3.1 Introduction

Even though 3-D flash memory is widely acclaimed as the best way to deal
with the scaling difficulties of conventional planar FG flash memory, there is
nonetheless the process temperature requirements which do not agree well with the
current high temperature growth techniques currently in use with the planar cells. The
vertically stacked memory layer deign of 3-D flash memory demands the use of low
temperatures at fabrication so as to prevent thermal degradation of underlying device

layers as well as the maintenance of a low thermal budget [12, 37, 182-184].

The purpose of this chapter is therefore to review some low-temperature
process techniques of obtaining polycrystalline silicon (Polycrystalline silicon)
structures, a material often used as the FG in flash memory devices or as a channel in
thin-film transistors (TFT). The most widely used are solid-phase crystallization (SPC)
of amorphous silicon by furnace annealing or rapid thermal annealing RTA, excimer
laser anneal (ELA) crystallization of a-Si, metal-induced crystallization (MIC) and
metal-induce-lateral crystallization (MILC). The pros and cons of each these techniques
are also presented. Since amorphous silicon (a-Si) or hydrogenated amorphous silicon
(a-Si:H) are the main precursors of Polycrystalline silicon, a brief description of the
equipment of obtaining the material, particularly the radio frequency plasma-enhanced
chemical vapour deposition (RF-PECVD) reactor used in this research, is also

presented.
3.2 Structure and Electronic Properties of Polycrystalline
silicon

Silicon is found in group IV of the periodic table like carbon and it forms a
face-centred diamond cubic crystal structure with a lattice spacing of 0.543nm, with its
atoms covalently bonded to four neighbouring atoms[185] as shown in figure 3-1a

below. Two allotropes of silicon exist; amorphous silicon (a-Si) and crystalline
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silicon[186]. Crystalline silicon is characterized by a regular pattern and long range
ordering of the unit cell while in a-Si, atoms form a continuous random network and
lack long range order but they do have a local order in the atomic scale. Furthermore,
not all atoms in a-Si are 4-fold coordinated as is the case with crystalline silicon.
Crystalline silicon can further be classed into single crystal and polycrystalline. In
single crystal silicon, the crystalline lattice is continuous and unbroken at the edges of
the sample with no grain boundaries, while in polycrystalline silicon the lattice is
composed of grains, with each grain containing a periodic array of atoms surrounded by
a layer of interconnectives or grain boundaries as shown in figure 3-1b. The grain
boundaries are narrower in size compared to the grains size, and act as carrier traps, thus
affecting the transport of charge carriers in the material[187]. On the borderline between
amorphous phase and polycrystalline phase is microcrystalline phase. Microcrystalline
silicon has a larger number of grain boundaries and smaller grain sizes compared to
polycrystalline silicon and contains a large number of very small grains embedded in

the amorphous matrix of the material[188].

Silicon grains Grain boundaries
,// | /\ y
(a) 4-fold coordinated Silicon (b) Schematic illustration of
diamond crystal structure — poly-Si grains showing grain
two merged FCC cells offset boundaries.
by a/4inx,y and z

Figure 3-1: Illustration of (a) FCC Structure of a unit cell of silicon and (b)
poly-Si crystal grains separated by grain boundaries.

The grain size and morphology are very important parameters that affect the
FG memory characteristics. Luoh et al.,[189] have recently demonstrated that small
(micro-grains) of FG Polycrystalline silicon have better endurance, tighter threshold

voltage distribution and better gate-coupling ratio than large grains. Their findings
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conform with previous work by Maramatsu et al.,[190] who had demonstrated that the
grain size of FG Polycrystalline silicon dominates the erase characteristics of flash
memory and that small gain size exhibited a narrower erase distribution. Nkansah, F.
D. and Hatalis, M. [191] have shown experimentally that Flash EEPROM FG
Polycrystalline silicon morphology, as a result of the deposition and doping process of
choice, could enhance localized FN tunnelling of energetic electrons. In their study, the
Polycrystalline silicon FG was deposited on tunnel oxide in 3 different ways: 1)
sandwich of undoped plus phosphorus in-situ doped; 2) undoped followed by an
implant; and 3) in situ doped. They found that the FG polycrystalline silicon grains
obtained in the case where the stack on the tunnel oxide was deposited in the sandwich
undoped plus phosphorus in-situ doped case exhibited the smallest grain sizes and
smoothest morphology compared with grains from the others methods. Devices from
this also showed a much reduced FN tunnelling currents compared to the others.
Smaller Polycrystalline silicon grains also means more grain boundaries that will
enhance the electric field and consequently enhance the erasing speed of the memory
cell[192]. Thus producing polycrystalline silicon for FG in flash memory requires the
choice of the right method and right temperature, as these fundamentally affect the
quality of material grown.

While small grained polycrystalline silicon may be beneficial to the FG, large
grains have been found to produce polycrystalline silicon TFT channels with high
charge carrier mobilities. Recently, Yin et al.,[193] have obtained very good carrier
mobility of 289 cm?/Vs and on-off current ratio of 5.1 x 10°, with a scalable 3-D fin-like
large-grain polycrystalline silicon channel obtained by super lateral growth laser anneal
crystallization technique. Kuo et al.,[194] have also recently successfully developed and
fabricated a vertical n-channel large grain polycrystalline silicon with field effect
mobility of 553 cm?Vs by a Ni-silicide-induced lateral crystallization (NSILC)
technique. They obtained an on-off current ratio of ~ 10" with a steep sub threshold
voltage swing of 180 mV/dec. The electrical properties of enhanced polycrystalline
silicon TFT channels are improved because with large and regular grains, the number of
grain boundaries in the channel is reduced, thus reducing the resistance to carrier

mobility along the channel.
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It is noteworthy that the grain boundaries that surround the polycrystalline
grains are rich in silicon dangling bonds (3-fold coordinated silicon atoms). Cleri et
al.,[195] have shown that the atomic structure of these grain boundaries is similar to that
of bulk a-Si. These dangling bonds create charge carrier trap sites, which introduce
localized energy levels within the silicon band gap. The densities as well as the location
of these dangling bond defects have a profound impact on the electrical properties of the
resulting polycrystalline silicon films. Lin et al.,[196] have demonstrated the effects of
dangling bond density on memory characteristics with the SONOS-type Flash memories
with Polycrystalline silicon channel. They found that dangling bonds present along the
grain boundaries in the polycrystalline silicon channel influence significantly the flash
memory device reliability characteristics in the aspects of charge storage, drain
disturbance, and gate disturbance. These dangling bonds can be passivated by atomic
hydrogen[197, 198]. The atomic hydrogen diffuses through the silicon film and bonds
with Si at the dangling bond defect site. This improves the electrical properties of
polycrystalline silicon which results in an increase in charge carrier mobility, decreased
leakage currents and increased threshold voltage of TFTs made of this material[199]
However, electrical stress can also cause weak Si-H bond breakage which may also
affect device reliability[200]

3.3 Growth Methods of Polycrystalline silicon

Polycrystalline silicon is commonly deposited by chemical vapour deposition
(CVD) through the thermal decomposition or pyrolysis of silane at temperatures >
500°C using thermal atmospheric pressure chemical vapour deposition (APCVD) or
low pressure CVD (LPCVD) reactor or Hot-wire CVD. The pyrolysis of silane involves
several possible chemical reactions, e.g.,[53]:

SiH, — Si + 2H,
SiH, — SiH; + H
SiH; — SiH, + H,

A multi-step process can also be used where amorphous silicon is deposited by
a CVD process (APCVD, LPCVD, HWCVD, or plasma-enhanced CVD) and
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subsequently crystallized through several means such as solid-phase crystallization,
laser annealing, chemical annealing, etc, some of which methods will be expatiated on

in subsequent sections in this chapter.

The deposition of quality polycrystalline silicon involves the control of critical
deposition variables which include the pressure, temperature and the silane
concentration. For doped Polycrystalline silicon, the concentration of the dopant is also
of critical importance. The deposition rate of Polycrystalline silicon using the LPCVD
reactor is usually between 10-20 nm/min and the rate follows the Arrhenius
equation[201]

Ea
KT

R=Aexp(—-—%) (3-1)

where R is the growth rate, E, the activation energy which is ~1.7 eV, T the deposition
temperature, k the Boltzmann constant, g the electronic charge and A is a constant.
There are two reaction regimes for the deposition of Polycrystalline silicon by thermal
CVD techniques. These are the mass-transport limited regime and the surface-reaction
limited regime. Based on the Arrhenius equation, it is observed that the deposition rate
increases with an increase in temperature. However, this also depends on the amount of
unreacted silane on the reaction surface. There would be a minimum temperature
wherein the rate of deposition is faster than the rate at which unreacted silane arrives the
deposition surface. Beyond this temperature, the deposition rate can no longer increase
due to the absence of silane which is the precursor for polycrystalline silicon. This
reaction is thus said to be mass-transport limited. In this regime, the deposition rate
depends on the gas flow and concentration as well as the reactor geometry. Surface
reaction limited regime occurs when the rate at which unreacted silane that arrives the
reaction surface is greater than the rate at which polycrystalline silicon deposition
occurs. Such a deposition rate is dependent on the temperature and the silane
concentration and often results in excellent film thickness uniformity and good step
coverage. For VLSI manufacture, polycrystalline silicon deposition at less than 575°C is

very slow to be practical and above 650°C, thickness uniformity is poor[202].
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3.4 Plasma-enhanced Chemical Vapour Deposition (PECVD)

Apart from growing Polycrystalline silicon directly by APCVD or LPCVD at
temperatures greater than 600°C, the material can also be obtained by crystallization of
a-Si or a-Si:H. Three crystallization methods are often employed. These are solid-phase
crystallization (SPC) of a-Si by thermal annealing, excimer laser annealing (ELA) and
metal-induced (lateral) crystallization (MIC) or (MILC). The a-Si or a-Si:H can be
grown using a variety of techniques like LPCVD or APCVD at less than 600°C,
sputtering, hot-wire CVD or PECVD. PECVD offers a number of advantages over the

other methods that includes low temperature processing.

PECVD is a method of depositing thin films of silicon and dielectrics on
substrates using plasma (ionized gases) at temperatures of 400°C or less. Plasma is the
4™ state of matter after solid, liquid and gas and it is obtained when a gas is heated
enough such that its atoms collide with each other knocking off electrons in the
process[203]. It can also be excited and sustained electrically by direct current, radio

waves or microwaves.

Thus different plasma-assisted chemical vapour deposition sources exist. These
include the conventional capacitively coupled radio frequency (RF) discharge sources
(plane parallel geometry, coaxial, RF diode), inductively coupled RF discharge source,
electron cyclotron resonance (ECR), helicon, helical resonator and surface wave
sources[204]. For DC plasma sources, conducting electrodes are required. It is however
not possible to deposit dielectric films by DC plasma technique because the electrodes
exposed to the plasma gradually get covered with the insulating dielectric material being
deposited. This causes the DC discharges to quickly get extinguished soon after it is
ignited because electrons and negatively charged ions accumulate on the surface of the
insulating material that covers the anode and recombine with the available ions. The

cathode also gets covered with positively charged ions.

Nonetheless, a solution to this exists, which is the use of alternating current
(ac) plasma. In this case, the alternating electric field applied across the electrodes in the
chamber makes each electrode act alternately as the cathode and anode during each half

ac cycle. Above a certain critical frequency[205], a temporary DC discharge is sustained
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when the breakdown potential is surpassed at each half cycle. The ions with
instantaneous positions at the anode cannot reach the anode before the field is reversed.
The distance travelled by the ions during the half-cycle is less than the thickness of the
plasma sheath. Thus a positive space charge is partly retained between the two half-
cycles of the alternating electric field and helps the re-initiation of the discharge which
results in a potential difference across the plasma sheath known as the self-bias. Below
this critical frequency, it is not possible to sustain such a temporal DC discharge. This
critical frequency is defined as the reciprocal of the time taken by a positive charge to

move between the two electrodes.

Typical radio frequency for the conventional RF-PECVD reactor is 13.56 MHz
and the self bias generated usually vary between 100V to 1KV depending on the RF
power input and pressure[204]. Excitation frequencies in the low frequency range of
approximately 100 KHz would require several hundred volts which would lead to high
ion bombardment of the reaction surface. Very high frequency VHF-PECVD (e.g. 60
MHZ) [206] and ultra-high frequency UHF-PECVD (e.g. 500 MHz)[207] are also often

used to obtain high deposition rates.

Unlike the APCVD and LPCVD where deposition temperatures are high and
energy for the reaction is supplied solely by heating, deposition temperatures in PECVD
are typically < 400°C and the energy for the chemical reaction is provided by the heated
cathode and the radio frequency (13.56 MHz) generated ac discharge. Further
advantages of PECVD over LPCVD and APCVD include less dopant diffusion and the
use of wider range of substrates because of low deposition temperatures. More so, by
varying system parameters such as vacuum chamber pressure, RF power, temperature
and gas flows allows the user to adjust a film’s physical properties, e.g. refractive index,

growth rate and film density.

3.4.1 The Capacitively Coupled RF PECVD Reactor Design

The schematic diagram of the PECVD system used to deposit silicon films
described in this thesis is illustrates in figure 3-2. It is a capacitively coupled RF-type
PECVD reactor. The system (shown in Appendix 2) is composed of two reactors;

Master and Slave (reactive ion etcher RIE). Films are deposited using the master
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reactor. The deposition process is based on electron impact dissociation of process gases
which in this project is silane (SiH,4) for the deposition of amorphous silicon (or SiHy,
ammonia (NHs) and nitrogen (N,) for the deposition of silicon nitride) at low pressures.
The cylindrical master reactor chamber is composed of two capacitively coupled
electrodes separated by a 40-mm gap when the chamber door is closed. The bottom
electrode called the platen which is of diameter 240 mm is electrically grounded and is
also heated from beneath. It is on this electrode that the substrates for film deposition
sit. The upper electrode is driven by an ENI ACG-5 XL 13.56 MHz RF generator with a
manual impedance matching unit and also acts as a shower head through which process
gasses are uniformly injected into the reactor chamber across the entire diameter. The
RF generator generates the plasma which is confined within the space between two
electrodes. The flow rate of gases through the shower head is controlled by a system of
6 Tylan FC-260 mass-flow controllers (MFCs) in a gas pod. The MFCs monitor the gas
flow rate with a thermal sensor and regulate it with a thermal expansion valve. This
delivers the gas at a flow rate proportional to the input signal voltage manually set by
means of a potentiometer on the front panel of the microprocessor unit. The
temperature of the platen is measured by a thermocouple that is connected to the
Honeywell Temperature Controller capable of maintaining the lower electrode at a
preset temperature £1°C. The reactor is cooled by a BETTA-TECH CONTROLS chiller
that pumps cool water in to cool the electrodes. The reactor chamber is evacuated and
gases are extracted via a port at the centre of the chamber beneath the platen. This is
done by a combination of a roots pump, model- Edwards Mechanical Booster 500A and
a rotary pump, model- Edwards High Vacuum Pump E2M 80. This pumping system is
capable of pumping the reactor chamber down to a base pressure of less than 5 mTorr.
Process gas pressures during depositions are controlled by a throttle valve. During
system operation, process parameters like RF power, pressure, and flow rate are input
via push button keys on the microprocessor unit. The maximum allowable RF power by
the system is 300W, and permissible maximum temperature is 400°C. Processes in this
system are manually timed using a digital stop clock. A picture of the deposition system

is presented in appendix 2.
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Figure 3-2: Schematic diagram of the Master Unit (PECVD unit) of the
Master/Slave PlasmaLab reactor system

3.5 Deposition of a-Si or a-Si:H

Microcrystalline silicon, a-Si and a-Si:H have been deposited by various low
temperature and plasma techniques including Hot Wire CVD, ECR-PECVD and RF-
PECVD[208, 209]. A detail description of the growth of a-Si and a-Si:H has been given
by Street, [53] and various growth models have been described, e.g. by Matsuda et
al[210-215] and Flewitt et al.,[216]. Only a summarized deposition process is presented

in this section.

During the deposition process, source gases (SiH4 and H or Ar for instance)
that enter the reaction chamber are ionized by the RF ac discharge. The collision of
electrons with the gas molecules lead to several reactions such as excitation,
dissociation and ionization to produce positively and negatively charged ions as well as
neutral radicals as energy is transferred from the electron to gas molecules. A glow
discharge or photon emission is observed as the excited gas molecules in the higher
electronic states recombine or decay to the ground state with the emission of light[53].
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These gas molecules can also be excited to higher vibrational or rotational states. The
neutral radicals and the ions formed further collide with each other and with SiH, giving
a very complicated chemistry. However, for typical low power plasma the fraction of
radicals and ions is very small ~ 10, thus most collisions are with SiH,. The radical
species diffuse to the substrates surface and the positive ions are also accelerated to the
substrate by the sheath that forms above the earthed lower electrode which holds the
substrate where material deposition takes place. Negative ions are however confined to
the bulk plasma and may lead to particulate formation when they recombine with the
silane radicals to become larger negative ions[217]. At the growth surface, the film-
forming radicals diffuse to growth sites or desorb from the surface while hydrogen is
released from the network. It is generally accepted that the SH3 radical (silyl) is the

predominant growth precursor of quality a-Si:H[53].

While deposition conditions such as gas flow rate, gas pressure, temperature
and RF power influence the film quality, high quality a-Si:H are often grown at low RF
power and gas pressures of 0.1-1Torr[53]. It is also noted that a high concentration of
hydrogen dilution of silane can cause the deposited films to become microcrystalline
rather than amorphous with small grain sizes, while dilution with argon causes films to
grow with columnar morphology, with columns oriented in the direction of growth[53,
218, 219]. The concentration of atomic hydrogen in the film varies between 8 and 40

at.% and decreases with increase in temperature.

3.6 Conversion of a-Si and a-Si:H to Polycrystalline silicon

The a-Si or a-Si:H films grown by RF-PECVD or other method are the
converted to polycrystalline silicon through different methods namely SPC of a-Si,
ELA, MILC, MIC. SPC by furnace annealing at 500-600°C is the simplest and most
widely used but its long anneal time (hours-days) especially at low temperatures[220] is
a call for concern. SPC by RTA of a-Si is usually performed at temperatures in excess
of 700°C for a short duration (in minutes). Pulsed and continuous laser annealing by
selective melting part of a-Si film and allowing it to crystallize has been used to obtain
Polycrystalline silicon films. Combinations of laser anneal and SPC has also been

used[221]. Metal-induced (lateral) crystallization of a-Si through the deposition of a
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metal film on a-Si and annealing the composite has also resulted to polycrystalline

silicon[222, 223]. These methods are briefly discussed below.

3.6.1 Solid-Phase Crystallization

Solid-phase crystallization of a-Si can be performed through furnace annealing
at 550 ~ 950°C for several hours[54, 224], single step rapid thermal annealing (RTA) at
700 ° C for several minutes[225-227] or multistep rapid thermal annealing[228]. The
amorphous and crystalline phases of silicon differ by a fairly well defined free energy
difference of = 0.1 eV per atom at 300K [229]. The amorphous phase has a higher free
energy than the crystalline phase. Thus there is always a driving force towards
rearranging the positions of the atom into those of the crystal. This can be accomplished
by raising the temperature to a certain extent and maintaining it for a practical time, e.g.

hours, so as to give the atoms enough mobility for the rearrangement.

SPC of a-Si takes place by nucleation of crystalline clusters with ordered
arrangement of atoms within their disordered surrounding matrix. The crystal clusters
then reach a critical size estimated to be 2-4nm at 650°C [230] before growing
spontaneously. However, for nucleation to occur, bond breaking has to occur in the a-Si
material so as to allow for atomic rearrangement. Once the critical size has been
reached, growth proceeds by the displacement of atoms from the amorphous phase to
the crystalline phase through the interface between the crystalline cluster and the
amorphous matrix. This situation corresponds to that in which the free energy gained by
converting the a-Si to the crystal is greater than the surface energy for the creation of the
interface between the a-Si matrix and the crystalline cluster. Complete crystallization of
the a-Si film is attained when the crystal clusters grow into the amorphous matrix and
impinge on each other. The activation energy of nucleation depends on the properties of
the amorphous silicon film. Values ranging between 4.9 - 9 eV have been reported[231,
232]. For crystal growth, the activation energy values between 2.3-2.7 have also been
reported [233, 234]. lverson and Reif have provided a theoretical analysis of the
transient nucleation of a-Si which suggests that the final grain size r¢ at the completion
of crystal growth depends on the nucleation rate N and crystal growth velocity Vg in the

course of crystallization. The final grain size is given by[233]
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Thus large grain sizes are obtained for high crystal growth rates and low nucleation
rates. This is achievable at < 700°C since nucleation activation energies are
comparatively higher than those of crystal growth.

As aforementioned, atoms in the amorphous phase require enough energy for
them to gain mobility and rearrange themselves into an ordered manner to form the
crystalline phase. This energy can be achieved in various ways. In SPC, the simplest
way and most frequently used technique is annealing of the a-Si films in a furnace at
temperatures in excess of 500°C in vacuum or in the presence of an inert gas usually
nitrogen or argon for long hours (at time > 20 hr). Other techniques involve heating the
a-Si films to temperatures in excess of 700°C for a few minutes for complete
crystallization to occur. This method is known as rapid thermal annealing (RTA)[235].
Even though with this method temperatures are > 700°C higher than glass softening
temperatures [236] glass substrates can still be used. The short duration of the annealing
process minimises the thermal stress the glass substrates. The crystallization kinetics for
these two annealing techniques (furnace vs. RTA) are different. Nucleation is reported
to be faster in RTA than in furnace annealing [237]. It is suggested that the difference is
due to the fact that in RTA light spectra (from tungsten-halogen lamps for example) are
used while only the resistive coil is used in furnace annealing. The more energetic
photons produced by the tungsten-halogen lamps used to heat the a-Si break the weak
and strained bonds in the film and create photo carriers which subsequently recombine.
The broken bond sites then serve as recombination centres for more photo carriers
leading to localized heating and thus favourable sites for nucleation [237]. The grain
size of the resulting Polycrystalline silicon from RTA is smaller than those resulting
from furnace annealing because of the increase in the number of nucleation sites in the

RTA process.

3.6.2 Laser Annealing

Various laser annealing techniques of a-Si have been utilized to obtain

polycrystalline silicon. The most widely reported is the excimer laser annealing
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(ELA)[238-243] with commercial interest mostly focused on the production of high-
speed, low-temperature TFTs for large area electronics[244-248] and for 3-D integrated
circuit[193]. The mechanism of laser annealing is based on the fact that during
irradiation of the film with photons of energy hv greater than the band gap of the film
material, the laser (photon) energy is absorbed leading to electron-hole pairs excitation
across the band gap. The excited carriers rapidly thermalize and transfer energy to the

lattice by phonon emission in a picoseconds time scale [249].

It should be noted that for the ELA of a-Si:H to be carried out, the a-Si:H must
be dehydrogenated due to the fact that a-Si:H films (especially from PECVD) have a
high content of hydrogen and consequently hydrogen bubbling or ablation could occur
during the ELA process. Dehydrogenation is thus usually performed through furnace
annealing at 500 °C before ELA. Nonetheless, ELA of a-Si:H has been reported for
films a-Si:H from catalytic CVD with a hydrogen content of 1.3 at.% [250]. Even so,
surface ablation was observed for laser energy density of 375 mJ cm™ although

hydrogen bubbling was not observed.

Figure 3-3 is an illustration of laser annealing technique. In the case where the
a-Si film is irradiated with an excimer laser pulse in a duration of T = 30 ns, the laser is
absorbed through a depth in orders of 10 cm. Given D the thermal diffusivity of the a-
Si film (~10° cm?s™ [251]), the heat diffusion length in the film amounts to (D1)Y2
which is ~10® cm at elevated temperature [252]. It thus implies than under such
conditions, most of the energy from the laser pulse will be localized within the first 100
nm of the film (from the surface) whereas the underlying substrate will remain cool

(nearly unheated).

Within a very short time (30-50 ns) of pulse laser irradiation, various
transformation of the a-Si film can occur. Unlike in normal heating circumstances
where crystallization of a-Si occurs before it melts, this is not so in pulse laser annealing
in which crystallization is bypassed and a-Si is directly melted by a first order phase

transformation because the laser heat supply is too fast.
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Figure 3-3. lllustration of laser annealing of a-Si film

Noting that the melting temperature of a-Si (~225°C) is less than that of crystalline
silicon [253], the consequence is that the melted a-Si (liquid-Si) can be severely under-
cooled relative to the equilibrium melting temperature of c-Si. Nucleation can therefore
occur in the liquid-Si in the event that the under-cooling is maintained for a longer time.
This nucleation can thus trigger the explosive growth of crystals in the underlying a-Si
[253]. The downward penetration of the liquid-Si layer due to latent heat of
crystallization melts the adjoining a-Si and thus leaves behind fine grain Polycrystalline
silicon [254]. Subsequently in the process, the liquid-Si permeates through the entire a-
Si film and depending on the energy density of the laser pulse, the fine grains can be re-
melted by the primary melt front that has penetrated the grains. Re-melting will not
occur if the energy density of the laser pulse is not high enough. The film will rather
solidify into fine grain Polycrystalline silicon. On the other hand, high-enough laser
pulse energy density will mean that the fine grain region will be completely melted and
the liquid-Si allowed to cool at the end of the pulse. Consequently, under-cooling again
occurs and homogenous nucleation takes place in the melt thus leading to small grain
Polycrystalline silicon growth [255]. In the situation where not all small grain
Polycrystalline silicon are melted and some survive, super-lateral growth (SLG) occurs
in which large grains are obtained due to crystal growth from the surviving small seeds

(Polycrystalline silicon grains) [256]

Very good performing polycrystalline silicon TFTs have been obtained with

SLG ELA Polycrystalline silicon [256]. Furthermore, improved advanced laser
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crystallization techniques such as solid lateral solidification (SLS) have been employed
to achieve larger Si grain sizes with improved carrier mobilities in TFTs [257, 258].
Brunet et al.,[259] employed this technique to crystallize nanocrystals NVM devices
which have shown program and erase behaviour. Furthermore, large elongated grains
with almost parallel grain boundaries have been obtained using lateral thermal gradients
established through the use of patterned antireflective strips [260, 261]. These
antireflective strips of SiO, or SizN4 modulate the absorption of the laser energy. Also
noteworthy is the fact that while much is still being done to better the ELA
crystallization technique and materials obtained thereof, laser annealed polycrystalline
silicon films with single crystal-like TFT mobility values of 640 cm*Vs and 400
cm?/Vs for n and p-channel TFTs respectively have been achieved [262, 263].

The ELA crystallization techniques also have some drawbacks; the processing
window for SLGs ELA is very narrow and requires excellent beam uniformity and good
pulse-to-pulse reproducibility. Very slight changes in the laser energy density and
silicon film thickness can result in variations in the average Polycrystalline silicon grain
size thus leading to device non-uniformity [256, 264]. For large area processing,
sophisticated beam homogenizers are required which are even more costly than the
laser. Beam overlap is also a source of non-uniformity since there is always an energy
gradient at the edges. In addition to these drawbacks, pulsed laser anneal crystallization
leads to surface roughness with high protuberances, especially at grain boundaries [264,
265]. This can lead to high leakage currents in devices with pulsed laser crystallized
Polycrystalline silicon.

3.6.3 Metal-Induced (Lateral) Crystallization

Metal-induced crystallization (MIC) is another low temperature method of
converting a-Si and a-Si:H into Polycrystalline silicon at temperatures slightly lower
than in furnace annealing or RTA. In this method, metallic particles are introduced in
the a-Si film and the composite a-Si-metal alloy is annealed. Carlsson et al.,[222] have
used a semi-empirical model for predicting the crystallization temperature variation
with composition for a-Si-metal based binary alloys. Their results suggest that metallic
impurities in the a-Si lead to reduced crystallization temperature of the film.

Furthermore, based on the calculated heat of formation of the Si-based amorphous
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alloys, they observed that the crystallization temperature of the a-Si film decrease with

increase in the concentration of the metallic impurities up to ~ 20 at.%.[222].

A variant of MIC is the metal-induced lateral crystallization (MILC)[266] in
which the metallic impurities are selectively introduced at particular locations in the a-
Si film and the film crystallizes laterally away from the metal impurity region. Figure 4
is an illustration of the MIC and MILC processes. Metallic particles are deposited on the
a-Si or a-Si:H films and the composite is furnace annealed at or laser annealed to induce

crystallization.
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Metal deposit
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Figure 3-4: Illustration of the MIC and MILC processes

Various methods are used to introduce the metallic impurities into a-Si films.
These include simply depositing a thin layer of the metallic film on the a-Si film[267,
268], ion implantation[232] or co-depositing with the a-Si film during growth[269].
After forming the alloy, crystallization follows either by SPC through furnace
annealing, RTA or by laser annealing. Various metallic impurities have been used such
as Ni, Al, Pd, Au, Co or combinations of these metals [270-283]. A plausible
explanation for the enhanced crystallization of a-Si or a-Si:H by MIC or MILC is that
for eutectic-forming metals with Si such as Al and Au, the dissolution of their atoms in
a-Si weaken the Si-Si bonds and enhance the nucleation and growth of Si crystals[269].
There are further suggestions that the breaking of metastable metal-Si bonds facilitate
the local rearrangement of atoms to obtain the crystalline structure[284]. In the case of

reactive metal alloys or silicide forming metals like Ni, Cu, Co, Pd etc, Heyzelden et
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al.,[285] suggest that the formation of sillicides with lattice constant close to that of Si is
a necessary prerequisite for the MIC or MILC process. In these processes, the
crystallization time and temperature is quite reduced compared with the SPC by furnace
annealing technique. Early Polycrystalline silicon TFT made by MILC used Ni and
crystallization time and temperature reduced to 5hr and 500°C respectively[286].

3.6.4 Advantages and Disadvantages of MIC, MILC SPC, and ELA of

a-Si Techniques

As observed in the preceding sections, the current industrial techniques of low
temperature Polycrystalline silicon each have their pros and cons. The properties of the
Polycrystalline silicon films obtained inherently depend on the route through which the
films are obtained. Likewise, the purpose for which the films are intended to be used
would determine the method by which they are obtained. Polycrystalline silicon is
wildly used in display technology such as active matrix liquid crystal displays and
active organic light-emitting diodes which use glass as substrate for the material. With
the increasing need of integrating memory into systems-on-panel or glass (SOP or
SOG) and for low cost production of memory transistors, glass as well as flexible
(plastic) substrate material are required in place of the more expensive silicon wafers.
This in turn requires that process temperatures must be low enough so that these
substrates will not be deformed during processing. Furthermore, in the case of 3-D
memory, where memory layers are stacked vertically on other device layers, the need
for proper control of process temperatures is vital as high temperatures may thermally
degrade underlying memory layers apart from stressing the substrates. Therefore, even
with the use of silicon as substrate material, low temperature processing for 3-D

memory is vital.

The processes discussed above for preparing low temperature polycrystalline
silicon each have particular characteristics that affect the crystalline quality. As
compared to ELA, MIC and MILC technique of obtaining Polycrystalline silicon, SPC
is the simplest and most commonly used process. However, its long hours of annealing
at relatively high temperatures is a disadvantage which eliminates it from any device
application requiring process temperatures to be less than 400°C. On the other hand,

while ELA crystallization can provide active layer Polycrystalline silicon with large
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grains, the technique is very expensive. More so, the random positioning of grain
boundaries leads to large device-to-device variations. Furthermore, apart from the
narrow process window, the difficulty in controlling the laser beam density can lead to
highly non-uniform polycrystalline silicon films with high surface roughness and high
protuberances [256, 264, 265]. Even with the novel techniques reported for allowing
controlled formation of grain boundaries by ELA through air-gap formation, two-pass
laser crystallization or the introduction of buried crystallization seeds [287-289], it is

still unclear how to effectively control grain formation.

The crystallization time in SPC is reduced considerably using the MIC
technique. However, metal impurities from this technique will degrade device
performance[290] and for flash memory, these could be a major source of high leakage
currents. Metal impurities (traces) concentration in MIC is reduced by selectively
depositing the metal only in the specific regions (source and drain regions in TFTs) and
performing MILC. This allows metal particles to move laterally across the channel,
creating Polycrystalline silicon films with lower metal contaminants. The problem with
MIC and the improved variation MILC is that apart from the high leakage currents
resulting from the metal impurities, the anneal time is still long and temperatures are

still considerably greater than 500°C.

3.7 Summary

In this chapter, the commonly-used deposition techniques and crystallization
methods of a-Si have been reviewed. Particularly, the merits of SPC, ELA, MIC and
MILC as well as their shortcomings have been examined. SPC by furnace and even
RTA are found to utilize high operating temperatures. The problems with ELA, MIC
and MILC are more related to the performance concerns of devices. Polycrystalline
silicon obtained by these techniques are likely to show non-uniformity, rough surfaces,
high protuberances (ELA), high metal density of contaminants (MIC and MILC). Thus
the need of an alternative low temperature Polycrystalline silicon growth technique at <
400°C that would produce better quality Polycrystalline silicon grains is of importance

to the flash memory industry and other industries requiring polycrystalline silicon.
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Chapter 4. Characterization Methods of Silicon

Films and Memory Devices

4.1 Introduction

The chapter presents a review of the characterization techniques of all the
material films grown or deposited in this research, as well as all the devices fabricated.
The aim is to study the effects of the new technique on the properties of films and on
the devices fabricated with the films. A crucial requirement of 3-D memory devices is
for process temperatures to be low (< 400°C ) so as to avoid damage of underlying
device layers and reduce the thermal budget. It is thus vital to understand how the
growth parameters in this new low temperature technique modify the structural and
electronic properties of silicon films, as well as their memory characteristics when they
are used as the floating gate in flash memory device. Material properties of interest here

are:

e Band gap,

e Hydrogen content and the chemical composition of the film,
e Conductivity of the films,

e Charge storage ability of the films, and

e Retention and endurance capabilities of memory devices.

In order to observe and understand the effects of this novel low temperature
growth technique on the films and devices properties, different characterization
techniques (such as FTIR, UV-VIS, Ellipsometry, SPM) and electrical (I-V, C-V, C-T)

measurements are briefly discussed.

4.2 Physical Characterization

In this section the techniques of various films thickness measurements, the
optical band gap, bonding configuration and hydrogen content of silicon films
determination techniques are discussed. Also included is the atomic force microscopy

(AFM) technique for film morphology.
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4.2.1 Film Thickness Measurement

Different film thickness measurement techniques were used and the suitability
of each technique depended on the nature (type) of film and the available software. In
this research, different films were produced: nickel formate dihydrate coatings on
silicon and glass, silicon nitride and silicon films grown on coated and uncoated
substrates. Ellipsometry was used to measure film thicknesses of polyvinyl acetate,
polystyrene, and silicon nitride films. However, it could not be used to measure silicon
film thickness because the He-Ne laser (632 nm) is absorbed in silicon films so the
wavelength is limiting. Stylus profilometry was thus used to obtain the thickness of the

silicon films and NFD coatings.

4.2.1.1 Ellipsometry

Ellipsometry is a very versatile, accurate and non-destructive technique of
measuring thin film thickness and optical constants through monitoring the polarization
state changes of light reflected off the film. Unlike stylus profilometry it is non-contact
and no pattern is needed. Compared with electron-beam and ion-beam based measuring
instruments, it does not require any vacuum. The technique is an absolute technigue,
i.e., it needs no reference or standard. Since it measures the polarization state and not
the intensity of light, the measurements are less sensitive to light intensity. Moreover, it
gives twice more information (phase and amplitude) than reflectometry which gives
information only about the intensity. The phase information is very sensitive to surface
layers. This makes it the best non-destructive technique for characterizing thin

transparent films.

The Various methods of ellipsometry are spectroscopic ellipsometry (SE) using
multiple wavelength light source, single wave ellipsometry (SWE) using a
monochromatic light source and imaging ellipsometry which combines SWE and a

microscope. The SWE method was used in this work.

Ellipsometry works on the premise that linearly (or elliptically) polarized light
after reflection from a surface is generally elliptically (or linearly) polarized and the
phase changes of the electric field components of the reflected light in the directions

parallel (p) and perpendicular (s) to the plane of incidence are different. The instrument
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thus measures the state of polarization of the reflected light which is defined by the

complex ratio p of the reflection coefficients Ry and Rs given by[291]

R
p= R—" =tanywexp(iA), 0 < A <3 60°, 0 <y <90°, i =V(-1) (4-1)

S

where A and v are the ellipsometry variables defined by
A=A, -A, and y =tan"|p| (4-2)

and R, and Rs are the total reflection coefficients related to the Fresnel reflection
coefficients. For a three layer system, i.e., ambient, thin absorbing film and substrate as
in figure 4-1, Fresnel coefficients[292] which relate the angle of incidence, the complex
refractive indices of the different media and the thickness are employed to obtain the

reflection coefficients

Figure 4-1: An illustration of reflection and refraction of light in a 3-layer
structure. The ambient is air of refractive index 1, the middle layer is the deposited
thin film of complex refractive index n; and the lower layer is the substrate of
complex refractive index n,
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where P is the phase change from ambient (air) to film. N; and K; are the refractive
index and extinction coefficient of the film respectively. The Fresnel reflection

coefficients at the ambient/film and film/substrate interfaces are

N, COSH—COSP, ,  COS@—N, COSG,
N, COSP+COSP,  °~  COSg-+N, COSG,

p
01

, (ambient — film) (4-4)

o n,cosg —n, CoSg, , N COSP —N,COSy,

5 = , I = , (film — substrate) (4-5)
n, COS¢, + N, COS¢, n, Cos¢, + N, COSy,

For the SWE, the light source is a laser of specific wavelength. The sensitivity
Is such that a change of film thickness of a few angstroms will be detected. In this
research, the single SWE used was the Rudolf AutoEL Il model. The light source is a
He-Ne laser of wavelength 632.8 nm. Figure 4-2 shows the schematic representation of
the set up of the measuring system. Light from the laser source passes through a
polarizer and is then linearly polarized as it emerging from it. It is further elliptically
polarized on passing through a quarter wave compensator before reaching the sample.
The elliptically polarized light on reflection from the sample becomes linearly polarized
before entering the analyzer which is well adjusted such that the signal is extinguished
as it emerges from it for minimum detector output signal. The reflected light is linearly
polarized only for a certain elliptical polarisation of the incident light. The detector
sends the output signal to the computer where the measured data combined with
computerized optical modelling gives information of the film thickness and refractive

index values of a sample together with values of y and A.

For thin films of thickness d as in figure 4-1 above, the reflected rays interfere
with one another and they go from being completely in phase to being completely out of
phase. This causes a cyclical nature of thickness measurements with y and A, functions

of film thickness, repeating for full-cycle film thickness
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d - A

B 2,/n? —sin® ¢

This appears on the instrument’s panel as “Ord”. Thus the instrument’s reading for

(4-6)

thickness is t for instance, then the thickness of the film could be t+0d, t+d, t+2d,
t+3d,t+4d ... t+md, ...etc., where m is an integer and d is as defined in equation (6)
which is the value read as “Ord” from the instrument. This therefore requires that one
should have advance knowledge of the film thickness estimate in order to use it for

thickness measurements.

Unpolarized Light ,

5. Detector

1. Light Source

4. Analyzer

Linearly Polarized Light
2. Linear Polarizer
3. Compensator

Elliptically Polarized Light m

Figure 4-2. lllustration of the layout of a single wavelength ellipsometry (SWE)

Another drawback with this measurement technique is that the equations are
based on macroscopic Maxwell’s equations and on a model that assumes uniform
optical properties with sharp planar film substrate boundaries. Thus results of films of
atomic dimensions become doubtful and questionable. This drawback is however not

relevant in this work since film thicknesses were much larger than atomic dimensions.

4.2.1.2 Step Profilometry

Stylus profilometry is a non-destructive film topology measurement technique
which involves the measurement of a film step topology by mechanical movement of a
diamond needle stylus across the surface of the sample. The resolution of the
measurement is affected by the radius of the stylus and the geometries of the feature on

the measurement surface, the penetration depth and ambient and equipment vibrations.
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The profiler used in this work was the Tenco-alpha step 200 profilometer
equipped with a standard stylus of 12.5 micron radius. It is designed to measure samples
of maximum thickness of 16.5 mm and diameter 162 mm. It can operate in two scan
modes: the kilo angstrom (kA) mode with a maximum vertical range of +160 kA and
resolution +5A and the micron mode with a maximum range of 160 um and resolution

+5 nm. Horizontal scan lengths can be set to 40, 80, 2000 or 10,000 um.

For step height measurements, it is imperative for the sample to have a flat
surface with well defined step in order to generate a good profile. Usual substrates are
silicon wafers or glass slides. In this work, the instrument was used to measure Si,
SisN4 and NFD film thicknesses. As the measurements require an abrupt step on the
sample under measurement, various techniques exist of creating the step. One of these is
that used by Cross [293] which involves a heavy line of ink from a felt-tip permanent
marker drawn onto the substrate before film deposition. While this technique could be
suitable for some types of films, it was inapplicable in the case of NFD films since it
requires washing off the ink after deposition as this could re-dissolve the NFD coating
in the ethanol solvent. The step was created, in the case of NFD, by only partially (not
wholly) dipping the substrate in the NFD solution during coating but, allowing a clear
clean space above the surface of at least 5 mm. The scanning diamond tip scanned 2000
um across the step from the clear uncoated side to the coated side, making sure at least
1000pum was within the coated region so as to be able to safely eliminate the surface
tension effects left on the edge of the step during coating. For silicon and nitride films,
the step was created by covering part of the substrate with a clean cover glass during
deposition in the PECVD reactor. After deposition, the cover glass was gently removed
and a step had formed on the substrate. Scanning was done by moving the tip of the
stylus 2000 pum across this step from bare substrate side to film-grown substrate side as

shown in figure 4-3 below.
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Final scan profile on the screen.
Film thickness = step height d

Diamond tip

Step
Bare substrate / : |
K Film

Scan direction

Figure 4-3: Schematic illustration of the step profilometry showing the direction
in which measurements were performed and the expected step profile

The film thickness was obtained from the average step height of the profile on the

screen of the instrument after levelling operations.

4.2.2 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR is a non destructive measurement technique used for the detection of the
vibration modes of molecules in a material. It is an optical technique based on the
absorption and transmission of infrared radiation as it passes through the material
sample being measured. When IR photons of sufficient energy fall on a diatomic
molecule undergoing a change in dipole, the photon energy is absorbed and leads to an
increase in the vibration energy level and consequently to a transition to the next
vibration energy state.

The working of the FTIR is fundamentally based on the Michelson
interferometer which relies on the interference of IR waves. A simplified diagram is
shown in Figure 4. Light (of wavelength 0.7 - 500um) from an IR source is incident
onto a beam splitter which splits the beam into two equal halves; one part is transmitted
to and reflected from a fixed mirror M, while the other half is reflected to and reflected
from a movable mirror M;. The reflected beams from these mirrors are recombined by
the beam splitter and are guided to the sample where absorption and transmission takes
place. The transmitted light is then detected by the detector. The light from the source
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may not be coherent but after recombination by the beam splitter it is coherent and thus
the different components from the beam splitter form an interference pattern at the
detector. The resulting intensity at the detector is the sum of the intensities from the
fixed mirror M, a distance L, from the splitter and the movable mirror M1 distance L1
from the splitter. M; is capable of oscillating back and forth by some displacement x
from a position L;=L, where constructive interference is observed and the intensity of
the beam at the detector is reinforced. If My is displaced by x, an optical path length
difference 6=2x is introduced since the light has to travel x extra before reflection and x
after reflection. The path length from M is not changed so for constructive interference

of the beams, & must be an integral multiple of the wavelength A of the light.

Figure 4-4: lllustration of the Michelson Interferometer, an important
component in FTIR

For destructive interference, 6 must be some odd multiples of A/2 meaning the x must be
odd multiples of /4. Thus as M; moves back and forth, the resulting interferogram will
consist of a series of maxima and minima intensities with a central maximum occurring
when L;=L; given by[294].

1(x) =|E,|” +|E,|* + 2E,E, cosé = G(k) €+ coskx _ (4-7)

G(k) is the intensity modified by the sample, k=2n/A=2nf/c, f the frequency, El and Ej

are the electric field vectors of light arriving the detector from My and M respectively
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and 0 is the phase difference corresponding to the optical path length difference 6. For a

multifrequency emission, the intensity is the integral sum over all frequencies, given by

eikx +e—ikx
dk

109 = [ S+ coskqdk = [ GKdk+ [[G()——— (4-8)

1 1 ikx
= 10)+ [ Ge™dk

If equation (8) is multiplied by 2/\/5 and rearranged, the familiar Fourier transform

expression is obtained

21)-1(0) 1

== =~

[;G(k)e‘kxdk (4-9)

The detected intensity as a function of moving mirror position, T(x) can therefore be
converted into the intensity spectrum G(k), as a function of frequency by a simple

Fourier transform
G(K) = [ T(0e ™ dx (4-10)
N2m T

This transformation is done by the computer. The interferogram has the unique property
that every data point, a function of the movable mirror position, has information about

every IR frequency from the source.

The FTIR instrument used in this experiment was the Shimadzu FTIR
spectrophotometer model FTIR-8300S. The resolution used was *4 and the wave
number range 400-4000 cm™. The samples investigated were NFD coatings, silicon and
silicon nitride films on p-type substrates due to high transparency of the p-type Si wafer
to the radiation. Before measurements, an IR spectrum was first obtained for the bare c-
Si substrate to get the background. This was followed by measurements on the sample
under investigation having films (coatings) deposited on a substrate material from the
same batch as the background material so as to reduce any variation that may arise from

using different backgrounds. Background contributions were automatically subtracted
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from the sample by the computer and thus the final spectrum usually obtained was that

of the films (or coatings) only.

The vibration modes of interest were those corresponding to the dipoles H-0O,
C-H, C=0 and C-0 in NFD; Si-H, Si-H,, Si-Hs, Si-OH, Si-O, Si-O,, Si-N and N-H in
silicon and silicon nitride films. Information from the spectra, i.e., different frequencies
corresponding to absorption peaks (transmittance dips) was used in identifying
functional groups in NFD and calculating hydrogen and oxygen content of the silicon

films. The hydrogen content was calculated using the equation[53]

o, (o

Cy=A, jﬁda) (4-11)
(4]

where A, is the proportionality constant at vibration mode (wave number) w, and

Ouo(®) is the absorption coefficient centred at ®,. The oxygen concentration was

calculated using the equation[291]

C, =C.u (4-12)

(004 [}

where C; is the conversion factor of the absorption coefficient a at the vibration mode

.

In this work, Cy; was obtained from the infrared wagging mode (wo = 640 cm™)
because this mode absorption is proportional to the total hydrogen content of the film
and independent of the bonding configuration[295]. The proportionality constant at this
mode A, used was 2.1 x 10*° cm™ as obtained by Langford A. et al.,[295]. For oxygen
concentration, the conversion factor used was C;= 3.03x10%[291] and the absorption

was considered at the SiO, vibration mode at ~1100 cm™,

4.2.3 Ultra-Violet Visible (UV-Vis) Spectroscopy

UV-Vis spectroscopy is based on the principle that light is attenuated when it
passes through a sample as some of it is absorbed, reflected and scattered. The total
resulting transmittance or reflectance can be used to suitably determine some properties
of the material. The transmittance, T is the percentage of the incident radiant power Py

on the sample that passes through the sample, i.e.,
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T-P (4-13)
PO

P is the transmitted power which is the radiant energy per unit area per unit time that
emerges on the other side of the sample. The photons of energy E greater than the band
gap of the material are strongly absorbed by the material and the absorbed energy is
used to excite the electrons to a higher energy levels or excited states. The expression
relating the transmittance, the relative intensities and the absorption through a thickness

d is given by the Beer-Lambert law

T = L = e*“d (4'14)

where a is the absorption coefficient of a film with thickness d. Thus from (4-14) we

can obtain the frequency dependent absorption coefficient a()) to be
1
a(d) = 4 InT (4-15)

The optical band gap of the material is related to the absorption coefficient by the Tauc
relation[296]

(aE)" =B(E-E,) (4-16)

where n is ¥ for indirect band material like silicon and 2 for direct band gap material
like ZnO, Eg is the optical band gap, B a constant and E the photon energy (in eV) of the

radiation of wavelength A given by

(4-17)

h being the Plank’s constant and ¢ the speed of EM waves in vacuum, A in nm. Si being

an indirect band gap material, equation (16) thus becomes[53]

(aE)"? =B(E-E,) (4-18)
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Thus from a plot («E)"? against E, the intercept of the extrapolated straight line section

onto the E-axis gives Eg4 of the material.

Mercury lamp )
N Xenon flash lamp light source
N

Slit mechanism

. N\
Micrometer monochromator

Detectors drive with sliding coupling

Chassis

Figure 4-5: Inner view of the UV-Vis spectrophotometer (model: Evolution 300).
The red lines are the beam of light[297]

In this study the double beam UV-Vis spectrophotometer Evolution 300 model
from Thermo Scientific[297] shown in figure 4-5 above was used. This system is PC
controlled via PC VISION software which allows for data collection, storage, recall and
analysis in one convenient programme. The system is a dual-beam spectrophotometer
made up of two light sources that cover the UV-Vis range and extends into the near
infra red range (190-1100nm). These light sources are a Mercury lamp as the primary
reference that allows seamless validation and calibration of the instrument and the
Xenon flash lamp which only comes on during measurements. Next to the source is a
photo-etched slit mechanism and a grating of 1200 lines per mm for splitting light into
its different wavelengths, followed by a series of mirrors to direct the beam of light to a
beam splitter that splits the beam into two; one to the reference cell and the other to the

sample. The emerging beams from the reference and the samples are then directed to
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silicon photodiode detectors. During a wavelength scan, this dual-beam system
measures both Py and P (the intensities) of the reference and sample respectively and the
detection electronics manipulates these values to produce a spectrum of percentage
transmittance or absorption as a function of wavelength. The format that was often
chosen was the percentage transmittance.

Films for UV-Vis measurements were grown on 2.5 x 2.5 cm corning glass
(Cat. No. 2875-25) cover slips substrates and identical substrates without any grown
films on them were used as references. The reference and samples were held in position
vertically with the plane of the glass perpendicular to the beam of light and in front of
the cell holders by improvised holders because the cell holders were not suitable for the
sample/reference geometries. Results obtained were percentage transmittance against

wavelength. To obtain values of o, the expression

a(4) = —% In(%) (4-19)

was used from equation (4-15) above.

4.2.4 Atomic Force Microscopy (AFM)

AFM is part of a broader class of techniques collectively called Scanning Probe
Microscopy (SPM) in which a sharp tip is scanned across a sample at very small
distance to obtain a 2- or 3-D image of the surface at nanometre or better lateral and/or
vertical resolution[291]. Apart from the 3-D visualization capability, AFM also offers
both qualitative and quantitative information on many physical properties of material
surfaces such as surface texture, morphology and particle size. A wide range of particle
sizes can be characterized in the same scan, from 1 nanometre to 8 micrometers. In
addition, the AFM characterization can be done in multiple mediums including ambient
air, controlled environments, and even liquid dispersions. Furthermore, unlike scanning
tunnelling microscopy and scanning electron microscopy that require conducting

surfaces, AFM can examine both insulating and conducting surfaces.

AFM operates by the principle that a force exists between the tip and the
sample when the tip is within atomic distance from the sample. This force depends on
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the nature of the sample, the distance between the prop and the sample, the tip geometry
and the sample surface contamination. Figure 4-6 shows a schematic illustration of the
AFM deflection system and the force against the separation of the tip from the sample

surface.

Figure 4-6: Illustration of the beam deflection system of the AFM. A position
sensitive photodiode is used to measure the position of the beam. On the right
is the Force against distance z of probe from the sample surface

The instrument basically consists of a sharp tip (prop) of radius a few tens of
nm mounted on a cantilever micro-fabricated from Si or SizN4 on whose length (10s to
100s of um) the vertical sensitivity of the instrument depends. The x-and y- resolution
varies from 0.1-1nm while the vertical resolution can be 0.1A [298]. The cantilever is
connected to a piezo-oscillator. Its motion is detected by a laser beam deflection system
where a laser is reflected from the back of the reflective AFM lever and onto a position-

sensitive detector (PSD).

AFM can operate in a variety of modes; contact mode, non-contact mode, and
tapping mode. Each mode is well suited to the nature of the sample. In the contact
mode, the AFM tip is first brought (manually) close to the sample surface, and then the
scanner makes a final adjustment in tip—sample distance based on a set point determined

by the user. When the tip is in contact with the sample surface through any adsorbed gas
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layer, it then scans across the sample under the action of a piezoelectric actuator, by
relative motion between the tip and the sample. A laser beam aimed at the back of the
cantilever—tip assembly reflects off the cantilever surface to a split photodiode (PSD),
which detects the small cantilever deflections. A feedback loop maintains constant tip—
sample separation by moving the scanner in the z-direction to maintain the set-point
deflection, without which the tip would “crash” into the sample with even small
topographic features. The atomic force between the sample and probe can be calculated
by measuring the deflection of the lever, and using Hook’s law F = -kz, where F is the
force, k is the stiffness of the cantilever, and z is the distance the lever is bent.

In non-contact mode a stiff cantilever is oscillated in the attractive regime,
meaning that the tip is quite close to the sample, but not touching it (hence,
“noncontact”). The instrument senses very weak Van der Waal’s forces between the tip
and sample which are quite low, on the order of pN (10 ™2 N)[299]. This is so low that
ac detection methods are used to detect these small forces. The detection scheme is
based on measuring changes to the resonant frequency or amplitude of the cantilever.

The resonant frequency is given by[291]

1 |k
fo=—\.— 4-20
o= o \m (4-20)
where k is the spring constant and m is the mass of the cantilever. This mode of

operation provides lower resolution than the other two (contact and tapping modes).

In tapping mode also known as intermittent contact mode, the tip is alternately
placed in contact with the sample surface to provide high resolution and then lifted off
the surface to avoid dragging the tip on the sample surface and hence preventing
damage to soft specimens and avoids the pushing of specimens around on the substrate
[300-302]. In this mode, the AFM tip—cantilever assembly oscillates near its resonant
frequency at the sample surface while the tip is scanned; thus, the tip lightly taps the
sample surface while rastering and only touches the sample at the bottom of each
oscillation. The frequency at which the vertically oscillating tip alternately touches the
surface and lifts off is generally in the range 50-500 Hz[291]. The intermittent contact

of the tip with the surface causes energy loss which results in reduced amplitude. This
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reduction in oscillation amplitude is then used in identifying and measuring surface
features. This mode of operation is most beneficial to soft, adhesive or fragile samples,
allowing high resolution topographic images of sample surfaces easily damaged by

using the other modes.

In this research, the XE-100 Advanced Scanning Probe Microscope PSIA
model was used for AFM imaging. The non-contact mode was used in other not to
damage the tips of the AFM. No special preparation of samples was needed. Samples
imaged were grown on Si substrates. Information gathered from the surface topography
and phase micrographs were used to obtain surface roughness, differentiate between

amorphous and polycrystalline films and identify grain boundaries between crystals.

4.3 Electrical Characterisation

Through electrical measurements, important properties of silicon and dielectric
films such as photosensitivity, defect density, carrier doping, etc., can be determined as
well as important device properties such as charge storage for MIS devices, carrier
mobility and transistor stability for thin-film transistors and retention and endurance for

memory devices.

4.3.1 Dark- and Photoconductivity

Conductivity depends on a number of factors: in semiconductors for instance, it
increases with increase in temperature; in crystals, it is affected by the crystalline type
and structure because the electronic structure is inherently tied to the crystal structure;
in polycrystalline materials, the grain size of crystallites and grain boundaries affect the

scattering of carriers[294].

Photoconductivity is the increase in electrical conductivity of a semiconductor
or insulator caused by the excitation of additional free charge carriers when the material
is exposed to photons of sufficiently high energy. The electrical conduction of a
semiconductor or insulator in the absence of radiant energy (in the dark) is known as
dark conductivity. The ratio of dark to photoconductivity defines an important figure of
merit known as photosensitivity. For device quality a-Si:H, dark conductivity is in the

order of 10°-10™ Q cm™ while the photosensitivity is in order of 10*-10°. In crystalline
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material and polycrystalline material the conductivity is much higher thus rendering
photosensitivity to be lower ~ 10°. Photoconductivity includes the generation and
recombination of charge carriers and obviously their transport to the electrodes. This
means that the thermal and hot carrier relaxation processes, charge carrier statistics and
the many recombination mechanisms are involved in photoconduction. Each of these
processes and each recombination mechanism are complex, which in turn makes
photoconductivity a very complex process to describe[303]. In spite of the complexity,

it provides very valuable information about the physical properties of a material.

Though a complex process, a simplified explanation of photoconductivity can
be given. When a material is irradiated with light of photon energy greater than the band
gap of the material, this leads to the creation of free charge carriers in the conduction
and valence band. These excess charge carriers appear in the external circuit as an
increase in electrical conductivity of the semiconductor material. Photon energy slightly
less than the band gap of a semiconductor material can also create charge carriers. This
is the case in doped semiconductors in which the impurity atom absorbs the photon and
creates free electron in the conduction band. Furthermore, when the energy of the
photon equals the ionization energy of the impurity atoms, this causes ionization of the
impurity leading to an increase in conductivity. This type is known as extrinsic
photoconductivity[303]. The band-to band transition in optical absorption and the
creation of free charge carriers can be extended to amorphous semiconductors.
However, the density of states in amorphous semiconductors is greater than in
crystalline semiconductors. This leads to higher optical absorption compared to

crystalline semiconductors thus greater photosensitivity.

Various methods are often used to measure the conductivity of a semiconductor
material. The method used in this work involves measuring current in darkness and
under illumination with a light source across gap-cell aluminium evaporated electrodes
on silicon films on glass substrates. The experimental set up is as shown below. The
gap cells are of four different gap lengths 100, 200, 500 and 1000 microns. By ramping
the voltage across the different gap cells from 0-25V at a voltage step of 0.2V and
measuring the current using the picoammeter, the conductivity across each gap cell can

be obtained using the equation
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o, = % ,i=1,2,3,4and L;= 100, 200, 500 and 1000 pm (4-21)
Gi is the conductance which is the reciprocal of resistance of the i gap calculated from
the gradient of the I-V characteristic L; is the i gap cell length, i=1, 2, 3,4 and L, = 100
um, Ly, = 200 um, L3 = 500 um and Ly = 1000 um. A is cross sectional area = d*w
where d is the Si film thickness on glass and w is the width of the electrode which is

constant in this case = Imm. For homogenous material, ideally, 61= 6,= 63= oa.

To picoammeter

L1 L2 L3 L4 Al contacts
100 200pm  500pum 1000pm

>

Si film

Glass substrate

Figure 4-7: Schematic diagram of gap-cell device for measuring photo- and dark
conductivity. The Al electrodes were evaporated onto the silicon films grown on
glass substrates using gap-cell shadow masks with gap lengths shown on diagram.

The light source used in this work was the Oriel 96005 solar simulator having a
uniform illumination from a 150W xenon short arc lamp source and an air mass filter
type AM 1.5 which simulates the direct solar spectrum when the sun is at a zenith angle
of 48.2°. This and the probe station were assembled in a light-tight box. During dark
current measurements, the boxed was closed and the simulator light source turned off.
For photo current measurements, the simulator light source was manually turned on

before 1-VV measurements.

4.3.2 Electrical Characterization of MIS and MIM Devices

I-V and C-V measurements were carried out on metal-insulator-semiconductor

devices (MIS) and metal-insulator-metal (MIM) devices in order to investigate the
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quality and suitability of the material as charge storage medium in the case of MIS and
memory performance (retention and endurance) in the case of MIM devices. All I-V
measurements were performed using an HP 4140B picoammeter and the capacitance
measurements (C-V, C-T) were performed with the HP 4192A LCR bridge. The
minimum measureable current with the picoammeter is 1 pA. HP 4192A is an
impedance analyzer with a frequency range of 5 Hz to 13 MHz and voltage range of -
35V to 35V and capacitance measuring range of 0.1fF to 199 mF.

The probe station was enclosed in a an electromagnetic radiation shielding
metal box. This was necessary in order to minimize the effect of light and other external
influences on measurements as well as provide electromagnetic shielding. The set up

was as shown in the diagram below.

. Hpaiaos  |°
Electromagnetic
.

. . . . X}
Radiation shielding
metal box

—
—

GPIB IEEE 488 Bus

Figure 4-8: Set up of the electrical measurement system

Prior to every C-V measurements of a device, the leakage current was first
measured by ramping voltages from -5V to 5V. Only devices with leakage currents less
than 10 nF proceeded to C-V measurement. C-V data were purposely used to analyse

charge storage in films grown.

4.4 Summary

In this chapter, the various techniques for characterizing the silicon films and
other materials grown in this work have been analysed. It has been shown that the films
grown and the NFD coating thicknesses were measured using either ellipsometry or step
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profilometry. Optical characterization was done by UV-Vis spectroscopy from which
results were used to determine the band gap which is an important electronic property of
materials. Structural characterization by means of AFM has also been discussed.
Furthermore, the way information about the bonding configuration and the different
vibrational modes of Si-H bonds in Si films and COO and C-H in NFD were obtained
through FTIR spectroscopy has also been discussed. Additionally, electrical
characterizations that include conductivity measurements as well as capacitance
measurements have also been discussed. It is through these characterization techniques
that an evaluation can be made of the quality and type of material grown using this
novel technique, assess the performance of device fabricated with the silicon films
grown by the novel low temperature technique and investigate the possible effects of the

low thermal growth technique on the performance of memory devices.
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Chapter 5. Dip-Coating and FTIR Investigation
of Nickel Formate dihydrate

5.1 Introduction

Interest in the synthesis and use of ultrafine-sized particles and clusters is
growing because they represent a potentially fertile field in materials science. Among
these are nickel particles and powders which have found a lot of industrial applications
because of their utility and lower cost in comparison to other noble metals like
palladium and silver. Common industrial applications include magnetic recording
media, chemical catalysts and as electrodes in electronic products such as multilayer
ceramic batteries[304]. Ni ultrafine particle-based catalysts have also been
reported[305]. In recent years, Ni nanoparticles have been investigated and proved to be
very successful for catalytic growth of carbon nanotubes [306-308]. Furthermore, Ni
has also been found attractive for metal-induced crystallization (MIC) and lateral
crystallization (MILC) [270, 271, 309-311] of a-Si processes to obtain Polycrystalline

silicon.

Various precursors and processes have been used to synthesise the ultrafine
particles of Ni. These include nickel nitrate[312] and NiCl,[313] by spray pyrolysis;
amine complexes formed from NiCl,, aqueous NH3 and ammonium bicarbonate[314]
by ultrasonic spray pyrolysis; the decomposition of nickel formate on sol-gel
alumina[315], de-oxidation of Ni(OH), with ethylene glycol by polyol method[316],
chemical reduction of aqueous salt NiCl,.6H,O[305] and so on. The widely used Ni

nitrate precursors first decompose to NiO in the calcinations process[317].

Because of the detrimental effects of oxides on the electronic properties of
Polycrystalline silicon films, the use of nitrate as precursor for the metallic Ni as
seeding material for silicon structures is not beneficial. Furthermore, using spray
pyrolysis, the minimum furnace set temperatures for complete reduction to metallic Ni
410-550°C from the nitrate precursors[312], which is considerably high temperature
where plastic substrates are required. On the other hand, NFD precursor is found to

readily decompose to Ni metal at less than 300 °C[318]. This makes this precursor more

95



96

preferable compared with the others. While spray pyrolysis is an excellent method of
preparing fine particles and films on substrates because of the high quality of the
product[319, 320] it is not well-suited for this work where there is need for reduction of
process steps. Dip-coating is more advantageous because of the possibility to control the
quality of the final product by controlling the dip-coating parameters as well as the

concentration of the solution.

In this chapter, key processes in the preparatory steps leading to the production
of the Ni seeding material from NFD precursor for the growth of Polycrystalline silicon
are described in detail. This shall include discussion of the basic properties of NFD,
some process routes of NFD, experiments leading to the selection of suitable solvent for
the NFD, the preparatory steps of the substrates for dip-coating, the dip-coating process,
and some explanations of observed results from the dip-coating. Furthermore, the
chapter includes FTIR studies of coated NFD on p-type silicon wafers and the effect of
thermal treatment of this compound through calcinations in the PECVD reactor at high
vacuum. The essence of the FTIR study is to confirm results about the NFD widely
found in literature and to have an advanced knowledge of what could be expected when
the compound is subsequently used in the growth of Polycrystalline silicon in the RF-
PECVD reactor. The chapter ends with a summary of what has been discussed and
importantly the optimum conditions selected for coating NFD on substrates glass and

silicon wafer.

5.2 Basic Properties of Nickel Formate Dihydrate

Nickel formate dihydrate (NFD) is a nickel salt with the chemical formula
Ni(HCOO),.2H,0 having a molecular weight of 184.7. It is a powder, green-turquoise
in colour and sparingly soluble in water. Its structure is as shown in the figure below.
On heating, the compound decomposes in two steps to metallic Ni with the

simultaneous evolution of carbon monoxide and carbon dioxide[321]

7 g
i OH
LD,N-.D) : OH,

Ni(HCOO),2H,0 — Ni(HC0O0), + 2H,0 (1) Dehydration
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Ni(HCOQO), — Ni + H, + 2CO, (2a) Decomposition
Ni(HCOO), — Ni + H,0O + CO + CO;, (2b) Decomposition

Fox et al[321] have found through thermo gravimetric studies the activation
energies for dehydration and decomposition to be 25.3+2.0 and 33.1+3.0 kcal. mol™
respectively. Differential scanning calorimetry (DSC) and thermo gravimetric analysis
studies have found that dehydration of the salt occurs at ~ 150-260°C while
decomposition into metallic Ni occurs at ~ 260-290°C[315, 321, 322].

5.3 Dip-Coating of NFD

Ni nanoparticles and powders have been obtained from NFD and other
precursors through various ways. These include squirting [306, 308, 323] wherein the
solution of the precursor is squirted onto a substrate and allowed to evaporate. Whilst
simple, the difficulty to control film uniformity and thickness makes it inappropriate for
use in situations where the film uniformity is critical in determining the electrical
properties of materials or devices. Another such method is chemical spray pyrolysis
[312, 322].

Chemical spray pyrolysis has for many decades been one of the major
techniques of depositing thin film materials on large area substrates. In this deposition
technique, a solution of the precursor is pulverized by means of a neutral gas so that it
arrives at the substrate in fine droplets. The chemical reactants in the precursor solution
are selected in a way that the by-products other than the final desired product are
volatile at the deposition temperature[324]. The equipment is simple, operation
temperatures are low (100-500°C) and films homogeneity, thickness and smoothness

can be controlled by the spray parameters[324, 325].

However, the dip-coating technique is a much simpler technique when
compared with spray pyrolysis and the coating is performed at much lower temperatures
(< 150°C) with a range of deposition variables to control the morphology of the final
film. The technique has many factors that contribute to the final state of the dip coated
thin film. By controlling the functionalization of the initial substrate surface,

submersion time, withdrawal speed, number of dipping cycles, solution composition,

97



98

concentration and temperature, number of solutions in each dipping sequence and
environment humidity, a large variety of repeatable dip coated film structures and
thicknesses can be fabricated. The technique is capable of providing coatings with

uniform, high quality films even on bulky and complex shapes[326].

5.3.1 The Nima Dip-Coater System

The Dip-coater used in this work is the 4-vessel Nima Precision Dip Coater
with a DC motor controlled carousel shown in figure 5-1 on which the four glass vessels
(150ml each) are lined. These vessels could be used for cleaning, for multiple solution
deposition cycles or for rinse sequences. The vessels used were double-walled and
connected to each other by rubber tubing that are connected to and from a temperature

controller which circulates warm water between the inner and outer walls of the vessels.

ToPC
U4 CoMPUTER |
INTERFACE UNIT

Water in from
Thermo controller

Substrate
holder

P-type Si
substrate

Solution DW
reservoir

Water out 4-|_

NFD solution

Figure 5-1: An illustration of the Nima precision dip-coater system.

The content of the vessel is maintained at a constant temperature which is
controlled by the temperature controller. The vertical dipper arm onto which the
substrate holder is attached is DC motor controlled and can provide smooth vertical
linear motion of the substrate and holder at all dipping speeds from as low as 1
millimetre per minute. Two removable holders were available for use; the single

substrate holder and the multiple substrate holder. The removable holder is attached to
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the movable arm by a magnetic knob. The dipper system is pc-controlled via an 1U4
interface unit. The software used is LabVIEW and the control deposition features
include setting the upper and lower substrate resting positions (Raise to and lower to (in
mm)), immersion speed (Down Speed (mm/min)), submersion period (Wait at bottom
(s)), withdrawal speed (Up Speed (mm/min)), drying period (Wait at top (s)), number of
dip cycles and solution holder rotation sequence for multiple solution depositions. The
entire setup was on a workbench inside a wet bench in a clean room under controlled
atmospheric conditions. The settings are necessary in order that toxic fumes from the
precursor solution are safely evacuated via the hood.

5.3.2 Preparation of Precursor Solution

In order to prepare the precursor solution that would produce good results, it
was important to choose the best solvent for the green NFD salt obtained from Alfa
Aesa. The salt was used without further treatment. Since the final film from this
solution would be used to grow silicon structures for electronic devices, it was
necessary that the final solvent would not have a major impact on the electronic
properties of the silicon films obtained through the use of this catalyst. Geng et al.,[323]

had used an alcohol to dissolve the NFD salt for the growth of carbon nanotube.

Trial dissolution of the salt in methanol and ethanol produced identical results
and so methanol was chosen among the two alcohols. Equal volumes of water and
methanol were used to produce separate solutions of 1-10 mg ml™ of solutions. The
volume of solution produced in each case was 50 ml. This was done by weighing an
appropriate amount of salt in a vial using a digital balance and transferring the measured
salt into another container into which an appropriate amount of solvent was added using
a pipette. The water solvent used was 18 MQ resistant deionised (DI) water. The binary
mixture of methanol and NFD salt or DI water and NFD salt were left to dissolve in an

ultrasonic bath.

It was observed that, for concentrations of 1-5 mg ml™ of salt in either water or
methanol, a clear green solution was formed within 10 hours of ultrasonication in an
ultrasonic bath. For 10 mg ml™ of salt in methanol, a milky green mixture was obtained

and part of salt recrystallized after being kept for some hours undisturbed. However, for
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concentrations of 10 to 30 mg ml™ of salt in water, a solution was formed although it
could take up to 30 hours of ultrasonication for higher concentrations. From these
observations, it was easy to decide the concentrations of salts in the different solvents to
proceed with in the experiments. For methanol, up to 5 mg ml™ solution was possible
although the 5 mg ml™ soon turned into a precipitate after a single use. Up to 30 mg ml™
of solution was possible for water. Above these respective concentrations, it was
difficult to obtain a sustainable solution, i.e. a solution that would not recrystallize or
will not go into a precipitate at least within 1 day when kept undisturbed for after the

solution is formed.

5.3.3 Choosing the Better Solvent

After choosing the right concentrations, the next task was to choose which
solvent would be most suitable to carry on with in the project. In order to make a well
informed decision in this case, the NFD in the respective solvent film-forming
capabilities on glass and silicon substrates as well as their effect on silicon films grown
using NFD coatings from the respective solutions were to guide the choice. As far as the
coatings on the substrates were concerned, different deposition methods were used.

These were spin-coating, squirting and complete immersion coating.

5.3.3.1 Spin coating

The spin coating technique has been used over decades as a means to deposit
thin films of resins, photoresists and organic materials on substrates. The spin-coating
process involves depositing small droplets of fluid at the centre of a substrate then
spinning the substrate at high speeds. Centripetal acceleration causes the droplets to
spread on the substrate thereby forming a thin film of the material on the substrate. The
final thickness and other film properties depend on the properties of the solution from
which the film is formed, the environmental conditions and on the spinning process
parameters. The solution properties here include the viscosity, volatility, percentage
solid and surface tension. The spinning process parameters include the acceleration and

the final spinning speed.

The solutions for spinning were of identical concentrations for NFD in

methanol and DI water. The same spin speed and substrates dimensions of were adopted
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The spinning was carried out under identical clean room conditions on a workbench in

an extracted bench.

The difficulty encountered with the spinning technique was that most of the
solvent was thrown off the substrates and the film formed was patchy and not
repeatable. Even though the methanol solvent dried off faster than water because it is

more volatile than water, identical problems were encountered with the final films.

5.3.3.2 Squirting

Squirting also known as drop coating is another technique of forming films
from liquid solutions. A drop of the solution is squeezed from a tube or syringe and the
fluid lands on a substrate in jets and it spreads on the substrate, and the solvent dries off
leaving a thin film on the substrate. The thickness and other properties of the film
formed depend on the wettability, volatility, viscosity and surface tension of the

solution and also on the environmental conditions.

A syringe was used in this work to pump the solution onto the substrates. It
was observed that jets of fluid that landed on the substrates formed spherical droplets
and did not easily wet the surface. The effect was more pronounced for water. As the
solvent evaporated spots of thick films formed on the substrate which thinned off at the
edges of the film. Again, it took a longer time (hours) for the water to completely
evaporate at room temperature in order to form the film. The methanol evaporated in a
couple of minutes. To quicken evaporation for the water solvent, the substrate was
placed on a hot plate at elevated temperature. Different temperatures were experimented
within the range of 30-80°C. This was not necessary for methanol. It was however
observed that films formed at faster evaporation rates were rougher than those formed at
slower evaporation rate for water. Repeatability was also difficult in this case. Because
of the rough and irregular nature of films, the method was found inappropriate for this

project.

5.3.3.3 Complete Submersion Coating
In this technique, the substrate is simply submerged and kept in the solution for
some time, then removed and allowed to dry in air. The film is formed through

adsorption and diffusion process and the final film properties depend on the solution

101



102

properties and the environmental conditions. It is very similar to dip-coating but for the

fact that the automated dipping mechanism is absent.

In this work, the substrates were kept submerged in the solution, lying
horizontally on the base of the beaker and kept for 20 min. They were then gently
removed from the beakers using tweezers and placed horizontally on a flat surface, then
allowed to dry in air. As usual, those from the NFD-methanol solution dried up in a
couple of minutes while it took a much longer time for those from NFD-water solution
to dry up and form the film. However, films from this method were more uniform and
repeatable as long as the same concentration was used and the drying surfaces were of
identical geometry. It was also difficult to measure the thickness of the film.
Ellipsometry proved difficult because the incident laser beam on the film surface was

scattered through many angles and thus the reflected beam could not reach the analyser.

It is after this method that the dip coating method was used to later optimize
film thicknesses. Among the three methods discussed the complete submerged method
was adopted to coat NFD on glass substrates that were subsequently used to grow

silicon films

Films were grown in the PECVD reactor previously described in chapter 3 at
growth conditions of reactor chamber pressure 150 mtorr, silane flow rate of 50
standard cubic centimetres per minute (sccm), substrate temperature of 400 °C, and RF
Power of 25W. It must be noted that these deposition conditions were not the optimized
growth conditions in this project but were used in this preliminary part of the project to
isolate the better of two solvents. All substrates prepared with the different
concentrations in the two types of NFD solutions (methanol-solvent and DI water-
solvent) were loaded in the reactor at the same time so that the growth condition would

be identical.

5.3.3.4 Results

At this stage, the Si films grown on substrates coated with NFD dissolved in
methanol and water separately were characterized for optical band gap in order to
observe if firstly, NFD had any effect on the electronic structure of the material formed

and secondly if the type of solvent for the NFD did have any significant effect on the
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electronic structure. UV-Vis spectroscopy technique described in the previous chapter
was used to obtain the band gap of the silicon films grown on substrates coated with
NFD dissolved in water and in methanol and at different concentrations in these

solvents.

Figure 5-2 below shows the variation of optical band gap with the different
concentrations for the silicon films grown on the coatings of NFD in methanol and in

water.
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Figure 5-2: Optical band gap variation with concentration of NFD in methanol and
in water

The 0 concentration means no coating of either type was on the glass substrate,
thus the silicon film was grown on bare glass. The optical band gap of the Si films
under this condition was obtained as 1.65 eV which is less than the 1.75 eV value often
quoted for optimized a-Si:H[327]. This is understandable because films were not
deposited under optimized conditions. In the case of silicon films grown on NFD coated
substrates, the band gap was observed to decrease with increase in concentration of
NFD in either solvent. This suggests that the crystalline content of the films increase
with increase in the amount of seeding material on the growth substrate, since that
amount is proportional to the concentration of NFD in the solvent. The optical band gap
was consistently higher for the same concentrations in water than methanol. The least

optical band gap obtained was 1.52 eV. This was obtained with Si films grown on
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methanol-solvent NFD coated substrates. The continuous decrease in the optical band
gap with concentration seemed to suggest that there is an optimal concentration of NFD
for which Si films grown on substrates coated with that concentrated NFD will yield
polycrystalline films with less amorphous phase. However, as observed before,
concentrations greater than 5 mg ml™ were not possible with methanol, thus attaining
polycrystalline films with close to 0% amorphous phase on the methanol-solvent NFD
coated substrates would be difficult. Given that it is possible to obtain higher
concentrations of NFD in D.l. water and coupled with the fact that the highest
difference in optical band gap for Si films grown water-solvent NFD coated substrates
and methanol-solvent NFD coated substrates was approximately 0.05 eV, DI water was

thus chosen as the better solvent.

Henceforth in the thesis, a solution of NFD will mean that water was used as a
solvent to dissolve the appropriate quantity of the NFD as specified by the concentration

except otherwise specified.

5.4 The Dip Coating Process

After making a choice of the solvent to use, it was now time to optimize the
coating conditions of NFD with the best technique and equipment available. The dip-
coater described above was identified as the best way to coat the material on the glass

and silicon substrates.

To begin with, the substrates were first chemically cleaned following the
cleaning process described in Appendix 1. This process was closely followed by another
cleaning process using argon plasma in a plasma etcher for duration of ~8-10 min at an
RF power of ~80W and pressure of 0.1 mBar as described in Appendix 1. This plasma
cleaning process leads to chemical or organic substances on the substrates to be
selectively broken up and consumed by the high energy plasma, consequently leaving
the substrates smooth and completely freed of the unwanted initial substances and thus

produces the ideal conditions for subsequent coating.

Soon after the substrate cleaning process, one or more substrates were loaded

onto the single or multiple substrate holder of the NIMA precision dip coater described
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above for coating. An appropriate volume of NFD solution was poured into one of the
four vessels connected to a thermal controller. The thermal controller was set to the
required temperature and warm water at that temperature was circulated through the
rubber tubing to the space between the walls of the double-walled vessel. In about 5-10
min, depending on the quantity of NFD solution in the vessel and set temperature, the
solution attained thermal equilibrium with the circulating warm water in the
surrounding jacket. This was confirmed by measuring the temperature of the NFD
solution with a thermometer. Since the NFD vessel was open to the atmosphere, the
temperature controller was usually set to 2-3 °C above the required temperature. When
thermal equilibrium was attained between the NFD solution and the circulating
surrounding water, the substrate was gently immersed into the solution controlled from
a computer with the help of the LabVIEW software in which the dip coater carousel
position and other deposition features such as the upper and lower substrate resting
positions, immersion speed, submersion period, withdrawal speed, drying period and

number of dip cycles had been set.

A complete cycle consisted of lowering the substrate into the NFD solution at a
programmed speed, holding it in the solution for an amount of time herein referred to as
immersion time and withdrawing it at a specified speed and then leaving it to dry in air.
The upper and lower substrate resting position settings control how deep into the vessel
the substrate should go. It did not affect the thickness of the film on the substrate.
However, because the thickness of the films were measured by step profilometry, this
setting was important in creating the step between the substrate and the film. In
addition, number of dipping cycles did not significantly affect the thickness of the
coating because any coating will re-dissolve in the solution the second time it is dipped
into the solution. This was also true of the immersion speed which did not significantly
affect the thickness, but low speeds (~ 10 mm/min) were desired to maintain a still
surface of the solution during dipping. Four main parameters using this system control
the thickness of the NFD coating on the substrates. These are the withdrawal speed, the
immersion time, the temperature of the solution and surrounding and the concentration

of the solution.
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5.4.1 Effect of Immersion Time on the Thickness of NFD Coating on
Substrate

In order to investigate how the immersion time influenced the thickness of
NFD on substrates, it was important to keep all other factors constant while changing
the immersion time and measuring the film thickness. One of the factors capable of
affecting the results is the atmospheric conditions, i.e., humidity, air speed, temperature
pressure, etc. Trying to maintain all these constant in the open atmosphere could prove
very difficult. However, these studies were conducted in a clean room with well
controlled conditions. Thus throughout this investigation, the atmospheric conditions in
the room will be assumed not to vary so much as to affect significantly the results.

The thickness variation studies due to changes in immersion times were
investigated with p-type silicon substrates. Wafers were cut into 2x2 cm? for the
dipping process. In the dip-coating process, the solution temperature was kept fixed at
30 °C while the withdrawal speed was maintained at 1 mm min™. The immersion speed
for this study and all others in this project was constant (10 mm min™). The NFD
concentration was first 20 mg ml™, and then the experiments were repeated with a
concentration of 30 mg ml™. The immersion time, i.e., the time the substrate spent
inside the solution was varied for each dipping cycle and the thickness of the coating

measured using profilometry.

Figure 5-3 shows how the thickness varied for varied immersion times between
5 min and 1 hr. The results showed an increase in thickness with increasing immersion
time. Moreover, the thickness did not increase indefinitely but saturated after some
time. It was further observed that thicker films were obtained with higher concentrated
solutions. This was evident by the fact that the curve for the 30 mg ml™ solution was

consistently above that of the 20 mg ml™ solution.
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Figure 5-3: Variation of NFD coating thickness with immersion time for 20 and 30
mg ml™ NFD solutions each at 30 °C. The withdrawal speed was 1 mm min™.

5.4.2 Variation of Thickness with Withdrawal Speed

In this investigation, all other parameters were kept constant except the
withdrawal speed. The temperature of the solution was kept at 30 °C while the
immersion time was 5 min for the 20 mg ml™ concentration solution. The withdrawal
speed was varied from 1 to 20 mm min™ in steps of 5 mm min™ for each dipping cycle.
The thickness of the resulting film was measured at the end of each dipping and the
results were as shown in figure 5-4. It was observed that the film thickness decreased

with increase in withdrawal speed as would be expected.
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Figure 5-4: Thickness variation with withdrawal speed at constant immersion time
of 5 min, solution temperature of 30 °C and concentration of 20 mg ml™.
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5.4.3 Variation of Thickness with NFD Solution Temperature

The effect of temperature on the thickness of NFD coating on silicon substrates
was studied by keeping the withdrawal speed constant at 1 mm min™*, immersion time at
5 min and with a solution of NFD concentration of 20 mg ml™. The temperature was
constant for each dipping cycle but was changed from 20 °C to 50 °C for the different

cycles.

The thickness variation with temperature was as shown in figure 5-5a. The
temperature of the solution was found to have a profound effect not only on the film
thickness but also on the film roughness. The roughness data was obtained from the the
alphastep profilometer over the scanned region into the film and data was averaged for
different scan regions on the film. Films were also found to be rougher at higher
temperatures than at lower temperatures as shown in figure 5-5b.
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Figure 5-5: (a) Thickness variation with temperature and (b) Average roughness
variation with Temperature of NFD solution at constant immersion time of 5 min
and withdrawal speed of 1 mm min™.

5.4.4 Discussion on Observed Effects of Coating Parameters on

Thickness of Coating

NFD thickness on the p-type silicon substrate was found to be strongly
dependent on the concentration of the solution, the immersion time of the substrate in

the solution, the temperature of the solution, the withdrawal speed of the substrate from
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the solution and even the atmospheric condition. In order to minimize atmospheric
effects on the thickness of the coated films it was important to carry out the entire dip-
coating process under clean room conditions so as to properly control the atmospheric

conditions.

From the graph of the variation of thickness and withdrawal speed of the
substrate from a 20 mg ml™* NFD solution, the thickness of the coated films on the
substrate was observed to decrease with increase in speed. A plausible explanation of
this is that most of the liquid is pulled back to the bulk at high speed to balance the drag
force. This leaves a thinner film on the substrate in comparison to when the withdrawal
speed is low. For extremely low speeds (1 mm min™), the effect of gravitational drain is
also minimized as the solvent on the substrate very close the bulk surface of the solution
evaporates before another part is exposed. At higher speeds, a larger wet substrate area
Is exposed and gravitational drain also plays a part apart from evaporation in reducing
the thickness of the film. As the study was carried out under clean room conditions at

the same temperature, the evaporation rate was thus fairly constant.

The increase in thickness with temperature can be explained by relating the
effect of temperature on evaporation which in turn affects the concentration of the
solution at the surface-solution interface near the solution-air interface. The higher the
temperature, the higher the evaporation rate of the solvent near the substrate/solution
interface. This leads to an increase in the concentration of NFD in this region and thus
the creation of a density gradient near the substrate. This gradient eventually affects the
adsorption and diffusion of NFD molecules in that more NFD molecules would get
adsorbed onto the substrate and less would diffuse from the substrate at a higher
concentration than at a lower concentration. Thus at higher solution temperature, there
is less diffusion of NFD molecules into the surrounding, relatively-higher solution
concentration and more adsorption onto the surface leading to a higher thickness of the

film.

Regarding the thickness increase with increase in immersion time, adsorption-
diffusion mechanism is thought to be a plausible reason for this observation. Adsorption

dominates early on when the substrate is immersed in the solution giving rise to the
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sharp increase in thickness. As more molecules build up on the surface some diffuse
back into the bulk of the solution. At some point in time, dynamic equilibrium is
eventually attained wherein the rate of adsorption equals the rate of diffusion. This is
evident from the continuous decrease in the rate of change of thickness with immersion
time evident from the flattening of the curve as observed with figure 5-3. At dynamic
equilibrium, the thickness attains a steady state and beyond this immersion time,
thickness no longer changes. For a 20 mg ml-1 NFD solution, the adsorption-diffusion
processes begin to approach dynamic equilibrium after an immersion time of about 40-
50 minutes as seen in figure 5-3. Mathematically, the thickness is observed to follow the

equation
dt = deqej/tv t>1 (5'4)

where d; and deq are the thicknesses at immersion times t>t, and at equilibrium
respectively and 1 is a constant time factor which is thought to dependent on the
substrate material or solution type being coated. It is called the immersion time factor
and defined as the immersion time at which the thickness becomes 1/e the maximum
attainable thickness, which is the thickness obtained when diffusion-adsorption attains
steady state. Att = 0, the thickness is do measured by immersing the substrate into the
solution and withdrawing it just as it reaches the required depth in the solution reservoir,
i.e. zero programmed immersion time. It cannot be determined from equation (5-4)
except probably after modification of the equation. An analysis of equation (5-4) reveals
that a plot of In(d;) against 1/t should give a straight line with slope t and intercept
In(deg) On the vertical-axis. Following this procedure for the data from the 20 mg mi™
NFD solution (see figure 5-3), the unknowns from equation (5-4) were obtained and it
was found that the data fits almost perfectly with the experiment. However, the equation
(5-4) is generally valid for t = t, where t, is the immersion time that would be required
to theoretically obtain the thickness d,. From equation (5-4),

T

o= In(d,, /d,) 5-9)
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Figure 5-6: (a) Ind variation with reciprocal of immersion time for experimental
results obtained with the 20 mg ml-1 solution and (b) Thickness variation with
immersion time for experimental and fitted data.

This physically means that theoretical values of thickness at t < t, can be
discarded since they do not agree with experiment. This makes sense because although
d, is denote as thickness at time t = 0, the substrate actually spends some time
submerged in the fluid which is not accounted for in equation (2) as it is withdrawn at a
very slow speed. For this experiment with the 20 mg ml™ NFD solution, d, was

measured to be 80 nm.

From figure 5-6a, the equilibrium thickness was observed to be ~204 nm and
the immersion time factor t to be 3.21 min. From equation 5-5, the value of t, obtained
was 3.43 min. This reasonably is in agreement with the experiment in which the length
of the substrate submerged in the solution was between 4 and 7 mm and the downward
stroke was 10 mm min™ and withdrawal speed 1 mm min™. Thus, it is reasonable to
readjust immersion time region for which equation (5-4) is valid to be from t > t,. Using
these values in equation (5-4), the fitted curve in figure 5-6b was obtained. It is thus
possible to predict with some certainty the thickness that can be obtained after

immersion of the substrate for a given length of time.

5.5 FTIR of Nickel Formate Dihydrate

Having studied the dip-coating of NFD on p-type silicon, cleaned p-type
silicon substrates were then coated with 30 mg mI™ NFD in solution at 30 °C at a down

stroke of 10 mm min™ and upstroke of 1 mm min™ and immersion time of 30 min. This
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dip coating condition was found to be the optimal condition that was observed to
produce the best uniform and smooth coatings with thickness between 150-200 nm..
After coating the substrates, some were loaded into the RF-PECVD chamber and
calcined at 250, 300 and 400 °C at high vacuum of pressure 5 mtorr. The calcinations
was performed for 30 min at each temperature after first leaving the substrates in the
reactor for at least 3 hours in vacuum before turning on the heater to heat the substrate
gradually to the required temperature. After calcining, the substrates were allowed to

cool to room temperature before removing from the for FTIR analysis.

Asymmetric HCO0' as coated
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Figure 5-7: FTIR absorption spectra for (a) as-coated NFD on p-type silicon
substrate, and (b) for calcined NFD coated substrates at 250, 300 and 400 °C
showing the formate vibration mode region between 1200 and 2000 cm™

FTIR measurements were performed on the calcined substrates as well as on
the as-coated substrates. The results were as shown in figure 5-7 above. The absorption
spectra shown in figure 5-8a reveal the formate groups absorption peaks at 778, 1383,
corresponding to the symmetric HCOO" vibration modes, 1580 corresponding to the
asymmetric HCOO™ vibration mode, 2890 cm™ corresponding to CH vibration mode,
1120 cm™ corresponding to CHO vibration mode, and the broad peak between 3039-
3677 cm™ corresponding to H,O mode[328-334]. It was further noticed that after
calcinations at 250 °C and above, the broad peak between 3039-3677 cm™ was not
found (see figure 5-7b), an indication that the water of crystallization had completely
been lost. All the characteristic peaks of the formate further disappeared after
calcinations at 400 °C. This indicated that the Ni(HCOO),.2H,0O completely thermally
decomposed at 400 °C. Nonetheless, for calcinations at 250 and 300 °C, the symmetric
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and asymmetric HCOO™ vibration modes at 1383 and 1580 respectively were still very
conspicuously present as observed in figure 5-7b. However, the peak intensity was
weaker than in the as-coated sample. It can be inferred that at these temperatures (250
and 300 °C) the Ni(HCOOQO), had not completely decomposed to the metallic Ni. The
results at 250 °C were as expected and corroborate results by Rosenband and Gany
[322] and Fox et al.,[321] who have shown that the formate is not completely
decomposed until at least 295 °C. The presence of the formate group vibration modes
after calcinations at 300 °C could be that the residence time in the reactor at that
temperature was probably not enough for the decomposition to be completed. Another
possible reason could be that the effective substrate temperature was less than 300 °C.
Nonetheless, the complete decomposition at 400 °C shows the material can be used as a

source of seeding material for low temperature growth regime of < 400 °C.

5.6 Summary

In this chapter, detail composition of the NIMA precision dip coating system
has been described. The different trial methods; spin-coating, drop-coating and
complete immersion coating, used in coating the NFD onto glass and silicon substrates
have briefly been described and have been shown not to be good enough to form thick
uniform films of NFD. Systematic studies which lead to DI water being chosen as
solvent for NFD against methanol were also presented. The choice was based on the
fact that higher concentrations could be obtained with DI water as solvent for NFD as
opposed to methanol where the later could only produce a maximum concentration of 5
mg ml™* compared to 30 mg ml™ by the former. It has also been shown that four major
coating parameters affect the thickness of the NFD on p-type silicon substrates. These
are concentration of the solution, temperature of the solution, and immersion time
which all lead to increase in thickness of coatings with the respective increase in
parameters while all other factors are held constant, and the withdrawal speed of the
substrate from the solution which leads to a decrease in thickness with its increase. The
major mechanism of coating has been identified as adsorption-diffusion of the NFD
particles in solution onto the substrate and into solution respectively. Furthermore, the
FTIR studies confirmed formate groups in as-coated films on p-type silicon substrates.

After calcinations at 400 °C it was shown that the NFD completely breaks down to
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metallic Ni as no formate vibration peaks were observed. It was also confirmed that
complete dehydration occurs before 250 °C as the vibration modes corresponding to
H,O vanished after calcinations at 250 °C and above. However, results of calcinations at
300 °C were inconclusive. Finally, the optimum coating conditions were found to be as
follows: NFD concentration = 30 mg ml™*, NFD solution temperature = 30 °C, substrate
immersion speed = 10 mm min™, immersion time = 1800 s, withdrawal speed = 1 mm
min’. These conditions were arrived at after many varied trial depositions and are found

to produce NFD coatings with fairly uniform and constant thickness of ~ 150-200 nm.
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Chapter 6. Silicon Structures: PECVD Growth

and Optimization

6.1 Introduction

The aim of this chapter is to describe the experimental optimization of silicon
structures grown by the newly developed low temperature technique wherein nickel
formate dihydrate coated onto glass or silicon substrates as described in chapter 5 is
used as a growing surface of silicon films from silane in the RF-PECVD reactor
described in chapter 3 and photographed in Appendix 2. Two sets of materials were
grown; one on uncoated substrates and the other on coated substrates both grown under
identical conditions. Since it is well known that silicon structures grown on bare
substrates in the RF-PECVD at temperatures < 400 °C are mostly amorphous in nature,
the structures on bare substrates will be referred to as amorphous while those grown on
NFD-coated substrates will be referred to as “Polycrystalline silicon”. The silicon films
were deposited from undiluted silane to obtain the a-Si. Most low temperature CVD
process use silane diluted with hydrogen. This high density of hydrogen atoms in the
gas phase causes severe etching of the substrates, resulting to rough topography, low
quality polycrystalline silicon films. Thus was important that undiluted silane be used in
order to be sure that the films obtained on uncoated substrates were a-Si films.
Optimization of the materials was by using sets of conditions deduced from a wide
review of literature as well as from initial characterizations on a large number of trial
depositions. Characterization techniques described in chapter 4 were used to evaluate
the effects of the novel growth technique and the growth process variables on the silicon
films. In the process, parameters were varied in turn while keeping the others constant
and changes in deposited materials properties monitored. Process variables included
substrate temperature, silane flow rate, RF power, pressure, frequency and electrodes
separation. However, throughout the depositions, the frequency and the electrodes
separation were constant at 13.56 MHz and 4 cm respectively. Conclusions about the
nature of the silicon structures grown by this technique were mostly being based on the
comparative study on the properties of films grown on coated and uncoated substrates
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under identical growth conditions and from some standard results deduced from

literature.

6.2 Silicon Films Growth Procedure

All silicon films in this work were grown using the RF-PECVD reactor
described in chapter 3. The entire procedure leading to the growth of films began from
the cleaning of substrates (Appendix 1), through the dip-coating of NFD on the
substrates to the PECVD processes. The substrates used were Corning glass cover slips
(Cat. No. 2875-25), 4"diameter B-doped p-type silicon wafers of thickness 500-550 um,
resistivity of 1-20 Qcm and orientation <100> and phosphorus doped (n-type silicon).
The p-type silicon substrates were used to grow films for FTIR studies while glass
substrates were used to grow films for UV-Vis, XRD and dark- and photoconductivity

measurements.

Cleaned substrates were coated with NFD using the Nima Precision Dip Coater
described in chapter 5. Coating was done using the optimized coating conditions shown

in table 1 below. Some were left uncoated

Table 6-1: Dip-Coater Settings for the Coating of NFD on substrates used for

silicon growth

Parameter Setting
Concentration of NFD solution 30 mg ml*
Immersion speed 10 mm min™
Immersion time 1800 s
Withdrawal Speed 1 mm min*
Number of cycles 1
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NFD coated film thicknesses were in the range 145-200 nm measured using the
Tencor AlphaStep 200 profilometer. The NFD-coated and uncoated substrates were
then loaded into the RF-PECVD reactor. Prior to loading the substrates into the PECVD
reactor, the reactor chamber was plasma-cleaned using CF, gas at a pressure of 500
mtorr, RF-power of 200 W and at room temperature. The cleaning process lasted for at
least 2 hours, depending on the films previously deposited in the chamber. This process
was necessary in order to reduce the effect of dusty plasma and to avoid foreign
particles and dust being embedded in the new films that might have negative effects on
the quality of films. After loading the substrates into the reactor, the chamber was
evacuated to high vacuum (~5-10 mtorr) for at least three hours (usually it was left in
the reactor overnight). Operating under high vacuum was necessary in order to reduce
the amount of oxygen in the films grown and also as a safety measure because the
pyrophoric nature of SiH,.

Prior to deposition of silicon films, the nitrogen ballast gas was turned on. The
ballast is used in pumps to dilute toxic exhaust gases. The various deposition variables
such as temperature, silane flow rate, RF power and chamber pressure were also
appropriately set. The RF power was set by first adjusting the power range on the RF
generator by switching between two power levels 50 and 500W and then setting the
required pressure as a percentage of the set range by pressing appropriate keys on
microprocessor unit (MPU) panel. The gas flow rate determined by the Tylan 260 mass
flow controller (MFCs) were set using appropriate keys front of the OPT MPU. For
silane, the maximum flow as determine by its MFC was 100 sccm. The required flow
rate was usually entered as a percentage of the MFC value which in this case was 100
sccm. The pressure was set by entering the required value on the MPU. This was
usually done when the source gas silane was already flowing into the chamber through
the shower head. By setting the pressure value, the throttle valve situated between the
pumps and the chamber was automatically adjusted such as to produce the required
pressure in the chamber. The temperature was set on the Honeywell temperature

controller. The maximum temperature allowable for the reactor was 400 °C.

With every parameter set and as soon as the temperature reading on the

Honeywell temperature controller stabilized at the set value, the process was set running
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and the timing was done manually using a digital stop clock. During the deposition, the
system was constantly checked for reflected power which preferably should be zero.
This was adjusted using the RF power matching unit until the value was zero or very
close to zero. The actual reflected power was calculated by multiplying the reading by
the RF power set range and dividing by 10,000. i.e.

_ Reading * Range
10,000

RP

(6-1)

where RP is the reflected power. In the deposition of silicon films, the range was
usually set to 50W and the reading on the MPU was usually tuned to be as close to zero
as possible and not above 10 in the worst case scenario. Thus the actual reflected power
was usually < 0.05 W. Once the deposition was completed, the system was allowed to

cool down to below 80 °C before the samples were taken out for characterization.

6.3 Effects of Deposition Parameters on Silicon Films
Properties

Four main parameters were varied, i.e., deposition temperature, chamber
pressure, silane flow rate and RF power; and their effects on film properties such as the
optical band gap, the hydrogen content, the photo- and dark conductivity, the growth
rate and the grain size of Polycrystalline silicon crystals were investigated through
methods described in chapter 4. In the subsequent subsections, the effects of varying

these parameters on these film properties are discussed.

6.3.1 Temperature Effects

Substrate temperature has been found to have profound effects on the
microstructure of silicon films [335-338]. The study of the microstructure is inherently
important because other properties of the film such as electrical and optical properties
are determined by the nature of the microstructure. In order to evaluate the effect of
temperature on the films microstructure, films were deposited at four different

temperatures between 250-400 °C. All other parameters were kept constant.
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Figure 6-1: variation of film properties with growth temperature.

6.3.1.1 Band Gap

The optical band gaps of the films grown were estimated by the Tauc
relation[296] of optical absorption of UV-Vis spectra as a function of substrate
temperature, silane flow rate and RF power. Figure 6-1(a) shows how the band gap
varied with substrate temperature. It was observed that the band gap decreased

approximately linearly with an increase in temperature both for the films grown on
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NFD-coated glass substrates and on uncoated substrates. The optical band gaps for the
films grown on uncoated substrates ranged between 1.75-1.95 eV. This range
corresponds to the well known a-Si or a-Si:H optical band gap[327]. Conversely, the
optical band gap of films grown on NFD-coated films was typically in the range 1.6-1.2
eV and decreased with increase in substrate temperature. A decrease in band gap in a-Si
is often attributed to hydrogen evolution[339]. The lower optical band gap for the Si
films on NFD-coated substrates compared with their counterparts on uncoated
substrates suggests that films on NFD-coated substrates are more crystalline [340]. As
would be seen in the proceeding section, the hydrogen content was found to also
decrease with increase in temperature. This thus suggests that at higher deposition
temperatures, more hydrogen was evolved from the films than at low temperatures
leading to a decrease in the hydrogen content of the films and thus the optical band gap
of the material. Moreover, the optical band gap can also be associated with the degree of
disorder in the amorphous matrix. The lower band gap obtained for films on NFD-
coated substrates at the same deposition temperature could suggest that the degree of
disorder is less in the NFD coated films and that a longer range ordering is obtained for
films deposited at higher temperatures. Thus more crystalline structures are obtained at
higher deposition temperatures.

6.3.1.2 Hydrogen Content

Hydrogen incorporation into silicon films and the bonding configuration has a
profound effect on the electronic structure and electrical properties of the films. These
effects can be both beneficial and detrimental. The diffusion of atomic hydrogen in
growing films can be beneficial in that the diffused hydrogen reacts with the silicon
network in the subsurface. This terminates dangling bonds and also breaks and removes
weak Si-Si bonds[53] and thus leads to improved electrical and optical properties of the
material. At too high hydrogen concentration, silicon films show a high density of micro

voids and thus exhibit poor electrical properties[341].

The hydrogen concentration in the a-Si films in atomic percentage was
observed to decrease with increase in substrate temperature (figure 6-1b). This agrees
well with results in the literature [53, 341]. It suggests that more atomic hydrogen is

evolved from the film at higher substrate temperatures than at lower temperatures. Also
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evident is the fact that Si films grown on NFD-coated substrates exhibited very low %
atomic hydrogen compared with their amorphous counterparts and the hydrogen content
was fairly unaffected by the substrate temperature. This suggests that the films on NFD-
coated substrates have less micro voids and the lattice structure is mostly 4-fold
coordinated hydrogen evolution from these films had more to do with the interaction
between the thermal decomposition of nickel formate on the substrate and the silicon

deposition process.

It was also observed that the optical band gap especially of the uncoated films
decreased with decrease in hydrogen content as the temperature increased, suggesting a
dependence of optical band gap on the incorporation of hydrogen in the films. Von
Roedern et. al.[342], suggest that the reason for this is due to the removal of states from

the top of the valence band as hydrogen is being incorporated in the film.

6.3.1.3 Photo- and Dark Conductivity

The variation of photo- and dark conductivity (figures 6-1c and 6-1d) for films
grown on NFD-coated and uncoated p-Si substrates exhibited stark differences. For the
uncoated substrate films, dark conductivity was in the range 10%-10° S cm™ and
generally increased with an increase in substrate temperature, while photoconductivity
10°-10* S cm™. For the films deposited on NFD-coated substrates, the dark
conductivity and photoconductivity both range between 10°-102 and increase with
increase in substrate temperature. It is observed that photosensitivity (figure 6-1le)
which is the ratio of opn to 64 ranged between 4 and 2 orders of magnitude for films on
uncoated substrates and 1-0 order for films grown on NFD-coated substrates. Usually, a
high photosensitivity (cpn / 64) points to low recombination rate at the mid band gap and
it has been shown that for a transition from amorphous to microcrystalline silicon, the
photosensitivity boundary is around 107 [343]. Thus since all photosensitivity values of
NFD-Coated films are of order10* and 10° this suggests that these films have a higher
crystalline content than those grown on uncoated substrates. The increase in
conductivity is also consistent with the hydrogen content and optical band gap results.
As the temperature increases, more hydrogen is liberated from the film and the film also
becomes more crystalline, thus the mobility gap or the separation between the

conduction and valence bands becomes narrower. Charge carriers can thus easily cross
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the gap from valence to conduction band. The higher conductivity observed for NFD-
coated substrate Si films as opposed to uncoated films could also be attributed to

embedded Ni particles in the grown silicon films.

6.3.1.4 Film Surface Roughness and surface grain size

Film surface roughness was studied on AFM topography micrographs for films
grown on NFD-coated and uncoated substrates at various temperatures. Topography
micrographs revealed that average root mean squared (RMS) roughness of surface of
silicon films grown on uncoated substrates were < 1 nm and decreased slightly with
increase in growth temperature while those for the NFD-coated substrates were much
higher > 15 nm for 40 micron length and also decreased with increase in growth

temperature as shown in table 6-2.

Table 6-2: Average roughness of silicon films deposited on NFD-coated and
uncoated p-Si substrates at various temperatures

Growth Temperature Average RMS Roughness of Sifilms /nm

Uncoated Substrate films | NFD-coated substrate Film

250 0.934 48.266
300 0.79 30.694
400 0.715 15.45

This high roughness was obtained because as it would be revealed, grains on
the surface formed in clusters or conglomerates. These conglomerates were not also
uniformly dispersed on the surface and they spiked to different heights. This was
observed for the films on NFD-coated substrates. Figure 6-2 and 6-3, show the surface
topography micrographs of the different film scan. It was possible to observe grains in
different conglomerates on the NFD-coated substrate films when zoomed in as shown in
figure 6-2 and in Appendix 3. However, this was not possible with the films on
uncoated substrates. The grain sizes varied with growth temperature and at different
locations on the surface. The procedure to estimate the surface grain sizes is also shown

in Appendix 3. For the films grown at 250 °C, grain sizes (diameter) varied from 70 nm
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to 130 nm, with the average size being 100 nm. The 130 nm was obtained for grains at
the tips of conglomerates that grew to ~300 nm, while 70 nm sizes was obtained for
grains deep down the walls of “voids” on the film. The voids or pits are also shown in
Appendix 3. Grains in films grown at 300 °C were rectangular in shape. Their widths
were ~70-90 nm and they grew to ~ 180 nm in length. Those grown at 400°C were
spherical like those at 250 °C but had larger size, (~140 nm). The appearances of these
grains reveal that films on NFD-coated substrates are more crystalline than their

uncoated substrate counterparts.

Figure 6-2: AFM micrographs of Silicon structures showing surface
grains grown at 400 °C on NFD-coated substrates.
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Figure 6-3: AFM 3-D topography micrographs showing films grown at different
temperatures. The left column is for micrographs of films on uncoated p-Si
substrates while the right column is for NFD-coated substrates. Rows 1-3 running
from top to bottom are for films grown at 250, 300 and 400 °C respectively.

6.3.2 Effect of RF Power Variation

The RF power applied during each growth controls the rate at which the
precursor gas SiH, dissociates and thus it is expected to affect the growth rate and the
quality of the film. At low RF powers, the films are expected to have a denser texture
than at high RF power. Film deposition was thus limited in the low RF range (5-25 W)
SO as to obtain better quality films even though the RF PECVD system could permit up
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to 300 W of RF power. Figure 6-4 shows how the variation in RF power affected some

film properties.
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Figure 6-4: Graphs showing variation of film properties with RF power.

There was no significant effect of this variation in the growth rate as can be

seen in figure 6-4. However, it was observed that the growth rate of films deposited on

NFD-coated substrates was higher than those on uncoated substrates. Optical band gap
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and hydrogen content varied in the same manner and was fairly unaffected by the
variation of RF power in the range 10-25W. The identical variation between these two
properties reveals that the electronic structure of the films grown is affected by their
hydrogen content. The higher the hydrogen content, the higher the band gap. This was
observed for both films grown on uncoated and NFD-coated substrates.

The conductivity of the films (both dark- and photoconductivity) was also
relatively unaffected by the change in RF power within the range considered. The
photosensitivity for films grown on uncoated substrates was between 10*-10? while for
films on uncoated substrates, dark- and photoconductivity were about equal. This again
seems to suggest that the decomposition of the formate is a major contributor in

determining the microstructure of the films.

6.3.3 Effects of Changes in Silane Flow Rate

The rate at which SiH, was delivered into the reaction chamber was varied
between 10-70 sccm at a constant RF power of 5W, pressure of 200 mtorr and substrate
temperature of 400 °C. The thickness of the films and thus the growth rate was
determined by the deposition time. From figure 6-5, it can be seen that the growth rate
for films on uncoated substrates increases slightly but for the NFD coated substrates, the
growth rate was fairly constant. The growth rate was higher for films on NFD-coated
substrates because the films on these substrates formed on the initially deposited NFD.
The optical band gap, the dark and photoconductivity were also unaffected by the
increase in SiH,4 flow rate. However, the hydrogen content of films grown on uncoated
substrates was seen to initially decrease from ~ 12 at.% at 20 sccm to ~ 7 at.% at 35
sccm and remained unchanged thereafter. Meanwhile, for NFD-coated substrates,
hydrogen content was observed to remain constant between 20-50 sccm at ~ 2.5 at. %

but slipped slightly at 70 sccm.
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Figure 6-5: Variation of film properties with changes in silane flow rate.

Even though only SiH,; was used as the precursor gas for the deposition of
films in the PECVD reactor, FTIR spectra revealed absorption peaks between 1000 -
1200 cm™ vibration modes which correspond to those of O-Si-O. In previous studies
concerning the vibration spectroscopy of nickel formate, the wave number band 1000-

1400 cm™ also contained some nickel formate vibration modes, particularly at 1070 —
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1135 cm™ for the HCO,", CHO and CO[332]. Careful consideration was thus required to
differentiate whether modes around the band 1000 — 1200 cm™ could be attributed to
oxygen contamination or the formate groups due to incomplete decomposition of NFD
during the growth process. This was particularly so for films grown on NFD-coated
substrates. The formate modes if present would show a strong absorption peak around
1360 and 1580 cm™ for HCO, for the symmetric and asymmetric bending modes
respectively. However, as can be seen in figure 6-6, these modes were absent even for
the devices grown at 250 °C which is below the complete decomposition temperature of
nickel formate. In the previous chapter (Chapter 5, Figure 5-8b), it had been observed
that after baking NFD-coated substrates at 250 and 300 °C, formate modes in the

spectral range 1300-1800 cm™ were still conspicuously present, except at 400 °C.
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Figure 6-6: FTIR spectra illustrating the effect of film deposition temperature on
the oxygen content of the film. Films were grown at a pressure of 200 mtorr, RF
power of 5W and silane flow rate of 50 sccm.

It is clear from the graphs in figure 6-6 that no absorption peak was obtained at

around the band 1300-1600 cm™ meaning that the expected usually dominant symmetric
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and asymmetric bending modes of HCO, were absent. Thus as observed by
Hamelmann et. al.,[344] and a host of others[345, 346], the absorption peak observed at
the spectral range between 900-1200 cm™ correspond to stretching vibration modes of
0-Si-0 and the weak absorption peak observed at ~ 800 cm™ is the bending mode of
SiO. It is also observed that the asymmetric stretching mode of the O-Si-O is slightly
shifted to the right for the silicon films grown on NFD-coated substrates compared to
their counterparts on uncoated substrates. The right broad shoulder also observed can be
attributed to the asymmetric stretching mode of O-Si-O. This shift in the mode could
actually be due to the formation of siloxane when silane reacts with the organometallic
NFD. The absorption is also observed to be higher for films on NFD-coated substrates
than for the uncoated substrates. Though cautiously attributing the observed effects here
to oxygen contamination, there however is some resemblance between these graphs in
figure 6-6 to the graph in figure 5-9 in chapter 5, meaning there is some reaction
between silane and the partially decomposed formate that affect the composition of the

film.

The concentration of the interstitial oxygen was estimated from N=Cia in cm™
where o is the absorption coefficient and C1= 3.03x10 is the conversion factor of the
absorption coefficient of oxygen in silicon at 300K [291]. The concentration was about
equal for both types of films grown at 400 °C. (1.5-1.6) x 10** cm™ while for lower
investigated temperatures, it was it ranged between (1.1-1.6) x 10* for uncoated
substrate films and (3.6-4.5) x 10 for NFD-coated substrate films. The source of the
oxygen in the films is not well known and such absorption peaks have been reported in
literature [347-350]. Miillerova et al[349] have suggested that the oxygen could be
introduced due to film exposure to air after growth, while Hiraki[351] has noted an
increase in absorbance around oxygen characteristic peaks with exposure time within
the first 20 hours of exposure and has suggested that the oxygen inclusion in the films is
a diffusion limited reaction. Furthermore, Torres et al., [352] also observed that the
presence of oxygen has a profound adverse effect on the electrical conductivity of the
film and could be responsible for the n-type behaviour of the material. Given that the
PECVD reactor was well evacuated of all air down to a pressure of ~5-10 mtorr, it gives

this author grounds to think that this interstitial oxygen could be due to post deposition
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contamination as a result of exposure of the films to air as well as due to the thermal
decomposition of the formate for the NFD-coated films. This also suggests that the
films are porous and we could actually be obtaining semi-insulating, unintentionally
oxygen-doped Polycrystalline silicon films, resembling those produced by Clough et
al[353].

Another possible contaminant in the films is excess Ni metallic particles. The
possible indication of their presence could be evident in the conductivity of the Si films
grown on the NFD-coated substrates as well as the leakage current in MIS devices
containing these films. As observed, dark conductivity was observed to be within the
range reported in literature and the leakage currents were 10*-10? times higher than their
counterparts containing a-Si. Nevertheless, these leakage currents remained less than 10
nA, low enough to permit C-V measurements to be performer as would be seen in
Chapter 7. This increase in leakage current could suggest the presence of Ni particles in
the film. Further investigations would be required to establish the presence or absence

of these contaminants in the films.

6.5 Deposition of Silicon Nitride Dielectric

Silicon nitride films used in this work were deposited using the same RF-
PECVD reactor as for the silicon films. As earlier mentioned, these were used as gate
dielectric for memory device. The precursor gases were SiH, and NH3 with nitrogen as
carrier gas. The independent process parameters that could influence the quality of the
dielectric film deposited were the RF power and the ratio of the flow rate of silane to

ammonia R given by
R = Rgy, /Ry, (6-2)

Apart from these parameters, the deposition pressure and the carrier gas (N>)
flow rate and the deposition temperature could also affect the quality of the films.
However, these were kept constant at 350 mtorr, 100 sccm and 300 °C respectively
following semi-optimized conditions in our reactor by Cross [354]. The only significant
changes on these semi-optimized conditions were the gas flow rate ratio of SiH, to NHs.

This was basically changed by changing the silane flow rate from 5.2 - 20 sccm, leaving
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the flow rate of ammonia constant at 40 sccm. The primary intention here was to reduce
the amount of charge stored in the dielectric so as to easily tell whether charge is stored
in dielectric or in the active silicon film layers sandwiched between the tunnelling layer
and the control gate layer dielectric. This charge stored usually shows up in a
capacitance-voltage graph as a hysteresis and the charge stored is directly proportional
to the hysteresis width. Thus reducing the hysteresis width to an insignificant level was
the intention of this piece of study. It is nonetheless worth mentioning that silicon
nitride is a charge trap-rich dielectric which is often used in SONOS memory devices as
the charge storage medium, and therefore obtaining a hysteresis-free C-V characteristics
could be very difficult. The other properties of this dielectric considered were the
growth rate, the index of refraction (IR) measured by ellipsometry and dielectric

constant obtained from C-V measurements.

Both IR and growth rate were observed to increase with increase in silane to

ammonia flow rate ratio R as shown in figure 6-7.
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Figure 6-7: Variation in growth rate and index of refraction for silicon nitride
films with changes in the ratio R of silane flow rate to ammonia flow rate. Films
were grown at a temperature of 300 °C, RF power of 50W, nitrogen flow of 100
sccm and ammonia flow of 40 sccm while silane flow was changed to change R.

IR varied between 1.83 - 2.05 as R increased from 0.1 to 0.5. This agrees well
with results obtained by Parsons et al[355]. The FTIR spectra of films (figure 6-8) also
revealed that higher absorption N-H peaks at 1150 and 3350 cm™ were obtained at
lower R (lower silane flow rate) than at higher R. This means films grown at lower R
were nitrogen-richer than at higher R. On the contrary, Si-H peak at ~ 2200 cm™

decreased with decrease in R. Thus films with higher R are silicon-richer than their
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counterparts grown with low silane flow rates or low R. It has been suggested that
nitrogen-rich films can improve the electrical properties of silicon nitride films[355].
Much of it however can also increase the number of charge traps, and thus final growth
conditions were such as to strike a good balance between good electrical properties and
less charge traps.
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Figure 6-8: FTIR spectra to show the effects on absorption peak heights of the N-H
and Si-H vibration modes for different R values.

In order to evaluate the dielectric quality of the films, MIS devices were
produced by thermally evaporating Al top electrodes on silicon nitride films grown on
p-Si Al-back-contact substrates. The C-V characteristics were obtained with the
Hp4192A LCR Bridge impedance analyzer by sweeping voltages from positive to
negative and back to positive. It was observed that larger hystereses were obtained from
silicon films with higher R values. Figure 6-9, shows films grown at R = 0.275 and (a)
and R = 0.165 (b).
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Figure 6-9: C-V curves of SizN4 MIS for films grown at (a) high silane to ammonia
flow ratio of 0.275 and (b)low silane to ammonia flow ratio of 0.165

These conditions were further improved to reduce the hysteresis width and increase the

dielectric constant. This was done by varying the RF power from 50W to 20W in the

condition of low R (0.165) above. The effect this had on the C-V curves is that the

hysteresis widths were slightly reduced to 0.63V while the dielectric constant improved

significantly to 7.6. Figure 6-10 shows the C-V characteristics and absorption spectra of

the deposition conditions at reduced RF power. This condition of deposition was thus

chosen as the best within the limit of experimental error for use in memory device

fabrication.
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Figure 6-10: Graphs showing (a) C-V characteristics and (b) FTIR spectra of
silicon nitride films deposited at T = 300 °C, RF power = 20W, SiH, flow = 6.6
sccm, NH3 flow = 40 sccm, N, flow = 100 sccm and pressure of 350 mtorr.
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6.6 Summary of Chapter 6

In this chapter, the procedure leading to the choice of deposition conditions of
both optimized silicon and silicon nitride films have been discussed. It has been shown
that silicon films grown on NFD-coated substrates show very distinct characteristics
from those grown on uncoated substrates at 250 - 400 °C. The characteristics of the
NFD-coated substrate films resembles more those of poly- or microcrystalline silicon
based on their optical band gaps, hydrogen content and electrical conductivity. The best
films were grown under the conditions which are herein referred to as optimized
conditions shown in table 6-3. Furthermore, silicon nitride films which were used in
memory applications of these silicon films were also optimized and the best growth
conditions are those that resulted to the highest dielectric constant and least hysteresis

width. The conditions are also given in table 6-3.

Table 6-3: Optimized growth conditions of silicon films and silicon nitride films
using the RF-PECVD reactor.

Parameter Value for Si Value for Silicon nitride film
Films
NFD thickness / nm (140 -150)" NA
Temperature / °C 400 300
Pressure / mtorr 200 350
RF Power / W 5 20
Silane Flow / sccm 50 6.6
Ammonia Flow / sccm, NA 40
Nitrogen Flow / sccm NA 100
Optical band gap / eV 1.3°,1.78°
Dark Conductivity / Scm™ ~10%, ~10~"
Hydrogen content / at.% ~7",~3"
Dielectric constant 7.6

“ NFD-coated substrates
T Uncoated substrate
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Chapter 7. Memory Behaviour of NFD-assisted

Grown Silicon Structures

7.1 Introduction

It has been shown in the previous chapter that the silicon structures grown
through the use of NFD coating on the substrates as a source of seeding material and
those grown on bare substrates following conventional PECVD methods exhibit distinct
properties. Some of the results suggest that the structures grown by the novel NFD-
assisted, low thermal budget method are crystalline in nature and their counterparts on
bare substrates are amorphous. Whilst some of these results are encouraging, it is not
enough to assume that this material would be suitable for use as a charge storage
medium in memory devices, particularly in 3-D memory where memory layers are

stacked vertically to increase density.

One of the objectives of this research was to investigate the feasibility of using
this material as a storage medium of information in flash memory. In this chapter
therefore, the investigation of the performance of this material as a charge storage
medium is described. Charge storage and memory effects were investigated by
incorporating the material in the two-terminal devices metal-insulator-semiconductor
(MIS) and metal-insulator-metal (MIM), since they mimic the flash memory cell. This
chapter thus aims at providing the details of the fabrication of the MIS and MIM
devices and the characterization thereafter. Device fabrication will include the
deposition of different insulating materials and the thermal evaporation of metal gates.
Meanwhile, the characterization will mainly be electrical which will include I-V and C-
V measurements as well as capacitance variation with time. All the NFD coatings used
for this investigation are produced under identical optimum conditions stated previously

in chapter 5.

7.2 Fabrication of MIS Devices

All MIS devices were fabricated on boron-doped (p-type) <100> silicon wafers
of resistivity 1-20 Q-cm with aluminium ohmic back contacts. The substrates were

cleaned as described in Appendices 1 prior to the coating of NFD as described in
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chapter 5. In order to ensure equal thickness of NFD on all devices studied at different
temperatures of PECVD deposition of silicon films, large pieces of the wafer were dip-
coated and cut into suitable sizes, e.g. 1.5 x 4 cm, such that half part of a piece was
coated and part uncoated. This was to ensure that different film types will be deposited
on the same wafer under the same deposition conditions. After coating, the substrates
were loaded into the PECVD reactor that had been cleaned following the cleaning
procedure described in Appendix 1, for film depositions. All films were deposited
following the procedures in chapter 6. The set values of the parameters were 200 mtorr
pressure, 50 sccm silane flow, 5W RF power and the deposition times were adjusted so
as to obtain film thickness of ~ 40 or 100 nm at different deposition temperatures of
250, 300 and 400 °C.

7.2.1 Deposition of Gate Insulator

The deposition of silicon films was usually proceeded by the deposition of an
insulating dielectric layer. In some cases however, especially with the MIM devices, the
deposition of a dielectric (tunnel dielectric) preceded the deposition of the silicon film
followed by another dielectric layer (control dielectric).

Different dielectrics were investigated for possible use as gate insulators. Since
the major objective was to produce a memory device with all processing temperatures <
400 °C, it was necessary to carefully choose materials which could be obtained at high
quality at < 400°C. The usual SiO, was ruled out because PECVD grown SiO; is
usually not of high quality and added to safety concerns in mixing SiH4 and O,. Those
insulators investigated were zirconium dioxide[356], gadolinium dioxide, silicon nitride

and organic composite insulators polyvinyl acetate (PVVAc) and polystyrene (PS)[357].

The choice of these higher dielectrics was due to the fact that as the thickness
of the SiO, gate dielectric decreases, high leakage current and reduced drive current
becomes fundamental limitations to further scaling of memory devices. Using thicker
dielectric films with higher permittivity than SiO, could therefore minimize these
problems. Silicon nitride mostly used in this work has the advantage that it is highly
resistant to impurity diffusion and oxidation[358]. ZrO, was investigated for use but

because the films were grown elsewhere and due to time constraints, the films were not
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included in the device. Likewise gadolinium oxide was also tested but was not
implemented for similar reasons. Thus only silicon nitride and the organic composite

insulator results will be presented here.

7.2.1.1 Polystyrene and Polyvinyl Acetate

Polystyrene (PS)[359] and polyvinyl acetate (PVAC)[360] have been
investigated and found to be good dielectrics for organic electronic devices. A
combination of the two organic dielectrics have been used in organic memory devices
by Paul et al.,[360] and found to produce good results. Furthermore, Kolliopoulou et
al.,[361] have also demonstrated a combination of organic material and silicon in
memory devices. These organic materials offer the advantage of low costs, low

temperature and ease of fabrication (spin-coating).

40 mg mlI™ of PS and 30 mg ml™ PVAc were prepared separately by dissolving
the organic polymers in dichlorobenzene and methanol solvents respectively and
ultrasonicating in an ultrasonic bath for at least 5 hours until they were completely
dissolved. These were then spin-coated onto the silicon films, first PS then PVAc. The
PS was spin-coated at 4000 rpm and PVAc at 2000 rpm to obtain respective film
thicknesses of 100 nm and 50 nm. The substrates were then left to dry in air and were

ready for the next processing step.

7.2.1.2 Silicon Nitride

Silicon nitride was deposited in the PECVD reactor using the precursor gases
silane, nitrogen and ammonia. The films were deposited at 300 °C chamber
temperature, 350 mtorr pressure, 20 W RF power and silane, ammonia and nitrogen
flow rates of 6.7, 40 and 100 sccm respectively as describe in the previous chapter.
Films were obtained at low growth rate of 5.18 nm min. It should be noted that in most
cases for the final devices analysed, nitride films control insulators were deposited on

the silicon films without breaking vacuum.

7.2.2 Evaporation of Gate Electrodes
Soon as the substrates were removed from the PECVD reactor chamber, they

were loaded into a thermal evaporator Edwards 303. Shadow masks with holes were
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used to produce circular electrodes on the films. The substrates were placed on these
masks at appropriate positions to define the dimensions of the electrodes and placed on
the ceiling of the thermal evaporator. Tungsten coils or boats were used into which
clean aluminium cut wire pieces or gold pieces were place. The system was evacuated
to a pressure of at least 3.2 X 10 Pa. before commencing the evaporation process. The
thickness of the evaporated film was monitored by a sensor connected in the system.
The process was terminated when the evaporated Al thickness reached ~ 100 nm. The

final devices obtained were as shown in figures 7-1 and 7-2 below.

Al Gate
PVAcFilm

PS Film

Poly-Si film

P-type Si Substrate
Al back contact

Al Gate

Al Gate PVAcFilm

PVAcFilm PS Film

P-type Si Substrate
Al back contact

PS Film

P-type Si Substrate

Alback contact

(a) (b) (c)

Figure 7-1: MIS devices (a) containing only PS + PVAc, (b) incorporating a-Si:H
and (c) incorporating Polycrystalline silicon films grown on NFD-coated substrate.
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Figure 7-2: Schematic diagrams of (al-a3) MIS and (b1-b3) MIM devices.

In figure 7-2, the devices al and b1 only contain silicon nitride films while a2
and b2 incorporate a-Si:H films and a3 and b3 incorporate Si films grown on NFD-
coated substrates. In b2 and b3, the Si films are sandwiched between the thin (8-12 nm)
and thick (~45 nm) Si3N4 dielectric layers. In figure 7-2b, the MIM are so called
because the N- (phosphorus doped) type silicon substrate is highly conducting and thus
exhibit metallic electrical characteristics. Because of this, they did not require the Al
back contacts as was the case with p-type Si substrates.

Prior to all electrical measurements, silver conducting paint was used to attach
a silver foil to the back of the substrates onto which the bottom contact with the probe
was made. All electrical measurements were carried out in inside a light-tight box with
electromagnetic shielding to minimize the effect of electromagnetic interaction with the

material during measurements.

7.3 Charge storage in MIS Devices

Charge storage was investigated on MIS devices containing silicon films with

different dielectric materials PS+PVAc and SizN4. This was done by measuring the C-V
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characteristics of the respective MIS devices. Figures 7-3a and 7-3b show the C-V
characteristics of the AI/PVAc+PS/p-Si and Al/PVAc+PS/a-Si/p-Si MIS devices
respectively. No hysteresis was observed with the Al/PVAc+PS/p-Si device, and only
an insignificant hysteresis was observed for the Al/PVAc+PS/a-Si/p-Si device.
Conversely, in figure 7-4a, 7-4b and 7-4c, the Al/PV Ac+PS/Poly-Si/p-Si devices grown
at 250, 300 and 400 °C respectively exhibited large hysteresis. The direction of the
hysteresis was observed to be counter clockwise as the voltages were ramped from
positive to negative and back to positive at a frequency of 1 MHz and 0.1 V/s and 0.1s
time delay. Furthermore, it was observed that the width of the hysteresis increased with
increase in the ramp voltage limit. The hysteresis width was calculated from the
difference in flat band voltage shift between the forward (positive to negative) and
reverse (negative to positive) sweep. The flat band voltage was calculated by taking the
second derivative of the curve of 1/C? against the gate voltage. This results in a function
with a peak corresponding to the flat band voltage of the capacitor under test[291]. This
window was found to increase approximately linearly with respect to the sweep voltage
range. This variation is shown in figure 7-4d. For the Al/PVAc+PS/Poly-Si/p-Si device,
the hysteresis window was calculated to be ~ 4.2V for the +10V/-10V sweep range.
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Figure 7-3: C-V characteristics of metal-insulator-semiconductor reference devices
(a) containing only the insulator PVAc+PS and (b) containing a-Si. No hysteresis is
observed in both.
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Figure 7-4: C-V characteristics of devices containing silicon films grown on NFD-
coated silicon substrates at (a) 250 °C (b) 300 °C and (c) 400 °C. Figure (4d)
shows the variation in the hysteresis width with sweep voltage range.

Further to the C-V curves in figures 7-3 and 7-4, it is observed that the C-V
curve for the device AI/PVACc+PS/p-Si exhibits a small (0.6V) positive flat band
voltage shift (figure 7-3a) which is indicative of the presence a negative charge trapped
at the dielectric/substrate interface. With the addition of the a-Si film, the C-V is shifted
to -2.02V suggesting that a positive charge is trapped. This isn’t the case with the
Polycrystalline silicon film (grown on NFD-coated substrate) which rather shows a
positive flat band voltage shift, suggesting negative charge trap. It is also observed that
C-V curves containing this composite dielectric exhibit a very gentle slope in the
depletion region. This implies the switching between the low and high capacitance

states is slow.

The presence of a hysteresis in C-V characteristics of MIS devices typically
depicts charge storage, ion drift or polarization of the insulator. The absence or

insignificant presence of a hysteresis in the reference samples Al/PVAc+PS/p-Si, i.e.
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those containing only the insulator suggests that no charge is stored in them. Similar
observations have been made with different insulators [362-365]. Furthermore, with the
incorporation of a-Si in the devices Al/PVAc+PS/a-Si/p-Si no hysteresis was observed
which further suggests that charge was not stored in the a-Si films except at the
interfaces as indicated by the shift in flat band voltage. The hysteresis in the device
with the Polycrystalline silicon film is thus an indication of charge storage in these
films. The anticlockwise hysteresis suggests that electrons are injected from the p-Si
substrate into the Polycrystalline silicon film when a negative bias is applied on the Al
electrode and ejected when a positive bias is applied on the Al electrode. Films
containing the Polycrystalline silicon films grown on the NFD-coated substrates at 250,
300 and 400 °C all showed charge storage. The amount of charge store in these films

directly relates to the difference in flat-band voltage shift between the forward and

reverse ramps ( AV, = Vg —Vip| ) and can be estimated by

Q=CAV, (7-1)
where C is the capacitance at accumulation.

Given that the gate insulator PVAc + PS is organic and known to contain lots
of defects, it was necessary to dispel doubts that these hysteresis obtained with
incorporation of polycrystalline silicon films in the MIS devices were actually due to
charge storage in the polycrystalline silicon films and not due to insulating material
defects. Optimized SizN, replaced the organic dielectric in the MIS devices and similar
observations as with the organic were noted. These also revealed insignificant hysteresis
with the reference devices and large hysteresis with those containing the Polycrystalline
silicon films. The graphs are shown in figures 7-5 and 7-6 respectively. The tiny
hysteresis in the reference samples in figure 7-5a can be attributed to charge traps in the
silicon nitride. The C-V curves are shifted to the left, implying that there is a positive
interface charge at the p-Si/nitride interface. This means a higher negative voltage will
need to be applied on the Al top gate to change from inversion to accumulation. The C-
V curves also show a more abrupt change from inversion to accumulation meaning a

higher switching speed than the organic dielectric counterparts. The C-V curves are also
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more shifted to the left of OV showing that a positive charge is trapped at the interfaces

between the nitride and the p-Si substrate.
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Figure 7-5: Normalized C-V curves of MIS devices with (a) ~50nm silicon nitride
only, (b) silicon nitride and a-Si. The thicknesses (in nm) of films in the device in
(b) were AI/50/100/15/p-Si, for the configuration Al/Si3N4/a-Si/Si3N4/p-Si. The
small hysteresis can be attributed to charge traps in the nitride.

The Polycrystalline silicon-containing devices also exhibited hystereses whose
sizes increased with increase in sweep voltage range as shown in figure 7-6a. As
aforementioned, the hysteresis width directly relates to the amount of charge stored in
the poly-film. Assuming all the charge was stored in the polycrystalline silicon film and
none in the dielectric (because of insignificant hysteresis as observed in figure 7-5a), it
was possible to estimate the different electron densities (number of trapped electrons per
unit area) for the different voltage sweep ranges using the simple relation

n= % (7-2)
c is the capacitance per unit area at accumulation which from figure 7-6a below is 110
nF cm? 1.6 x 10™C is the magnitude of electron charge. Table 7-1 shows the
calculated electron density for a MIS device containing silicon film grown on NFD-
coated p-Si substrate. The configuration of the device is Al/SizN4/Poly-Si/SizNa/p-Si.
The thickness of the NFD-Polycrystalline silicon film is ~100 nm and the top and

bottom nitride layers are 50 nm and 15 nm respectively. The C-V hysteresis were
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anticlockwise and as mentioned above, this means charge injection from the p-Si

bottom gate.

Table 7-1: The hysteresis width and charge density for various sweep voltage
ranges.

Voltage Sweep range /V | AVgs = (Vs - Vi) IVolts Electron density / cm™
+4 0.75 5.16 * 10"
+6 1.6 1.10 * 10"
+8 2.1 1.44* 10%
+10 3.4 2.34 * 10"
. 2.5x10"
-g 120.0n ; " E—rsy "
L 100.0n1 N —e—8v ‘e 2.0x10"1
> \‘*'& 6V <
g 80.0n 4 -\. ¥ —v— 4V ?‘) 1.5X1012' .
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2 60.0n 4 . %
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% 20.0n] : 1.0x10
2 20.0n. 8 5.0x10"1
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Gate voltage / V Voltage sweep range

Figure 7-6: C-V curves of MIS devices with (a) silicon nitride + Polycrystalline
silicon at various sweep voltage ranges. 5b shows the charge density variation with
sweep voltage range. The Polycrystalline silicon thickness in the device is ~ 100 nm
and the top and bottom nitride layers are ~50 and 15 nm respectively

The increase in charge density with sweep voltage range shows that more charge is
injected into the floating gate NFD-grown Polycrystalline silicon as electrons acquire
more energy due to the increase in voltage. For the £10V sweep range, the electron
density as calculated using equation (7-2) was ~ 2.34 x 10" cm™. It was also observed
that the switching between the low and high capacitance states was higher for devices
with nitride dielectric than with the organic composite dielectric encountered before.
This is evident from the slopes of the transition regions from inversion to accumulation

in the graphs in figures 7-5 and 7-6a above.
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7.4 Memory Characteristics

Memory behaviour of 250, 300 and 400 °C Polycrystalline silicon grown films
were investigated through leakage current-voltage (I-V) and capacitance-voltage (C-V)
measurements using the two terminal device containing stacked layers of silicon nitride
gate material and silicon films grown with the aid of seeding material from NFD. The
stack form a memory capacitor with a thin SizN4 film of ~8-12 nm as a tunnel layer on
an n*-Si substrate, a Polycrystalline silicon film of thickness ~45-50 nm and another
protective SisN4 insulating layer of 25-30 nm. The device fabrication was completed by
evaporating Al onto the nitride top layer using a shadow mask as describe above. No

further heat-treatment process was performed after this stage.

7.4.1 Leakage Current
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Figure 7-7:1-V curves of devices with silicon films grown on uncoated (broken red
lines) and on NFD-coated substrates (solid black lines) at (a) 250, (b) 300 and (c)
400 °C.
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The leakage currents for devices with films grown at different temperatures are
shown in figure 7-7. All 3 graphs indicate that there is a significant increase in current
for devices containing polycrystalline silicon films compared to those a-Si films.
Furthermore, a more regular and consistent hysteresis is obtained with the
Polycrystalline silicon devices compared to the noisy curves of the a-Si devices. The
lower current in a-Si device was expected as the material is more insulating and acts as
a dielectric. A hysteresis in an 1-V curve typically signifies charge storage in an
insulator. The absence of a significant hysteresis for the devices even containing a-Si
films was evidence that no significant amount of charge was stored in the a-Si film as
well as in the SizN, insulator. The hysteresis observed in the device containing
polycrystalline silicon film can thus be attributed to charge storage in the polycrystalline
silicon film. The clockwise nature of the hysteresis signifies that electrons are injected
into the polycrystalline silicon films from the substrates for positive gate biases by
tunnelling through the thin SisN, layer into the film, and extracted for negative gate

biases.

7.4.2 Memory Window

The memory window can be compared with the hysteresis of the C-V curves of
a capacitive device since the presence of a hysteresis signifies charge storage in either
the insulator or active layer of the capacitive device. The devices containing
Polycrystalline silicon films exhibited a very significant hysteresis as voltages were
ramped from positive to negative and back to positive as shown in figure 7-8 below.
Conversely, no significant hysteresis was observed with the a-Si devices. As mentioned
above, the hysteresis obtained with memory devices on n-type Si substrates increased
with ramp voltage limit as similarly observed with the p-type Si substrate devices thus
signifying a larger memory window and thus larger charge stored. It was also observed
that the hysteresis and thus memory window was larger for devices grown at 400 °C
than at 300 °C and that at 250 °C was even less pronounced. This suggests that growth
temperature of the material had a profound effect on the material quality and that the
films were more poly-crystalline at higher temperature. This presence of a hysteresis
confirmed results from leakage current-voltage (I-V) curves obtained prior to

performing the C-V measurements. The hysteresis was also clockwise as similarly
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observed in the I-V curves meaning electrons injection from the substrate into the
polycrystalline silicon films (or holes extraction from the films to the substrate) when
the top-gate is positively biased. The magnitude of the memory window was estimated
from the flat-band voltage difference AVeg of the C-V curves for the forward and
reverse voltage ramps. For the devices containing the polycrystalline silicon grown at
400 °C, the memory window was estimated to be ~3.0V for the +8V/-8V ramp and
~5.0V for +12V/-12V ramp as opposed to ~2.6V for +8V/-8V ramp for the 300 °C

grown Polycrystalline silicon-containing device.

' .
© £
< 40.0n{ T—— AlISi N /Poly-Si/Si N /n-Si r i i/Si N /n"-Si
3 1,N /Poly Ny TL: 116.0n 4 — Al/Si N /poly-Si/Si,N,/n -Si
g o
€ 39.5n S
> < 114.0n 4
g z
> ©
8 39.0n o
S o 112.0n4
— c
E =
9 38.5n 3
S — & 11000 oo,
-10 -5 0 5 10 15 O -8 -4 0 4 8
Gate voltage / V Gate voltage / V
(@) g (b) 9
€
(8]
< 1000 i SN /n"-Si
E un+ ‘ — Al/Si N, /Poly-Si/Si_N,/n"-Si ‘
]
S 98.0n1
9]
o
(0]
2 96.0n4
8
©
&
g 94.0n
o 8 4 0 4 8
(C) Gate voltage / V

Figure 7-8: Capacitance-voltage characteristic of MIM devices containing Si films
grown on NFD-coated substrates at (a) 250 °C, (b) 300 °C and (c) 400 °C.

7.4.3 Programme/Erase, Retention and Endurance

The main features of a memory device are the ability for it to switch between

two distinct logic levels; “0” and “1” or “on” and “off” or charged and uncharged state,
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and for it to be able to maintain the stored charge either when powered or even when
power is turned off. The memory is said to be non-volatile when it is capable of

maintaining the stored charge for a period of time without being powered.

In order to elucidate the memory programming behaviour of the MIM
capacitive memory device, use was made of different voltage pulses for write, erase and
read. Figure 7-9 shows how the device behaviour followed the applied pulses for the
MIM device containing silicon films grown on NFD-coated substrate. A write pulse of
+8V was applied to the device. This was followed by a read voltage pulse of +1V and
then a -8V erase pulse before another +1V read pulse. It was observed that the
Polycrystalline silicon device could be switched from the low capacitance state (“1”-
state) to high capacitance state (“0”-state) by the application of these voltages. Only 5
cycles of write/erase are shown for clarity. The capacitances at the read voltage of +1V
after each write and erase stayed constant for well over hundreds of complete cycles.
This same pattern of events was also observed for the device containing Polycrystalline
silicon grown at 400 °C. In this case the device was written and erased at +8V

respectively and read at +2V as shown in figure 7-9b.
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Figure 7-9: Capacitance-time graphs showing device switching behaviours between
states "on" and "off"" or "'0"" and 1" when different voltage pulses for write, erase
and read are applied, (a) 300 °C device and (b) 400 °C device.

For the device containing polycrystalline silicon grown at 250 °C, the two
levels for “1” and “0” were not clearly distinguishable and so no further studies were
carried out with this device. However, since it behaved identically to the a-Si devices, it
suggests that these films are more inclined to being amorphous than crystalline. This
observation ties with the photoconductivity and optical band gap measurement which
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showed that the optical band gap was ~1.65-1.8 eV which is in the range of that of a-Si,
and the photosensitivity was in the order of 10? and not 10° like for those grown at

higher temperatures.

To assess the long term retention capability of the memory devices, a write
pulse of +8V was applied followed by 100,000 read pulses. An erase pulse of +8V was
subsequently applied which then switched the device from the “on” to the “off” state.
This was closely followed by 100,000 read pulses of +1V for the 300 °C Polycrystalline
silicon grown device (+2V for the 400 °C device). The “on” and “off” states did not
meet at the end of final read process as observed on the graphs in figure 7-10 revealing
an incredible retention capability.
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Figure 7-10: Capacitance-time variation at the written (“0”) and erased (“1”) -
state of devices at (a) 300 °C and (b) 400 °C.

The observed capacitance closure in the devices can be associated to the
memory window closure observed in various memory devices [366-369]. This memory
window closure depicts charge lost from the device. Nonetheless, these states stayed
well separated in excess of 2.1x10* s suggesting that charge stored could be retained
well above this time. This demonstrates non-volatility for this device. By fitting suitable
curves to the data, it was realised that the capacitance-time for the “0” state fitted
approximately well to the equation

C=C, +Alnt (7-3)
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where C, is the intercept on the capacitance axis and A is the gradient of the capacitance
against the In(t) graph. From equation (7-3),

t= exp(C _ACO J (7-4).

C, and A are obtained from the linear fit of capacitance — In(t) graph. Assuming that the
capacitance of the “1” state stays fairly constant with time t as observed in the graphs in
figure 7-10, the time for the capacitance of the “0” to decay to the “1” state can be
estimated using equation (7-4). For the device studied in figure 10 above, t has been
estimated to be ~19 days and 21 days respectively for the 300 °C and 400 °C devices
respectively. This represents the retention time of the device. Even though the retention
time is much less than the 10 years required for functional device, it is nonetheless
extraordinary given the very youthful stage of the development of the technique. It thus
presents a remarkable potential for its use in glass compatible flash memory and
particularly 3-D flash memory. This is particularly so given the simplicity of the
technique, the low growth temperatures and the fact that its development is still in the
infancy stage. It is believed that if well harnessed, this technique could be beneficial not
only to the flash memory industries but also to other industries requiring poly-S films

such as the photovoltaic industry.

7.5 Summary

This chapter was aimed at investigating the applicability of silicon structures
grown on NFD-coated substrates in memory devices. Devices with silicon films grown
on NFD-coated substrates have exhibited charge storage In addition to that, these
devices incorporating silicon on NFD-coated substrates exhibit some switching action
between high-capacitance (“0”-state) and low capacitance (“1”-state). This is analogous
to the programmed and erased states of a memory device. Furthermore, the devices are
found to exhibit non-volatility as the capacitance at the erased and programmed states
stay separated well above 6 hours. An estimate of the retention time of 20 days has been
obtained based on some curve fitting the behaviour of the capacitance-time curves. No

heat-treatment was performed these devices after the deposition of the films.
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Chapter 8. Conclusion and Recommendations

for Further Research

8.1 Introduction

The chapter has as objective to summarize the major results of this thesis. The
objectives of this thesis were to develop a novel low temperature technique for growing
polycrystalline silicon films at temperatures < 400°C and to investigate the possibility
of using these films as the FG charge storage medium in flash NVM with the possibility
of extending their use in 3-D flash memory and to study the retention and endurance
behaviour of memory devices with FG material fabricated by the novel technique.
Despite the myriad of problems encountered during the execution of this project, a
number of results have been obtained, which in themselves may set as a spring board to
further studies of this novel low thermal budget technique of growing silicon structures.
Summarized below are the major contributions from this thesis and the

recommendations for further work based on the observed results.

8.2 Major Results

As observed in the early chapters of this thesis, Ni particles have been used for
various purposes and for the growth of Polycrystalline silicon films using the MILC and
MIC processes. This has often been done either by growing the a-Si films directly on
deposited Ni particles on substrates or by depositing Ni film on a-Si films accompanied
by annealing. This research has for the first time demonstrated the possibility of
growing polycrystalline silicon structures directly on substrates coated with the Ni
source material, nickel formate dihydrate that decomposes in-situ the PECVD process
to provide a seeding for the nucleation and growth of Polycrystalline silicon films.
Furthermore, the films grown on these NFD-coated substrates have been found to have
the capability of charge storage. In a 2-terminal memory device, these films have clearly
shown non-volatile memory behaviour. Thus in the course of developing this growth

technique, the following were major contributions:

1. More uniform and thicker films of NFD on glass and silicon substrates

resulted from dip-coating. Various factors were found to affect the
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thickness of the films, particularly concentration of solution, the choice of
the solvent, the immersion time and the withdrawal speed. Water was
found to be the best solvent and the best optimized conditions for NFD

coatings were obtained.

2. Through FTIR, UV-VIS, AFM and conductivity measurements, it has been
shown that films grown under identical RF PECVD reactor conditions on
uncoated substrates and NFD-coated substrates show distinct
characteristics. While those on uncoated substrates exhibit amorphous
properties, those grown on NFD coated substrates without further annealing
exhibit polycrystalline properties. For instance, under the same condition,
an optical band gap of 1.22 eV was obtained for NFD-coated substrate
films and 1.78 eV for uncoated substrate films.

3. Through electrical measurements on MIS and MIM devices, silicon films
grown on NFD-coated substrates at < 400 °C and > 250 °C have been
found to exhibit electron storage in the order of 10" cm™. Those grown at
300 and 400 °C have exhibited non-volatile memory characteristics even

though with an initial estimated retention time of only ~20 days.

In the entire work, all major process conditions were less < 400 °C. Thus the
major contribution is the demonstration of a new low thermal budget growth method of
Polycrystalline silicon. This method has the potentials of growing quality silicon
structures capable of being applied in memory device fabrication. The method is glass
compatible since process temperatures are within the allowable limits of glass. The
exhibition of non-volatile memory behaviour of the films grown by this new technique
could open up a window for their application in systems-on-glass industry especially
where memory integration is required. Furthermore, concerning 3-D flash memory, the
techniques meets the process temperature requirements of < 400 °C thus speeding the
way to higher storage capacity, higher speeds, and better endurance for future 3-D flash

memory than today’s conventional planar memories.
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8.3 Recommendation for Further Studies

This research has demonstrated a new low temperature method of growing
polycrystalline silicon and has also demonstrated their possible use in memory devices.
Despite some of the encouraging results, there are still many unanswered questions
about this low temperature growth method that need to be addressed. This thus opens up
different ways through which this research can be expanded in order to address some of
the unanswered issues. This section thus deals with some recommended areas of further

research to address some cited issues.

8.3.1 Dip-coating of NFD

During the investigation of the dip-coating of NFD, it was found that the
concentration of NFD and other factors affect the final thickness of the films. It was
proposed that the diffusion-adsorption mechanism was mostly responsible for the
increase in thickness of the films with increase in immersion time. However, only single
dip-coating cycles (i.e., the process of lowering the substrate into the solution, keeping
it in the solution for an immersion time and withdrawing from the solution is one cycle)
of substrates were investigated. It was assumed (after a few trial multiple dipping
cycles) that a second dip of the coated substrate in NFD solution would lead to the film
on the substrate being absorbed into the solution since a concentration gradient will
exist between the films on the substrate and the NFD solution. This however needs to be
explicitly established. This could be done by studying how the films thickness develops
through multiple cycle coatings in different solution concentrations of NFD.
Furthermore, film morphology (uniformity) for different coating conditions should be

established throughout.

8.3.2 Contamination of Si Films

The presence or absence of metallic Ni contaminants in the grown
polycrystalline silicon films was not clearly established. It is important that this should
be established clearly through methods like Secondary ion mass spectrometry (SIMS)
and any other suitable method like total-reflection X-ray fluorescence, inductively
coupled plasma optical emission spectroscopy, RF glow discharge optical emission

spectroscopy, and laser ablation inductively coupled plasma mass spectrometry, so as to
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understand how these metallic contaminants affect the physical and electrical properties
of the films as well as their effects, if any, on the memory device reliability.
Furthermore, the optical band gap was a major factor in the optimization of the films
and to conclude that films on coated substrates were polycrystalline. It is suggested that
other established methods like XRD and Raman spectroscopy should be used to

corroborate the results obtained from UV-Vis spectroscopy and Tauc plots.

8.3.3 Memory

Memory devices exhibited some switching behaviour and some retention of
electrons. However, it was observed that a high percentage of the charge was lost within
the first few minutes. Furthermore, the retention time was far too small compared to
current technology. The cause of these issues and the factors that influence the
reliability of the memory devices should be studied. This could be done by studying the
films for any contaminants as well as investigating different control and tunnel

dielectrics and the interface properties of the device layers.
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Appendices

Appendix 1: Substrate Cleaning

8.3.4 Corning Glass Substrates

1.

N g bk~ w DD

Ultrasonication in a 5 % Decon 90 in 18 MQ De-ionized (D.l.) water for mixture for
30 minutes;

2 minutes ultrasonic rinse in 18 MQ D.I. water. Repeat 5 times;

15 minutes ultrasonic rinse in Fisher electronic grade acetone;

15 minutes ultrasonic rinse in Fisher electronic grade isopropanol;

2 minutes ultrasonic rinse in 18 MQ D.I. water. Repeat 5 times;

Blow-dry with nitrogen gun;

Dry-bake in air over a hot plate at 200 °C for 1 hour.

8.3.5 Crystalline Silicon

1.

© a0k~ w N

Bomb-clean for 10 minutes in a mixture of 50 % sulphuric acid and 50 % hydrogen
peroxide

2 minutes ultrasonic rinse in 18 MQ D.I. water. Repeat 5 times;

30 seconds dip into buffered electronic grade 50 % HF (H,O:HF = 10:1)

2 minutes ultrasonic rinse in 18 MQ D.I. water. Repeat 5 times;

Spin-dry under nitrogen flow at 3000 rpm for 30 seconds

Dry-bake in air over a hot plate at 100 °C for 15 minutes

8.3.6 Plasma Cleaning of Substrates

1.

Load dry substrates (previously cleaned following steps in Appendix 1) in a rack
and gently place in the plasma etcher chamber (model PT17100) axially presenting
the maximum surface area, then close the chamber door;

Switch off the VENT valve and evacuate the chamber by switching on the Rotary
Pump switch;

Pump down until the vacuum is at least 0.05 mbar;

Turn the argon gas on and open the tap leading to the etcher;

Switch on the Stand-by and depress Gas 2 needle valve so as to regulate the
chamber pressure to ~ 0.1 mbar (N.B. Gas 1 needle valve is for oxygen);
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10.

11.

12.

13.

14.

182

Turn the power control knob to minimum setting and then depress the RF button to
operate the RF power switch;

Keep the reflected power to a minimum by adjusting the TUNING control to
reinforce the glow discharge in the chamber. Further adjust the Tuning control to
maximize the forward RF power and minimise the reflected power reading.
Gradually increase the power to the required value ~50-60W by turning the power
control knob, also keep adjusting the tuning to maintain minimum reflected power;
Start the count-down (manually or automatically set);

Keep an eye on the pressure and adjust the gas flow by adjusting the needle valve
so that the pressure is maintained at ~0.1 mbar;

Leave the process to run for the set time (usually 10 min) while constantly check
the operation is stable;

Reduce the power to minimum and unlatch the RF switch to terminate the process
after the set time has elapsed;

Adjust the needle so as to completely stop gas flow into the chamber and unlatch
gas 2 switch and turn off the gas at the cylinder head and tap;

Allow the chamber to cool down for ~ 30 min, release the PUMP switch to vent the
chamber;

When vented, open the glass door of the reaction chamber and remove the

substrates rack. Pack samples in sample boxes; they are clean and ready for use.
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Appendix 2: The PECVD System

‘Two chambers ; Master and Slave connected serially.
*‘Master for PECVD and Slave for RIE
Master Chamber

Slave chamber Throttle valve

Roots and
Rotary pump
Chiller
Platen, d=24cm Shower head Master Chamber top view

RF generator connector
Data keypad

unction keypad

RF Generator

RF matching unit

Temperature control unit
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Appendix 3: Supplementary AFM DATA

Figure 0-1: AFM micrograph of silicon film grown at 300 °C on NFD-coated
substrate. The surface grain are observed to be elliptical with dimensions of
~180 X 90 nm
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Figure 0-2: AFM topography of silicon film grown at 250 °C on NFD-coated
substrate. The images show surface grains at different positions and exhibit
their variation in size. In the "'surface well", the size is ~ 40-50 nm while on

the surface the grain size is ~ 90-100 nm.
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