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Abstract

In recent years, the portable electronic products have widely applied, such as digit
camera, laptop, cell phone and so on. These portable electronic products play an
important role in the market; and these products are all based on the nonvolatile memory
(NVM) for data storage center. Hence, the current requirements of NVM are the high
density cells, low-power consumption, high-speed operation and good reliability for
scaling down devices. However, all of the charges stored in the conventional floating gate
NVM will leak back to substrate because the tunnel oxides have leakage paths during
operation processes. It is even worse when being scaled down. Therefore, the thickness
of tunnel oxide is difficult to scale down in terms of charge retention and endurance
characteristics. The nonvolatile nanocrystal memory and SONOS memory are promising
candidates to replace the conventional floating gate memory, because the discrete storage
nodes of themselves are enveloped. Both of them are capable to improve data retention
under operation and have been provided by the endurance test which is good for device
further down scaling efficiently.

In this thesis, we proposed a SiGeO stacking structure serving as Ge nanocrystals
self-assembled layer for application of nanocrystal NVM. We successfully incorporated

oxygen into SiGe layer to form SiGeO ternary film by sputtering commixed SixGe;.x
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target in an Ar/O, ambiance at room temperature. In additional we fond out that
pre-annealing-capping oxide (PACO) is a critical step in our experimental process, and
then we used the different oxidized mechanism between Si and Ge. The uniform and high
density (~10"%cm™) of Ge nanocrystals was fabricated after a rapid thermal annealing
(RTA) process. The Ge nanocrystals were isolated better and the defects (leakage path) in
the SiOx which surrounds the nanocrystal were reduced by increasing the thermal
treatment time. This process can reduce the probability of charges losing and improve the
data retention time.

As the same, we used similar method that oxygen was replaced by nitrogen. The Ge
nanocrystals embedded in SiNy structure was fabricated by using the same process. The
memory window for the stacked structure with Ge NCs embedded in SiNy layer is larger
than Ge NCs embedded in SiOy layer, due to the extra charge trapping centers generated
for Ge NCs embedded SiNy layer. Furthermore, we also increased the time for thermal
treatment resulting in better Ge NCs isolation and less defects in the SiNy. That improves
the data retention time, too.

In addition, by using high dielectric constant layer (ErSiGeO) for charging tapping
layer structure has better memory ability and the operation speed is improved, too.
Finally, all of the above fabrication techniques for the application of nonvolatile
nanocrystal memory can be compatible with current manufacture process of the

integrated circuit manufacture.
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Chapter 1

Introduction

1.1 General Background of Nonvolatile Memory

In recent years, the portable electronic products have widely applied in our life.
Such as cellular phone, digital camera, laptop, PDA, memory cards, MP3 audio player,
USB flash personal disk etc. These products are all based on flash memory which is
nonvolatile and they can keep stored information when the power supply switches off.
Flash memory also has several advantages, such as the ability to be electrical
programmed and fast simultaneous block electrical erase in a single-cell, smaller cell size
to achieve higher chip density, and:better flexibility [1.1-1.2]. The flash memory
fabrication process can be compatible with the current CMOS process and be a suitable
solution for embedded memory application. Flash memories are easily scale down and
replacement for EPROMs (Erasable Programmable Read Only Memory) and EEPROMs
(Electrically Erasable Programmable Read Only Memory). As these critical advantages
flash memory possesses, it has become the mainstream nonvolatile memory device in last
few decades.

In 1960’s, due to the high cost, large volume and high power consumption of the
magnetic-core memory, the electronic industries urgently required a new kind of memory
to replace the magnetic-core memory. In 1967, D. Kahng and S. M. Sze invented a new
structure called floating-gate (FG) nonvolatile semiconductor memory at Bell Labs [1.3].
A standard conventional floating-gate device structure is shown in Figure 1-1. The
structure is basic on a Metal Oxide Semiconductor Field Effect Transistor (MOSFET)
with a modified stacking gate which composed by control gate, dielectric, floating gate
and dielectric as a sandwich structure. Silicon dioxide (SiO;) is the most common
dielectric which the FG was embedded in. The FG acts as a charge storage node. Charges
injected into the FG were retained there, resulting in the threshold voltage shift of the cell
transistor for nonvolatile application.

Nowadays, nonvolatile memory device are moving toward higher density memory
array, lower power consumption, low cost, higher speed operation and better reliability.

Therefore the flash memory devices come to be in face of their limitations. Although the
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conventional FG memory does not need refreshing, consume less power and achieve
higher array density. However, the FG memory has slower operation speed and poor
reliability. In order to improve the program / erase speed of the FG memory, the thickness
of tunnel oxide must be reduced. The tunnel oxide must be thin enough to achieve fast
and efficient charge transport ability. On the contrary, tunnel oxide needs to provide
superior isolation under retention, endurance and disturbed conditions to keep the data
integrity to 10 years. When the tunnel oxide becomes thinner, program speed will be
faster. But if we need better isolation and reliability, we should increase the thickness of
the tunnel oxide. So that is a trade-off between the operation speed and the reliability.
Currently, the tunnel oxide of the commercial flash memory devices is about 8-11nm,
Resulting in high programming voltage and slow programming speed [1.4].

For the conventional FG memory, if there are several defects in the tunnel oxide
after programming or erasing operated steps, might induce a leakage path. That make all
charge stored in the FG leak back to the channel. That is why the conventional FG
memory always needs thicker tunnel oxide to get better retention. In order to overcome
the scaling limitations of the conventional FG structure, there are two most mentioned
candidates. One is the .semiconductor/oxide/nitride/oxide/semiconductor (SONOS)
[1.5-1.7] nonvolatile memory device. The other one is nanocrystal [1.8-1.10] nonvolatile
memory device. These two structures have been demonstrated to improve the retention
time compared to the conventional FG memory. Therefore, the tunnel oxide thickness

could be decreased for faster operation speed and lower operation voltages.

1.2 SONOS Nonvolatile Memory Device

Poly silicon/control oxide/silicon nitride/tunnel oxide (SONOS) nonvolatile
memory device structure is shown in Figure 1-2. The charge storage elements in SONOS
memory are the charge traps distributed throughout the volume of the silicon nitride layer.
It is well known that silicon nitride contain a lot of traps, and the trap density is about
10"%-10"cm™ according to Yang et al [1.11] and stores both electrons and holes (positive
charges) injected from the channel. The first nitride-base devices is metal-gate nitride
device MNOS (Metal/Nitride/Oxide/Silicon) which was reported in 1967 by Wegener et
al [1.12]. Figure 1-3 illustrates the progression by the device cross section, which has led
to the SONOS device structure. Initial device structures in the early 1970s were
p-channel metal/nitride/oxide/silicon (MNOS) structure with aluminum gate electrodes

and 45nm thick silicon nitride charge storage layers. Write/erase voltages were typically

.



25-30 V. In the late 1970s and early 1980s, scaling moved to n-channel SNOS devices
with program / erase voltages of 14-18 V. In the late 1980s and early 1990s, n- and
p-channel SONOS devices emerged with program / erase voltages of 5-12 V. In the
SONOS device, an oxide layer is introduced between the gate and the silicon nitride
region. Thus, it forms the ONO (Si0,/Si3N4/Si10,) gate dielectric stack (Fig. 1-2) instead
the nitride layer with just a metal or semiconductor gate. The purpose of top blocking
oxide is to reduce the charge injection from the control gate into nitride layer, limiting the
memory window of both MNOS and SNOS devices.

The SONOS memory devices have attracted a lot of attention due to theirs several
advantage over the conventional FG flash memory devices. Include reducing process
complexity, getting higher operation speed, lowering operation voltage, improving
endurance and elimination of drain-induced turn-on [1.13-1.15]. The main difference
between the conventional FG flash and SONOS memory is the charging method.
Conventional FG structure charges.carrier in the continuous conductive polysilicon. On
the other hand, SONOS structure charge carrier. in the physical discrete traps of the
silicon nitride dielectric. The charge stored in the silicon nitride can not move easily,
hence the SONOS can bear the defect in the tunnel oxide induced the leakage path.
Therefore, the SONOS memory device has better endurance the conventional FG
memory.

The SONOS memory device still has to face the challenge in the future for high

density nonvolatile memory application, which require lower power (< 5V), lower power

consumption, faster operation speed, longer retention time and superior endurance
characteristics. A lot of approaches have been proposed for improving the SONOS
performance and reliability. Chen et al. demonstrated a Si;N4 bandgap engineering (BE)
control method for better endurance and retention. A nitride with varied relative Si/N
ratio throughout the film has increased the charge-trapping efficiency significantly [1.16].
She et al. demonstrates that high-quality nitride is applied as the tunnel dielectric for a
SONOS-type memory device. Compared to control devices with SiO, tunnel dielectric,
faster programming speed and better retention time are achieved with low programming
voltage [1.17]. Chen et al. studies a polycrystalline silicon thin-film transistor (poly-Si
TFT) with oxide/nitride/oxide (ONO) stack gate dielectrics and multiple nanowire
channels for the applications of both nonvolatile silicon-oxide-nitride-oxide-silicon

(SONOS) memory and switch transistor [1.18]. The proposed NW SONOS-TFT exhibits



superior memory device characteristics with high program/erase efficiency and stable
retention characteristics at high temperature. Such a SONOS-TFT is thereby highly
promising for application in the future system-on-panel display applications.

In recent research, high-k dielectric materials were proposed to replace the silicon
nitride film as trapping layer, such as HfAIO and Al,Os [1.19]. HfAIO with 10% Al,Os
has very similar band offset to pure HfO,. The conduction band offset of HfAIO with
respect to Si is the smallest (1.63 eV), compared to 2 eV for SizsN4 and 2.8 eV for ALOs.
Hence, at the same gate bias where modified F-N tunneling dominates, the electron
tunneling distance from the Si substrate to the conduction band of the storage dielectric
layer is shortest in HfFAlIO and longest in Al;O3 [1.20]. The over-erase phenomenon in the
SONOS memory structure is minimized by using hafnium oxide (SOHOS) to replace
silicon nitride (SONOS) as the charge storage layer. Unlike SONOS devices, SOHOS
structures show a reduced over-erase phenomenon and self-limiting charge storage
behavior under both erase and program operation. These are attributed to the differences

in band offset and the crystallinity of the charge storage layer [1.21].

1.3 Nanocrystal Nonvolatile Memory Device

Nanocrystal nonvolatile memories are one particular implementation of storing
charge by dielectric surround nanodots, and-were-first introduced in the early 1990s by
IBM researchers who proposed flash'memory with a granular floating gate made from
silicon nanocrystals [1.8]. The name nanocrystal referred to a crystalline structure with a
nanoscale dimension. And its electric properties are more similar to an atom or molecule
rather than the bulk crystal. Figure 1-4 shows the nanocrystal nonvolatile memory device
structure. We can find out that the nanocrystals are separated with each other and
embedded in the gate dielectric layer. In the nanocrystal nonvolatile memory device, the
charges were charged in the isolated nanocrystals instead of the continuous FG
polysilicon layer. Each nanodots will typically store only a handful of electrons;
collectively the charges stored in these dots control the channel conductivity of the
memory transistor.

Nanocrystal NVM devices have been attracted a lot of attentions recently due to the
potential to overcome the limitations of traditional FG NVM. Using the nanocrystal to
store charge offers several advantages. The main one is the potential to use thinner tunnel
oxide without sacrificing nonvolatility. This is quite attractive issue since reducing the

tunnel oxide thickness is a main factor to lowering operating voltages and/or increasing
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operating speed. This claim of improved scalability results not only from the distributed
nature of the charge storage, which makes the storage more robust and fault-tolerant, but
also from the beneficial effect of Coulomb blockade [1.22]. And the lateral charge
migration phenomenon will be suppressed by the mutually isolated nanocrystals with
each other. Quantum confinement effects (bandgap widening; energy quantization) can
be exploited in sufficiently small nanocrystal geometries (sub-3nm dot diameter) to
further enhance the memory performance. There are other important advantages for
nanocrystal NVM device. First, the fabrication of the nanocrystal memories is more
simplified and lower process cost as compared to the conventional FG memories. Second,
due to the absence of drain to FG coupling, nanocrystal memories suffer less drain
induced barrier lowering (DIBL) and therefore have intrinsically better punch-through
characteristics. This advantage is gained a higher drain bias during the read operation,
thus improving memory access time [1.23]. It allows using shorter channel lengths and
therefore smaller cell area. Third, nanocrystal memories are characterized by excellent
immunity to stress induced leakage current (SILC) and oxide defects due to the
distributed nature of the charge storage-in the nanocrystal layer. The other is low
capacitive coupling between the external control gate and the nanocrystal charge storage
layer. This does not only result in lower operating voltages, thus offsetting the benefits of
the thinner tunnel oxide, it-also removes an important design parameter (the coupling
ratio) typically used to optimize the performance and reliability tradeoff.

The fabrication of a nonvolatile memory cell requires a perfect control of four
parameters: (1) the thickness of tunnel oxide, (2) the density of nanocrystals, (3) the size
of nanocrystals, and (4) the thickness of control oxide. An important issue of the
nanocrystals memory is the average dot size and the nanocrystal density. Larger dot size
provide faster program / erase speed due to smaller quantum confinement and coulomb
blockade effects and hence better carrier tunneling injection. But it also shows
undesirable disadvantages with large size nanocrystal. Stress induced leakage during
retention is one of them to make the device worse reliability. And as the nanocrystal size
increase, the density of nanocrystal will be decrease. Thus it is also a trade-off between
operating speed and reliability in selecting size of nanocrystal. A typical target is a
density at least 10'”cm™, and requires nanocrystal size be about 5 nm and below.
Moreover, good process control is needed with regards to such nanocrystal features as:
planar nanocrystal layer; inter-crystal interaction (lateral isolation); and crystal doping

(type and level). Finally, it is preferred that that the fabrication process is simple and that
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it uses standard semiconductor equipment.

After S. Tiwari proposed silicon nanocrystal memory devices instead of FG memory.
In order to improve the data retention by Coulomb blockade effect, double layer silicon
nanocrystal memory has been invented [1.24]. It seems interesting to use Ge nanocrystals
rather than Si nanocrystals because of its smaller band gap and higher dielectric constant.
Indeed King and Hu have recently demonstrated the superior memory properties of Ge
based nanocrystal memories over those based on Si [1.25]. As the size and size
distribution of the nanocrystals have been considered, She et al. [1.26] made a conclusion
on Ge nanocrystal memory device that size around 5 nm is preferred to achieve fast
programming speed and longer retention time. And size should not be scale below 5 nm
due to the quantum confinement effect will be very significant.

There are several nonocrystal fabrication processes which have been demonstrated.
Numerous effort have focused on obtaining a high density of nanocrystals through a
variety of techniques including aerosol technique, ion implantation, direct chemical vapor
deposition (CVD), evaporation deposition such as sputter, dual E-gun, MBE and

re-crystallization annealing of amorphous-silicon (@ -si). Kim et al. used conventional

low pressure chemical vapor deposition (LPCVD) to fabricate silicon nonocrystals at 620
‘C [1.27]. Direct CVD of silicon is preferred over ion implantation and re-crystallization
annealing because it is difficult torcontrol the required amount of silicon in the stack.
Further, nucleation and growth by CVD provides simpler processing to control the size
and the density of nanocrystals. Silicon nanocrystals with density between 10'' and
10"2cm™ have been deposited in various dielectrics such as SiO, SisNs and ALO; by
using CVD process. A higher density about 5x10''cm™ was obtained on nitride surface,
and the density was more than three times larger that on oxide surface[1.28]. Fernandesa
et al. acquired the higher Si quantum dots density (~10"cm™) by integrating on
Si0,/Al,05 tunneling dielectrics [1.29]. To fabricate Ge nanocrystals, the oxidation of
mixed SiGe films has been proposed [1.25]. As the SiGe layer be oxidized, the Ge
element will be segregated and Si will be oxidized into SiO, [1.30-1.31]. Ostraat et al.
proposed an aerosol silicon nanocrystal nonvolatile memory device with large threshold

voltage shift (>3V), sub-microsecond program times, millisecond erase times, excellent
endurance (> 10’ program/erase cycles), and long term retention (> 10° sec) [1.32].As

for the tunnel dielectric for nanocrystal NVM devices, high-k tunnel dielectric were

investigated [1.16] [1.28] [1.33]. Results show that due to its unique band asymmetry in
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programming and retention mode. Using high-k dielectric on Si channel offers lower
electron barrier height and larger dielectric thickness resulted in much higher I, write/Erase/
IG, Retention ratio than SiO,. Therefore, we get faster program / Erase speed and longer
retention.

In the future, the primary drivers behind nanocrystal memories are the potential to
reduce the tunnel oxide thickness, resulting in lower operating voltages, and the
simplicity of a single poly-silicon process. But there are still challenges for nanocrystal
memories in the long road to commercialization. Nanocrystal memories have yet to
deliver on most of their promises. In reality, part of the voltage gain is offset because of
the poor control gate coupling. For fabrication processes, it is hard to control the
uniformity of the nanocrystal size and their physical locations in the channel. It is not a
surprise that nanocrystal memories exhibit large device-to-device variation. Moreover, it
has yet to be demonstrated that both the nominal and the statistical retention behavior are
sufficient to meet true non-volatility requirements. Although single-dot memories have
been demonstrated [1.34-1.35], but a more fundamental understanding of the scaling
limits of nanocrystal memories is necessary, concentrating especially on the aspect of
controlling channel conductance when relying on only a few discrete charge centers
[1.36]. Finally, in order for that to happen, their claimed benefits will need to be more
unambiguously substantiated, and a more appealing bundle of memory features will have

to be demonstrated.

1.4 Motivation

For nonvolatile semiconductor memories is to achieve low power, low voltage
performance. For nonvolatile flash memories, two limitation had encountered at the
present time are: (1) The limited potential for continued scaling of device structure, The
scaling limitation stems from the extreme requirements put on tunnel oxide layer. In
order to get balance between program / erase speed and retention time, it is a trade-off
to get the optimal tunnel oxide thickness. (2) The quality and strength of tunnel oxide
after plenty of program / erase cycles. Once a leaky path has been created in tunnel oxide,
all the charge stored in the floating gate will be lost. Therefore, two kinds of new
structure was suggested, SONOS and nanocrystal NVM devices, are proposed to
overcome this oxide quality limit of the conventional FG structure.

These technologies replace the FG structure with a great number of charge-storage

nodes in the dielectric or in the nanocrystal. Unlike the FG, the local leakage path will not
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cause the entire loss of information for the nanocrystal NVM device. This effectively
prevents the leakage of all the stored charges out of the floating gate.

In this thesis, a new idea of crystallize nanocrystal was be proposed. We chose
sputter system which is lower cost than furnace system. To deposited a SiGeO film by
sputtering SiGe co-mix target in Ar/O, ambient to replace the FG in flash structure. This
is a new process to deposit a ternary SiGeO compound. We also chose rapid thermal
annealing (RTA) to reduce thermal budget than furnace annealing to avoid Ge over
oxidizing. After thermal treatment, Ge in the SiGeO film will be segregated to form Ge
nanodots embedded in the SiOy dielectric. And it shows memory effect and reaches the
requirement of retention of 10 years and reliability for NVM application. Furthermore ,
we proposed a other new ternary SiGeN compound. Using the similar process to form Ge
nanodots embedded in SiNy dielectric. And it also show memory effect and reaches the

requirement for NVM application.

1.5 Organization of This Thesis

This dissertation is divided into six chapters. The contents in each chapters are
described briefly as follows:
In chapter 1, general background of nonvolatile memory, conventional flash memory,
SONOS nonvolatile memory and nanocrystal memory are introduced.
In chapter 2, basics of program and erase operation are introduced.
In chapter 3, the Ge nanocrystal embedded in SiOx NVM structure, experimental process
flow, results and discussions will be stated in this chapter.
In chapter 4, the Ge nanocrystal embedded in SiNy NVM structure, experimental process
flow, results and discussions will be stated in this chapter.
In chapter 5, the Ge doped in Erbium silicate high-k dielectric film, which is a SONOS
type NVM structure, experimental process flow, results and discussions will be stated in
this chapter.

In chapter 6, the final chapter is included the conclusions and the future work.
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Figure 1-1 The structure of the conventional floating-gate (FG) nonvolatile memory

device. Continuous poly-silicon gate is used as the charge storage element.
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Figure 1-4 The structure of the nanocrystal (NC) nonvolatile memory device. The
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Chapter 2

Nonvolatile Memory Basic Principles

2.1 Introduction

Most of operations on novel nonvolatile memories, such as SONOS and nanocrystal
memories are base on the concept of Flash memory. If data was stored in selected cell of
the memory, there are different procedures. The threshold voltage shift of a Flash

transistor can be written as [2.1-2.2]:

Q
Cec

where Q is the charge weighted with respect to its position in the gate oxide, and

AV, =

the capacitances between the floating gate (FG) and control gate. The threshold voltage
of the memory cell can be altered by changing the amount of charge present between the
gate and the channel, corresponding to the two states of the memory cell, i.e., the binary
values (“1” and “0”) of the stored bit. Figure 2-1 shows the threshold voltage shift
between two states in a Flash memory. To a nonvolatile memory, it can be “written” into
either state high state “1” or low state “0” by either “programming” or “erasing” methods,
which are decided by the definition of memory cell itself. There are many solutions to
achieve “programming” or “erasing”.

In this chapter, we will discuss program/erase mechanisms from the relation
between bias and energy band bending. And different carrier injection mechanisms such
as tunneling injection, channel hot electron injection and band to band tunneling. We will
also discuss the reliability test briefly such as retention and endurance of NVM. Finally,
some unique characteristic of nanocrystal memory will be discussed in the end of this

chapter.

2.2 Basic Program/Erase Mechanisms

2.2.1 Energy band diagram during program and erase operation
The program/erase physical operation of a standard SONOS memory is illustrated in

Figure 2-2. In the program operation, when a positive bias relative to the p-type substrate
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applied on gate electrode, substrate induces an electron channel (inversion layer). Then
the electron will tunnel through the tunnel oxide into the silicon nitride film and be
trapped in deep level traps. Some electrons will not be trapped in the nitride film and will
tunnel through the blocking oxide into gate electrode. The trapped electrons provide the
electrostatic screening of the channel from the control gate, and result in a threshold
voltage (Vr) shift. In the erase operation, when a negative bias relative to the p-type
substrate applied on the gate electrode. The holes will tunnel through tunnel oxide into
the nitride trapping layer and partially be trapped. Further, trapped electrons may be
de-trapped into the nitride conduction band and then tunnel back to the channel. Thus, for
SONOS memory device operation both carrier types are involved in the transport
process.

Figure 2-3 illustrates schematically the write and erase operation of an n-channel
nanocrystal memory. When the different bias applied on gate electrode, it causes different
results. When the bias is positive relative to substrate, the electrons in the inversion layer
inject in to the nanocrystal. That phenomenon is called “write operation”. On the contrary,
negative bias applied to gate‘causes the electrons tunneling back to channel and the holes

in the accumulation layer tunneling into the nanocrystal from the channel.

2.2.2 Carrier Injection Mechanisms

(a) Channel Hot Electron Injection (CHEI)
The physical mechanism of CHEIL is relatively simple to understand qualitatively.
An electron traveling from the source to the drain gains energy from the lateral electric
field and loses energy to the lattice vibrations (acoustic and optical phonons). At low
fields, this is a dynamic equilibrium condition, which holds until the field strength
reaches approximately 10°V/cm [2-3]. For fields exceeding this value, electrons are no
longer in equilibrium with the lattice, and their energy relative to the conduction band
edge begins to increase. Electrons are “heated” by the high lateral electric field, and a
small fraction of them have enough energy to surmount the barrier between oxide and
silicon conduction band edges. Figure 2-4 shows schematic representation of CHEI
MOSFET and the energy-distribution function with different fields.
In the other hand, the effective mass of hole is heavier than one of electron. It is too
hard to obtain enough energy to surmount oxide barrier. Therefore, hot-hole injection
rarely is employed in nonvolatile memory operation. For an electron to overcome this

potential barrier, three conditions must hold [2.4].
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(1) Its kinetic energy has to be higher than the potential barrier.
(2) It must be directed toward the barrier.
(3) The field in the oxide should be collecting it.

Nevertheless, a description of the injection conditions can be accomplished with two
different approaches. The CHEI current is often explained and simulated following the
“lucky electron” model [2.5]. This model is based on the probability of an electron’s
being lucky enough to travel ballistically in the field € for a distance several times the
mean free path without scattering, eventually acquiring enough energy to cross the
potential barrier if a collision pushes it toward the Si/SiO, interface. Consequently, the
probability of injection is the lumped probability of the following events [2.6], which are
depicted in Figure 2-5.

(1) The carrier has to be “lucky” enough to acquire enough energy from the lateral
electric field to overcome the oxide barrier and to retain its energy after the collision that
redirects the electron toward the interface (Pepb).

(2) The carrier follows a collision-free path from the redirection point to the interface
(Pep).

(3) The carrier can surmount the repulsive oxide field at the injection point, due to the
Schottky barrier lowering effect, without suffering an energy-robbing collision in the

oxide (Poc).

(b) Tunneling Injection

There are several tunneling mechanisms are demonstrated in quantum mechanics.
Basically, tunneling injection must to have available states on the other side of the barrier
for the carriers to tunnel into. The tunneling probability, depending on electron barrier

height (¢ (x) ), tunnel dielectric thickness (d), and effective mass (m.) inside the tunnel

dielectric, is express as [2.7]

d o) #
T = exp( —ZIM&Y)
o7 (2-1)

If we assume elastic tunneling, this is a reasonable assumption due to the thin oxide
thickness involved. Namely, no energy loss during tunneling processes. Tunneling
through the oxide can be attributed to different carrier-injection mechanisms. Which

process applies depends on the oxide thickness and the applied gate field or voltage.
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Direct tunneling (DT), Fowler-Nordheim tunneling (FN), modified Fowler-Nordheim
tunneling (MFN) and trap assistant tunneling (TAT) are the main programming

mechanisms employed in memory [2.8-2.10] as shown in Figure 2-6.

Direct Tunneling

For nanocrystal memories, the control-gate coupling ratio of nanocrystal memory
devices is inherently small [2.11]. As a result, F-N tunneling cannot serve as an efficient
program/erase mechanism when a relatively thick tunnel oxide is used, because the
strong electric field cannot be confined in one oxide layer. The direct tunneling is
employed in nanocrystal memories instead. And that makes the nanocrystal memory with
lower operation voltage and faster program/erase speed. Generally speaking, a thinner
tunnel oxide with thickness below 5 nm is used to separate the nanocrystal from channel.
In the other hand, the direct tunneling is more sensitive to the barrier width than barrier
height, two to four orders of magnitude reduction in leakage current can still be achieved
if large work function metals, such as Au or Pt [2.12]. Figure 2-6(a) shows the both sides
barrier relative to thickness of the oxide that make electron direct tunneling through the

oxide.

Fowler-Nordheim Tunneling

The Fowler—Nordheim (FN) tunneling mechanism occurs when applying a strong
electric field (in the range of 810 MV/cm) across a thin oxide. In these conditions, the
energy band diagram of the oxide region is very sharp. Hence, there is a high probability
of electrons’ passing through the energy barrier itself. Using a free-electron gas model for
the metal and the Wentzel-Kramers—Brillouin WKB approximation for the tunneling
probability [2.13], one obtains the following expression for current density [2.14]:

gF | -aem) o)

J= ex 2-2
167°h*d, P 3nqF (22)

Where @y is the barrier height, mg, is the effective mass of the electron in the

forbidden gap of the dielectric, h is the Planck’s constant, q is the electronic charge, and
F is the electric field through the oxide. However, the exponential dependence of tunnel
current on the oxide-electric field causes some critical problems of process control
because, for example, a very small variation of oxide thickness among the cells in a

memory array produces a great difference in programming or erasing currents, thus
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spreading the threshold voltage distribution in both logical states. Figure 2-6(b) shows the
both sides barrier relative to thickness of the oxide that make electron Fowler—Nordheim

tunneling through the oxide.
Modified Fowler—-Nordheim Tunneling

Modified Fowler—Nordheim tunneling (MFN) is similar to the traditional FN
tunneling mechanism, the carriers enter the nitride at a distance further from the tunnel
oxide-nitride interface. MFN mechanism is frequently observed in SONOS memories.
The SONOS memory is designed for low-voltage operation (<10 V, depending on the
Equivalent oxide thickness), a relatively weak electrical field couldn’t inject charges by
DT or FN mechanism. Figure 2-6(c) shows the both sides barrier relative to thickness of
the oxide that make electron Modified Fowler—Nordheim (MFN) tunneling through the

dielectric.
Trap Assistant Tunneling

The charge storage elements with many traps may cause another tunneling
mechanism. For instance, the charges tunnel through a thin oxide and arrive to the traps
of nitride layer at very low clectrical field in SONOS systems. During trap assisted
injection the traps are emptied with a smaller time constant then they are filled. The
charge carriers are thus injected at the same distance into the nitride as for MFN injection.
Because of the sufficient injection current, trap assistant tunneling may influence in
retention [2.15]. Figure 2-6(d) illustrates the Trap Assistant Tunneling through the

dielectric.

(c) Band to Band Tunneling (BTBT)

Band to band tunneling application to nonvolatile memory was first proposed in
1989. 1. C. Chen and et al. demonstrated a high injection efficiency (~1%) method to
programming EPROM devices [2.16]. Band to band tunneling (BTBT) process occurs in
the deeply depleted doped surface region under the gate to drain or gate to source overlap

region.
Band to Band Hot Electron Tunneling Injection

In n-type substrate, when band-bending is higher than the energy gap of the
semiconductor, the tunneling electron from the valence band to the conduction band

becomes significant. The electrons are accelerated by a lateral electric field toward the
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channel region and some of the electrons with sufficient energy can surmount the
potential barrier of SiO, like hot electron injection [2.16-2.18]. Figure 2-7 shows device

operation during the band to band tunneling induced hot electron (BBHE) injection.

Band to Band Hot Hole Tunneling Injection

The injection is applied for p-type nonvolatile memory device. The mechanism is at
the situation for both negative gate voltage and positive drain voltage. Electron-hole pairs
are generated by BTBT in the drain region, as shown in Figure 2-8. The holes are
accelerated by a lateral electric field toward the channel region and some of them obtain
high energy. The hot holes with high energy will inject into charge trapping layer through
the tunnel oxide and recombine with the stored electrons. This injection is used for a new

erase operation for nonvolatile memory device [2.19].
2.3 Basic Reliability of Nonvolatile Memory

For a nonvolatile memory, the important to concern is distinguishing the state in cell.
However, in many times operation and charges storage for a long term, the state is not
obvious with charges loss. Retention and endurance experiments are performed to
investigate Flash-cell reliability. In general, NVMs are required to achieve up to 10-100K
program/erase cycles (endurance) with 10-year memory retention at temperatures as high

as 85 °C.

2.3.1 Retention

Retention means that how long does the memory keep the information without
losing it. In any nonvolatile memory technology, it is essential to retain data for over ten
years. This means the loss of charge stored in the storage medium must be as minimal as
possible. For example, in modern Flash cells, FG capacitance is approximately 1 fF. A
loss of only 1 fC can cause a 1V threshold voltage shift. If we consider the constraints on
data retention in ten years, this means that a loss of less than five electrons per day can be
tolerated [2.1]. There are four possible causes of charge loss: 1) by tunneling or
thermionic emission mechanisms; 2) defects in the tunnel oxide; and 3) de-trapping of
charge from insulating layers surrounding the storage medium; 4) mobile ion
contamination. Further, the retention capability of Flash memories has to be checked by
using accelerated tests that usually adopt screening electric fields and hostile

environments at high temperature.
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2.3.2 Endurance

Endurance referred the number of erase/write operations that the memory will
complete and continue to operate as specified in the data sheet. Generally speaking, Flash
products are specified for 10° erase/program cycles. Nevertheless, the endurance
requirement may be relaxed with the increase of memory density for the other using.

A typical result of an endurance test on a single cell is shown in Figure 2-9. As the
experiment was performed applying constant pulses, the variations of program and erase
threshold voltage levels are described as “program/erase threshold voltage window
closure” and give a measure of the tunnel oxide aging [2.20-2.21]. In particular, the
reduction of the programmed threshold with cycling is due to trap generation in the oxide
and interface state generation at the drain side of the channel. The evolution of the erase
threshold voltage reflects the dynamics of net fixed charge in the tunnel oxide as a
function of the injected charge. The initial lowering of the erase is due to a pile-up of
positive charge which enhances tunneling efficiency, while the long-term increase of the
erase is due to a generation of negative traps.

Moreover, a high field stress on thin oxide is known to increase the current density
at low electric field. The excess current component, which causes a significant deviation
from the current—voltage curves from the theoretical F-N characteristics at low field, is
known as stress-induced leakage current (SILC). SILC is clearly attributed by
stress-induced oxide defects, which leads to a trap assisted tunneling. The main
parameters controlling SILC are the stress field, the amount of charge injected during the
stress, and the oxide thickness. For fixed stress conditions, the leakage current increases

strongly with decreasing oxide thickness [2.22-2.24].

2.4 Basic Physical Characteristics of Nanocrystal Memory

2.4.1 Quantum Confinement Effect

The quantum dot, is quasi-zero-dimensional nanoscaled material, and is composed
by small amount atoms. The quantum confinement energy dependence on nanocrystal
size has been studied both experimentally and theoretically with the tight-binding model
[2.25]. The quantum confinement effect becomes significant when the nanocrystal size
shrinks to the nanometer range, which causes the conduction band in the nanocrystal to
shift to higher energy compared with bulk material [2.26]. For instance, a 3nm Ge

nanocrystal can have a conduction band shift up 0.5eV as compared with bulk Ge, which
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is significant enough to affect the electrical performance of the nanocrystal memory cell.

2.4.2 Coulomb Blockade Effect

With a electron is stored, the nanocrystal potential energy is raised by the
electrostatic charging energy e%/2C, where C is the nanocrystal capacitance, which
depends mainly on the nanocrystal size, though it also depends on tunnel oxide thickness
and control oxide thickness. The capacitance is self-consistently calculated using an
electrodynamics method [2.27]. Charging electrons will raise the nanocrystal potential
energy and reduce the electric field across the tunnel oxide, resulting in reduction of the
tunneling current density during the write process. It is more dominant at low
programming voltages (< 3V). In a flash memory array, device cells often encounter
disturbances with low gate voltage soft-programming. The Coulomb blockade effect can
effectively inhibit the electron tunneling at low gate voltage and improve the flash
memory array immunity to disturbance. However, the Coulomb blockade effect should be
reduced by employing large nanoerystal if large tunneling current and fast programming
speed were considered. The Coulomb blockade effect has a detrimental effect on the
retention time, since the eleetrons in the nanocrystal have large tendency to tunnel back

into the channel if the nanocrystal potential energy is high in retention mode.
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Figure 2-1 Ip-Vgs curves of the floating-gate NVM device, with before (curve A) and

after (curve B) negative charge Q is stored in the floating gate.
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Figure 2-3 (a) The cross-section of nanocrystal memory device structure; (b) illustration
of write process: inversion-layer electrons tunnel through tunnel oxide and inject into the
nanocrystal; (c) illustration of erase process: accumulation layer holes tunnel through
tunnel oxide and inject into the nanocrystal, electrons in nanocrystal also can tunnel back
to the channel.
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Figure 2-4 Schematics of channel hot electron injection (CHEI). The energy distribution
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Figure 2-5 A schematic energy band diagram describing the different processes involved

in electron injection.
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Trap assistant tunneling (TAT).
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Figure 2-7 The procedure of band to band hot electron injection.
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Figure 2-8 The procedure of band to band hot hole injection.
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Chapter 3

Formation of Germanium Nanocrystals

Embedded in Silicon Oxide Layer

3.1 Introduction

The nonvolatile memory (NVM) for portable electronic productions play an
important role in semiconductor industrial because of its superiority in low-power
consumption, low-cost, high-memory capacity and enough data retention[3.1][3.2]. The
conventional NVM, however, can’t efficaciously prevent data loss in terms of reliability
trials for future scaling down process, since its charge trapping layer is fabricated by
floating gate (FG) structure and its tunnel oxide is ultra thin film about 2-5 nm[3.3][3.4].
Due to the discrete charge storage nodes acting as charge trapping layer to reform
drawbacks of conventional FG memory, the NVMs using various semiconductor
nanocrystals have been widely investigated in the past few years , such as silicon (Si) ,
germanium (Ge) and Zine-Oxide (ZnO) nanocrystals[3.2][3.5]. Moreover, in order to
improve operation speed one can replace silicon nanocrystals (NC-Si) by germanium
nanocrystals (NC-Ge) thanks to its higher dielectric constant (~16.0, i.e., stronger
coupling with the conduction channel). In the other way, Ge nanocrystals device will
improve data retention time due to its smaller energy band gap. Indeed King et al. [3.6]
have reported recently superior properties for NC-Ge base on memory over than NC-Si in
terms of writing/erasing time.

According to the current research, the self-assembled and direct growth of Ge
nanocrystals embedded in SiO; layer has successfully been implemented such as Ge
implantation into SiO, [3.7-3.8], oxidation reduction of Ge/Si islands [3.9], UV-assisted
oxidation of Si;Gey alloy [3.10], and rapid thermal oxidation (RTO) of NC-Ge
[3.11-3.12] or Ge + SiO; [3.13]. Among various formation methods, the self-assembled
was reported by many previous studies because it could control better density and size of
nanocrystal than direct growth. Nevertheless, the self-assembled method must need a

high temperature (~900-1100°C) with long duration (~30-60 min) oxidation process to
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anneal the charge trapping layer that is deposited by various ratio of SiGe layer, and the
over-oxidation phenomenon of Ge is often obtained after foregoing oxidation process.
Hence, an additional step must be added to the formation flow of Ge nanocrystal by using
a high pressure H, treatment [3.14-3.15] or steam process [3.16].

In order to reduce process flow and thermal budget, we choose the sputter system

and rapid thermal anneal (RTA) for our experiments.

3.2 Growth SiGe and oxidation

There were a lot of experiments forming Ge nanocrystal by oxidizing the SiGe film.
The SiGe film might be deposited by different process such as low pressure chemical
vapor deposition (LPCVD), sputter system, plasma enhanced chemical vapor deposition
(PECVD). At the same, we tried to deposit SiGe thin film by co-sputter and thermal

treatment.

3.2.1 Experimental Sample Preparation

Figure 3-1 shows schematics of the experimental process flow. This nonvolatile
memory-cell structure in this study was fabricated on a 4 inches p-type silicon (100)
wafer, which had been removed native oxide and particles by RCA process. After a
standard RCA clean, a 3-nm-thick tunnel oxide was thermally grown by a dry oxidation
process at 950°C in an atmospheric  pressure chemical vapor deposition (APCVD)
furnace. Subsequently, a 7-nm-thick SiGe film was deposited on tunnel oxide by
co-sputtering Si and Ge targets in Argon (Ar) ambiance at room temperature, and the Ar
flow rate was set to 24 sccm (Standard Cubic Centimeter per Minute). And then we
deposited a 10-nm-thick pure amorphous Si by sputtering Si target in pure Ar ambiance.

And the we oxidized the sample by rapid thermal anneal (RTA) at 900°C 60sec in

Oxygen ambiance. Expected Germanium nanocrystal could be found to precipitate and
embed in silicon oxide. During the rapid thermal oxidation (RTO) process, the Si layer
capped on the SiGe film was formed blocking oxide at the same time. Al gate electrodes
on back and front side of the sample were finally deposited and patterned to form a
metal/oxide/insulator/oxide/silicon (MOIOS) structure.

Electrical characteristics of the capacitance-voltage (C-V) hysteresis were measured
by Keithley 4200 and HP4284 Precision LCR Meter with high frequency 1 MHz. In
addition, transmission electron microscope (TEM) and X-ray photoelectron spectroscopy

(XPS) were adopted for the micro-structure analysis and chemical material analysis.
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3.2.2 Results and Discussion

Figure 3-2 shows the TEM of the sample after RTO process. We can find out the
charge trapping layer became a continuous film. The XPS analysis by using an Al Ka
(1486.6 eV) x-ray radiation is demonstrated the chemical composition of the charge
trapping layer, as shown in figure 3-3. From the Ge 2p core-level spectrum, we can see
that the GeO, peak is at about 1220 eV by fitting results. Therefore, we think the entire
trapping layer was over-oxidized and the Ge layer all became GeO,. The
capacitance-voltage (C-V) hysteresis is shown in figure 3-4. It is clearly observed that
0.5V memory window was obtained under £ 5 V gate voltage operation. And the
hysteresis loops follow the counterclockwise due to injection of electrons from the deep
inversion layer and discharge of electrons from the deep accumulation layer of Silicon
substrate. Hence, we can be enough to define “1” and “0” states for nonvolatile memory
application. Figure 3-5 shows the band diagram of our sample after RTO 900°C 60sec.
GeO; energy band gap is about 4.¢V [3.17]. Due to GeO; providing some charge traps
and the interface trap with tunnel oxide, this sample still has memory effect.

According to the previous experiment result, we can find out some results: (1) the
co-sputter method is hard to control the Si/Ge ratio; (2) conventional oxidation of SiGe
layer is hard to control the oxidation time; (3) as our sample; the Ge was all oxidized and

became GeO, likes the below formula.

SiGe + O, — SiO; + GeO, (3-1)
There are some drawbacks from the above results, in ordering to solve the over
oxidation problem. We propose a SiGeO film on tunnel oxide to avoid over-oxidation

phenomenon.

3.3 Formation of Ge nanocrystal using SiGeO layer

3.3.1 Experimental Sample Preparation

This nonvolatile memory-cell structure in this study was fabricated on a 4 inches
p-type silicon (100) wafer, which had been removed native oxide and particles by RCA
process. After a standard RCA clean, a 5-nm-thick tunnel oxide was thermally grown by a
dry oxidation process at 950°C in an atmospheric pressure chemical vapor deposition
(APCVD) furnace. Subsequently, a 8-nm-thick oxygen incorporated SixGe;x (SiGeO)
layer was deposited on tunnel oxide by reactive sputtering of SiyGe;x commixed target in

the Ar/O; (24sccm/2scecm) ambiance at room temperature. This step can obtain an oxygen
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incorporated SiyGe;.x layer as a charge trapping layer in our memory.

We choose two different ratio of Si/Ge. One is SipgGeg o and the other is SipsGeg 5.
SipsGep 2 1s a common ratio for LPCVD to form Ge nanocrystals (NCs) [3.18]. However
its density of NCs is about 10''cm™ In order to achieve higher density of NCs, we
choose a higher Ge concentration target (SipsGeos) and then we noted the first process
with using SiysGey, target “Sample I”’. The other one with SipsGeg s was noted “Sample
.

After that, we annealed the above two sample by rapid thermal anneal (RTA) at
900°C 30sec in Nitrogen ambiance. The RTA process was performed to cause the
self-assembled of Ge nanocrystal in the charge trapping layer. After RTA process, a
30-nm-thick blocking oxide was deposited by PECVD at 300°C. Al gate electrodes on
back and front side of the sample were finally deposited and patterned to form a
metal/oxide/insulator/oxide/silicon (MOIOS) structure. Figure 3-6 (a) and (b) show
schematics of the experimental process flow.

In addition, after the two different ratio of SiGeO film was deposited, we deposited a
20-nm-thick PECVD  oxide @ on -it.- This step was called PACO
(pre-annealing-capping-oxide). ‘And then we annealed our sample by RTA at 900°C

30sec or 60sec in N, ambiance. The RTA process was performed to cause the
self-assembled of Ge nanocrystal in the charge trapping layer. After RTA process, a
20-nm-thick blocking oxide was deposited by PECVD at 300°C. Al gate electrodes on

back and front side of the sample were finally deposited and patterned to form a
metal/oxide/insulator/oxide/silicon (MOIOS) structure. Figure 3-7 (a) (b) shows
schematics of the experimental process flow.

Electrical characteristics, including the capacitance-voltage (C-V) hysteresis, current
density-voltage (J-V), retention, and endurance characteristics, were also performed. The
J-V and C-V characteristics were measured by Keithley 4200 and HP4284 Precision LCR
Meter with high frequency 1 MHz. In addition, transmission electron microscope (TEM)
and X-ray photoelectron spectroscopy (XPS) were adopted for the micro-structure

analysis and chemical material analysis.

3.3.2 Results and Discussion
The XPS analysis by using an Al Ka (1486.6 eV) x-ray radiation is demonstrated the
chemical composition of the sample I (Sip3Geo,0), as shown in figure 3-8. Figure 3-8 (a),

(b), (c) show Si 2p, Ge 3d, O s core-level spectra. We can roughly define the trapping
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layer atomic composition of sample I by a common method. For example, we calculate

the Ge concentration of the SiGeO film by below formula:

IGe3d/ SGe3d

[Ge] ~

ISi2p/SSi2p + IGe3d/SGe3d + IOls/SOIS (3-2)

The “I” means the peak intensity, and “S” the material sensitivity of the ESCA. The
atomic concentration with silicon, germanium and oxygen of the charge trapping layer
are 34.3%, 3.5%, and 62.2%, as table 3-1 shown. We can observe that oxygen was
successfully incorporated in charge trapping layer during sputter process and the Ge
concentration is deficient.

As the same, figure 3-9 (a), (b), (c) exhibit the Si 2p, Ge 3d, O 1s core-level spectra
of the sample II (SipsGepsO). And we use the same method to define the atomic
concentration roughly. The atomic concentration with silicon, germanium and oxygen of
the charge trapping layer are 32%, 16.8%, and 51.2%, as table 3-2 shown. We can also
observe that oxygen was successfully incorporated during sputter process but the Ge
concentration is more than sample L.

Figure 3-10 shows the transmission electron microscope (TEM) diagram of the
control SipsGeysO sample(sample II). We can figure out a continuous and uniform
SiGeO film was deposited on the tunnel oxide.

Figure 3-11 (a) and (b) show the capacitance-voltage hysteresis of control sample I
and control sample II (without any thermal treatment). It is obviously that both of the
control samples show no memory effect. Figure 3-12 (a) and (b) show the C-V hysteresis
of both sample I and II after RTA 900°C 30sec in nitrogen ambiance. The electrical C-V
measurements were performed by bidirectional voltage sweeping. The sweeping
condition were split as follows, (i) from 5V to -5V, and reversely, (ii) from 10V to -10V,
and reversely. However, our samples still show no memory effect after thermal treatment
as figure 3-11 (a) and (b) shown. Figure 3-13 show the TEM diagram of the sample II
after RTA 900°C 30sec in nitrogen ambiance. From figure 3-13, we could find out some
Ge atom was self-assembled. Compare figure 3-13 with figure 3-10, the charge trapping
layer was no longer a continuous film after RTA process. And the Ge concentration
seems to become less after RTA process. Therefore, we made some secondary ion mass
spectrometer (SIMS) analysis for our sample. Figure 3-14 (a) and (b) exhibit the SIMS
analysis for sample II (SipsGeysO) before and after RTA process. What should we
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concern is the Ge concentration of these two sample. Ge secondary ions counts is over
10> before RTA, but became just between 10° and 10* after RTA. In order to compare
their difference clearly, we put them on the same picture. Figure 3-14 (c¢) shows both Ge
concentrations before and after RTA process. Obviously, Ge secondary ions counts
decrease about two orders after thermal treatment. We think that is because Ge got
bonded with oxygen during the RTA process, and GeO is a kind of volatile compound.
Hence, the Geo was out-gasing and left the surface [3.19]. As the Ge becomes less, there
is not enough Ge to be self-assembled. Therefore, we deposited a 20-nm-thick oxide by
PECVD to avoid GeO out-gasing before thermal treatment. We call this step
pre-annealing capping oxide (PACO).

As the previous process flow we have mentioned, figure 3-15 show C-V hysteresis
of the sample I (SipsGey,0) after RTA 900°C 30sec in nitrogen ambiance with PACO. It
shows memory effect, when we capped PECVD oxide before RTA process. Under £10V
operation, the Flat-band voltage shift (memory window, /\Vgp) is about 0.65V. And the
hysteresis loops follow the counterclockwise due to injection of electrons from the deep
inversion layer and discharge of electrons from the deep accumulation layer of Silicon
substrate. Hence, we can be enough to define “1” and “0” states using this nonvolatile
memory. Figure 3-16 (a) and (b) show the TEM diagram of the sample I (Siy3Ge(,0)
after RTA with PACO. From the figure 3-16 (b), Ge was segregated and nucleated
obviously. And the Ge dot size is about 4~6 nm. Moreover, the lattice image is shown in
the figure 3-16 (a). We can easily observe that Ge was self-assembled from the TEM
picture, but why the memory effect is not so obvious. Figure 3-17 exhibits the SIMS
analysis of the sample I after RTA with PACO. From the SIMS analysis, we can presume
that the memory effect is not obvious due to there is not sufficient Ge.

With the previous results, increasing the Ge concentration seems indeed to enlarge
the memory effect. Figure 3-18 shows C-V hysteresis of the sample II (SipsGeosO) after
RTA 900°C 30sec in nitrogen ambiance with PACO. The electrical C-V measurements
were performed by bidirectional voltage sweeping. The sweeping condition were split as
follows, (i) from -5V to 5V, and reversely, (ii) from -10V to 10V, and reversely. Under
+10V sweeping operation, the Flat-band voltage shift (memory window, /\Vgp) is about
2.8V. When the device is programmed, the electrons directly tunnel from the Si substrate
through tunnel oxide, and are trapped in the forbidden gap of Ge nanocrystal embedded
in the SiOy layer. For the erasing step, the holes may tunnel from the valance band of Si

substrate and recombine with the electrons trapped in the Ge nanocrystals embedded SiO
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layer. The stacked structure with Ge nanocrystals in the dielectric layer was used for the
application of memory. The charge trap canters are believe to be resulted from the (i)
interface states between the silicon substrate, (ii) traps inside the dielectric layer, (iii)
nanocrystal confined state, (iv) interface states between nanocrystals and the surrounding
dielectric[3.20].

Figure 3-19 (a) and (b) show the TEM diagram of the sample II (SiysGesO) after
RTA 900°C 30sec with PACO. From the figure 3-19 (b), Ge was segregated and

nucleated obviously. The average diameter of the nanocrystals is approximately 5-6 nm
and the area density of the nanocrystals is estimated to be about 1.73x10'*cm™ by TEM
analysis. Moreover, the lattice image is shown in the figure 3-19 (a). In the figure 3-19
(a), we can find out a common phenomenon about Ge diffused toward the SiOy or SiO; in
our experiment. Figure 3-20 shows SIMS analysis with sample II (Siy sGe sO) before and
after RTA process. It clearly exhibits the Ge will diffuse in the silicon oxide. Because of
our thermal treatment using RTA which lower thermal budget, that made Ge’s diffusion
length be limited. And all the Ge atoms were confined in the region we want. Figure 3-21
(a) (b) (c) show the relationship with different ratio of Si/Ge and their electrical

characteristics. We can figure out that sample I’s memory window under 10V operation

is smaller the sample II’s one with the same thermal treatment condition. Hence, we
make a comment about that if we want to form Ge nanocrystal for charge storage
elements; we need sufficient Ge of course.

In order to improve the performance of Germanium nanocrystal memory, we
extended the annealing duration of RTA process from 900°C 30sec to 900°C 60sec.
Figure 3-22 shows C-V hysteresis of the sample II (SigsGeosO) after RTA 900°C 60sec
in nitrogen ambiance with PACO. The electrical C-V measurements were performed by
bidirectional voltage sweeping. The sweeping condition were split as follows, (i) from
-5V to 5V, and reversely, (i1) from -10V to 10V, and reversely. Under £10V sweeping
operation, the Flat-band voltage shift (memory window, /\Vgp) is about 3.1V. Figure
3-23 (a) and (b) show the TEM diagram of the sample II (SipsGeosO) after RTA 900°C
60sec with PACO. From the figure 3-23 (b), Ge was segregated and nucleated obviously.
The average diameter of the nanocrystals is approximately 4-8 nm and the area density of
the nanocrystals is estimated to be about 1.26x10" cm™ by TEM analysis. Moreover, the
lattice image is shown in the figure 3-23 (a). Compare figure 3-23 (b) with figure 3-19 (b),

we can discover that the nucleation and isolation of Ge nanocrystals became better after
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longer thermal treatment. That is the reason for 900°C 60sec sample has larger memory
window than the other.

According the above electrical characteristics, we make a table to compare the
performance with each other. Table 3-3 shows the memory window under £10 V
operation with different condition. We can find out some results from this table: (i)
Pre-annealing-capping oxide (PACO) which can avoid GeO out-diffusion is a critical
step in our process. (i1)) Germanium nanocrystals density and memory window are related
to Ge concentration. (iii) Longer thermal treatment make Germanium be better isolated
and nucleated. (iv) High pressure hydrogen annealing could be replaced by RTA SiGeO

film to simplify the process flow and reduce fabrication cost.

3.4 Mechanism of Germanium Nanocrystal Formation by

thermal treatment

In this section, we will discuss the mechanism of Ge nanocrystals formation by

thermal treatment.

3.4.1 Reaction free energy
In pure O,, oxidation of silicon and germanium, forming SiO, and GeO,, occurs

following the reaction:

Si+ 0, — SiO; (3-3)
With a free energy change of AGj=-732.94 kJmol ™, whereas for
Ge + O; — GeO, (3-4)

With a free energy change of /\G, = -377.54 kJmol ™.

The lower value of AG; (AG;) clearly predicts that the SiO, reaction is
thermodynamically more preferable than GeO,. Thermodynamically, GeO; is not stable
in the presence of silicon. Thus, during the simultaneous oxidation process reduction
reaction takes place at the reaction interface, forming more SiO, while liberating

germanium from GeO,, as long as silicon is available [3.21], i.e.,

Si+ GeO, — Si0, +Ge
On the other hand, we use Gibbs free energy to explain our result.
At 1200 K Si+0 — SiO AG = -805 kJmol™ (3-5)
Ge + 0 — GeO AG = -666 kImol™ (3-6)

From the above equations [3.22], because of the smaller Gibbs free energy of Si—O

compared with Ge—O, the oxygen atoms can interact with Si atom easier than with Ge
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atom in the SiGeO ternary film during the RTA process.

3.4.2 Results and discussion
Base on the previous study, we know that Ge may get bonded with oxygen from
Si02 when the temperature below 400°C. GeO is a volatile material, therefore when the
temperature over 400°C, it will become gas state. And the temperature getting higher,
over 700°C, Ge will be self-assemble in the SiO2. The above phenomena are stated in
below equation [3.23] :
Ge + SiOx — GeO + SiO < 400 C (3-7)
GeOy + Si0x — Si0; + Ge > 700 C (3-8)
During the thermal treatment, Si atoms will move and bond with oxygen result in
Ge segregate and self nucleate forming nanocrystals. As the equation 3-8, we also
observe the result in our experiment. Figure 3-24 show the X-ray photoelectron
spectroscopy (XPS) analysis. In the Ge . 3d core-level spectrum, the peak is at about 31eV
which means the Ge-O bond as deposited. And after RTA, the peak position move toward
29eV which means Ge-Ge bond.

3.5 Reliability of ‘the Germanium Nanocrystal Embedded

Silicon Oxide Nonvolatile Memory

The reliability characteristics retention time and endurance were also discussed in
this study. And as the previous discussion, we know that only sample II (Sip sGe sO) with
PACO process have better electrical characteristics. Thus we will only discuss the better
performance conditions.

Retention characteristics of the MOIOS structure with Ge nanocrystals embedded
in the SiOy are illustrated in figure 3-25 (a) and (b). The retention measurements are
performed at room temperature by operating a +15V gate voltage stress for 10 sec. The
flat-band voltage shift is obtained by comparing the C-V curves from a charged state to
the quasi-neutral state. When the carriers are stored in the nanocrystals, the stored charges
will raise the nanocrystal potential energy and increase the probability of escaping from
the nanocrystal to silicon substrate or gate. Figure 3-25 (a) shows retention time of the
sample II with PACO and RTA 900°C 30s. The memory window decays during the stored
charges leaked out from the nanocrystals to substrate or gate. Finally, a 0.36 V memory
window (charge remained ratio is about 9.6%) from the elongation line of the decay trend

can obtain even after 10 years. Figure 3-25 (b) shows retention time of the sample II with
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PACO and RTA 900°C 60s. The memory window decays during the stored charges leaked
out from the nanocrystals to substrate or gate. Moreover, a 1.15 V memory window
(charge remained ratio is about 25%) from the elongation line of the decay trend can
obtain even after 10 years. It retains a large window of 1.15V which is enough to define
“1” or “0” of memory state.

It is easily observed the sample with longer thermal treatment (RTA) condition
shows better retention time. As we know there are three leakage path for the charge
leaking out of the nanocrystal. The first one is leaking out through the blocking oxide to
gate electrode. The second one is leaking out through the tunnel oxide to the substrate.
Finally the third one is called lateral leakage due to connected Ge which does not isolate
well or the defects in the SiOx dielectric enhanced leakage.

Figure 3-26 (a) and (b) exhibits band diagram during measurement and the current
density — voltage characteristics. From the figure 3-26 (a), we can find out the blocking
oxide quality dominate the magnitude of the current density. And the figure 3-26 (b)
shows the current density of the 900°C 30sec and 900 C 60sec were similar. Hence we
can consider that the quality of the both sample are almost the same. Therefore, the
leakage path one (from top blocking oxide) is not the reason to cause the retention data
worse of shorter annealing time sample.

Endurance characteristics of the MOIOS structure with Ge nanocrystals embedded
in the SiOy are illustrated in figure 3-27 (a) and (b). Pulses (Vg = + 5V, Ims) were
applied to evaluate endurance characteristics for the Program/Erase operation. Both of the
(a) 900°C for 30sec and (b) 900°C for 60sec still show a better endurance performance
after 10° program/erase cycles. Form the results of endurance measurements, we can find
out the tunnel oxide and the dielectric below nanocrystal have good quality of both
sample. According to that, the leakage path two (from bottom tunnel oxide) is not the
main factor to affect retention time. Thus the lateral leakage dominates the retention
characteristics. And the lateral path is related to the Ge nanocrystal isolation and the
defects in the SiO, dielectric.

The comparisons of memory window under + 10V sweeping operation and
memory window after 10 years of Ge nanocrystal embedded in SiOx MOIOS structure
between different thermal treatment (RTA) times were listed in Table 3-4. The 900°C 60s
sample shows larger memory window the 30s one. That is because the longer thermal
treatment induces the better isolation and nucleation of Ge. And longer thermal

treatments not only make Ge isolated and nucleated better, but also reduce the defects in
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the SiOy dielectric. And as we know, the defects in the SiOy can afford additional charge
traps [3.24]. However, after reducing the defects by longer RTA process, we still get
larger memory window. That is because the charging carrier ability in the Ge is better

than defect traps in the dielectric.

3.6 Summary |

From the above experiments result, we successfully incorporated oxygen into SiGe
layer forming a new dielectric SiGeO film by sputtering a commixed target (SixGe;x) in
an Ar/O, environment at room temperature. After some failed experiments, we find out
the “pre-annealing capping oxide (PACO)” is a critical step in our process flow. The
self-assembled phenomenon of Germanium nanocrystal can be explained by the chemical
free energy. The Ge nanocrystals embedded in SiOx memory was fabricated easily. And
the high density (~10'?) of Ge nanocrytals can be achieved in this study. We observed that
longer thermal treatment (RTA) can improve the isolation and nucleation of Ge

nanocrystals. The memory window of RTA 900°C 60s condition is 3.2V under *10V

sweeping operation. And the memory window is large enough to define high and low
states for nonvolatile memory application. The retention and endurance characteristics are
good enough to be maintained up to 10 years and 10° program/erase cycles. In addition,
this novel and simple fabrication technique of germanium nanocrystals could be

compatible with current manufacture process of the integrated circuit manufacture.
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Surface Atomic Concentration
Ratio from XPS Analysis

S1

Ge

O

34.3%

3.5%

62.2%

photoelectron spectroscopy (XPS) analysis.

Table 3-1 Surface atomic concentration ratio of the sample I (Sip3Geo,0) from X-ray

Surface Atomic Concentration
Ratio from XPS Analysis

S1

Ge

O

32.0%

16.8%

51.2%

Table 3-2 Surface atomic concentration ratio of the sample I (SigsGeosO) from X-ray

photoelectron spectroscopy (XPS) analysis.
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Under £10V , .
operation S19,5G€,,0 S1,5G¢, 50

RTA 900°C 30s

w/o PACO X X
RTA 900°C 30s

with PACO 0.65V 2.8V
RTA 900°C 60s

with PACO 3.1V

different samples and different treatment conditions.

Table 3-3 Comparison of memory window under + 10V sweeping operation with

Ge nanocgstqls Memory window | Memory window
embedded in Si0, dor + ' f .
Memory under 10V : after 10 years:
900°C 30s 2.8V 0.36V (9.6%)

900°C 60s 3.1V 1.15V (25.5%)

Table 3-4 Comparison of memory window under £ 10V sweeping operation and

remained charge ratio after 10 years with different thermal treatment time.
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Figure 3-1 Schematics of the experime proce: ow with co-sputtering silicon and

germanium targets.

Figure 3-2 Cross-sectional TEM images of the MOIOS structure after a 900°C 60sec
RTO process.
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Figure 3-3 Ge 2p XPS analysis of the sample after 900°C 60sec RTO process. The peak
position about 1220eV is the:GeO, signal.
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Figure 3-4 Capacitance-voltage (C-V) hysteresis of the fabricated MOIOS structure after
a 900°C 60sec RTO process.
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Figure 3-5 The band diagram for the charge trapping center for GeO, layer MOIOS
structure.
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Figure 3-6 The process flow for different commixed target (a) SipsGeoo (b) SipsGeos
without pre-annealing capping oxide (PACO).
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Figure 3-8 The XPS analysis by using an Al Ko (1486.6 eV) x-ray radiation is

demonstrated the chemical composition of the sample I (Sip3Geo.0) (a) Si 2p (b) Ge 3d

(c) O 1s core-level spectra.

_47 -



Intensity (a.u)

o

Experiment Data
Fitting results

103

Binding Energy (eV)

102

101

100

(a)

|(0) Ge 3d

o

Experiment Data
Fitting results

34

32

30

28

Binding Energy (eV) (b)
(c) O1s Si-O ©  Experiment Data
i Fitting results
534 532 530
Binding Energy (eV) ©)

Figure 3-9 The XPS analysis by using an Al Ko (1486.6 eV) x-ray radiation is

demonstrated the chemical composition of the sample II (SipsGeosO) (a) Si 2p (b) Ge 3d

(c) O 1s core-level spectra.
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Figure 3-13 Cross-sectionals TEM images of the Sample I (SigsGeysO) after RTA at
900°C for 30sec without PACO.
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Figure 3-14 (a) SIMS depth profile of the standard sample II (Sip 5Geg sO).
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Figure 3-16 (a) and (b) TEM diagram of the sample I (Sip3Ge,0) after RTA at 900°C
for 30sec with PACO.
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the Ge-Ge signal peak position before thermal treatment (RTA).
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Figure 3-25 (b) Data retention characteristics of the Ge nanocrystals embedded in SiOy
memory with RTA at 900°C for 60sec.
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Chapter 4

Formation of Germanium Nanocrystals
Embedded in Silicon Nitride Layer

4.1 Introduction

As we mentioned at the first chapter in the thesis, poly-si/oxide/nitride/oxide/silicon
(SONOS) nonvolatile memory devices have been widely used in the integrated circuit
market. The charge storage elements in SONOS memory are the charge traps distributed
throughout the volume of the silicon nitride (Si3N4) layer. A typical trap has a density of
the order 10'%-10" ¢cm™ according to Yang et al [4.1] and stores both electrons and holes
(positive charge) injected from channel.

Base on the high trap density of silicon nitride, some study wad reported to
fabricate germanium nanocrystal embedded -in SiNy dielectric [4.2]. The nitride can
increase trapping states to improve memory window —under electrical operation.
Comparing to SONOS and Ge nanocrystals NVMs, a larger memory window can be
obtained. When a memory device has a large memory window, it is easier to meet the
requirement of 10 years.

In this chapter, we propose a new SiGeN film on tunnel oxide to form Ge

nanocrystals embedded in SiNy dielectric memory for nonvolatile memory.

4.2 Experimental Sample Preparation

Figure 4-1 indicates a schematic of experimental procedure. This nonvolatile
memory-cell structure in this study was fabricated on a 4 inches p-type silicon (100)
wafer, which had been removed native oxide and particles by RCA process. After a
standard RCA clean, a 5-nm-thick tunnel oxide was thermally grown by a dry oxidation
process at 950°C in an atmospheric pressure chemical vapor deposition (APCVD)
furnace. Subsequently, a 8-nm-thick nitrogen incorporated SipsGeos (SiGeN) layer was
deposited on tunnel oxide by reactive sputtering of SipsGeps commixed target in the
Ar/N;y (24sccm/20scecm) ambiance at room temperature. This step can obtain a nitrogen
incorporated SixGe; layer as a charge trapping layer in our memory. We choose the

SipsGeg s target for this experiment due to previously result. SipsGegs target can allow
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enough Ge concentration in the deposited film.

In order to prevent the Ge interacting with the oxygen in the chamber result in GeO
out-diffusion during RTA process. We deposited a 20-nm-thick PECVD oxide on the
trapping layer before RTA. We called this step “pre-annealing-capping-oxide”
(PACO).After that, we annealed the sample by RTA at 900°C for 30sec and 60sec in
Nitrogen ambiance. The RTA process was performed to cause the self-assembled of Ge
nanocrystal in the charge trapping layer. After RTA process, a 20-nm-thick blocking oxide
was deposited by PECVD at 300°C. Al gate electrodes on back and front side of the
sample were finally deposited and patterned to form a metal/oxide/insulator/oxide/silicon
(MOIOS) structure. And we noted this MOIOS structure for “Sample I1I”.

Electrical characteristics, including the capacitance-voltage (C-V) hysteresis, current
density-voltage (J-V), retention, and endurance characteristics, were also performed. The
J-V and C-V characteristics were measured by Keithley 4200 and HP4284 Precision LCR
Meter with high frequency 1 MHz. In addition, transmission electron microscope (TEM)
and X-ray photoelectron spectroscopy (XPS) were adopted for the micro-structure

analysis and chemical material analysis.

4.3 Results and discussion
The XPS analysis by using an Al Ka(1486:6-eV) x-ray radiation is demonstrated the

chemical composition of the sample IT (SipsGeysN), as shown in figure 4-2. Figure 4-2
(a), (b), (c) show Si 2p, Ge 3d, N ls core-level spectra. We can roughly define the
trapping layer atomic composition of sample III by a common method using similar
calculation as equation (3-2). The “I” means the peak intensity, and “S” the material
sensitivity of the ESCA. And the atomic concentration with silicon, germanium and
nitrogen of the charge trapping layer are 45.2%, 23.1%, and 31.7%, as table 4-1 shown.
We can observe that nitrogen was successfully incorporated during sputter process in the
Ar/N, ambiance.

Figure 4-3 shows the transmission electron microscope (TEM) diagram of the
control SipsGeysN sample (sample III). We can figure out a continuous and uniform
SiGeN film was deposited on the tunnel oxide.

Figure 4-4 shows the capacitance-voltage (C-V) hysteresis of control sample III
(without any thermal treatment). It is found that the control samples show no memory
effect.

Figure 4-5 exhibits the typical C-V hysteresis of sample III (SipsGeosN) after RTA
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at 900°C for 30sec obtained with gate voltage from inversion to accumulation and
reversely. From the figure 4-5, it is obviously observed that the Flat-band voltage shift
(memory window, /A Vgg) is about 3.2V under = 10V operation. The MOIOS structure
with Ge nanocrystals embedded in SiNy dielectric exhibits clear counterclockwise
hysteresis by a flat-band voltage shift, indicating a significant memory effect. We
consider that the charges could be stored in both Ge nanocrystals and SiNy traps. And the
counterclockwise hysteresis is due to injection of electrons from the deep inversion layer
and discharge of electrons from the deep accumulation layer of silicon substrate.
Moreover, the memory window of Ge nanocrystals embedded in SiNy matrix is large
enough to be defined logic “high” and “low” state.

Figure 4-6 shows a cross-sectional TEM image of the sample III after RTA at 900°C
for 30sec with PACO in nitrogen ambiance. From figure 4-6, we can figure out some Ge
atom was self-assembled and separated in the SiNy dielectric. The SiNy can be used to
improve charge storage ability for nonvolatile memory application [4.3]. Compare figure
4-6 with figure 4-3, the charge trapping layer was no longer a continuous film after RTA
process. And the average diameter of the nanocrystals is approximately 6~8 nm and the
area density of the nanocrystals is estimated to be about 1.12x10'*cm™ by TEM analysis.

In order to improve the performance of Germanium nanocrystal memory, we
extended the RTA process at 900°C from 30sec to 60sec. Figure 4-7 shows the forward
and reverse sweep C-V hysteresis of the sample III (SigsGeosN) after RTA at 900°C for
60sec in nitrogen ambiance with PACO. The sweeping condition were operated (i) from
-5V to 5V, and reversely, (ii) from -10V to 10V, and reversely. The flat-band voltage
shift is about 3.75V under + 10V gate sweeping operation. From the above results, we
can figure out that the charging effect of Ge nanocrystals embedded SiNy after longer
RTA treatment is more significant.

Figure 4-8 show the TEM image of the sample III (SipsGeosN) after RTA at 900°C
for 60sec with PACO. From the figure 4-8, Ge was segregated and nucleated obviously.
The average diameter of the nanocrystals is approximately 6-9 nm and the area density of
the nanocrystals is estimated to be about 1.06x10'> cm™ by TEM analysis. Compare
figure 4-8 with figure 4-6, we can discover that the nucleation and isolation of Ge
nanocrystals became better after longer thermal treatment. That is one the reasons for
900°C 60sec sample has larger memory window than the other one.

Mechanism of Germanium Nanocrystal Formation by Thermal Treatment:

From the section 3.4, we used chemical reaction free energy and Gibbs free energy
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to explain the phenomena for Ge self-assembled in the SiGeO ternary dielectric film.

In this section, we will discuss the mechanism of Ge nanocrystals formation by
thermal treatment. Si reacts preferentially with N due to the lower Gibbs free energy of
the Si compound than Ge compound in the Si-Ge-N ternary system [4.4]. And then
unreacted Ge atoms accumulated and nucleated. The similar phenomena were observed
in Si-Ge-O system.

The reliability characteristics, such as retention time and endurance, were also
discussed in this study. Note that the reliability measured samples be discussed later are
all with the “PACQO” condition.

The charge retention characteristics of the MOIOS structure with Ge nanocrystals
embedded in the SiNy after RTA at 900°C for 30sec and 60sec are illustrated in figure 4-9
(a) and (b). The retention measurements are performed at room temperature by operating
a £15V gate voltage stress for 10 sec. The flat-band voltage shift is obtained by
comparing the C-V curves from a charged state to the quasi-neutral state. When the
carriers are stored in the nanocrystals, the stored charges will raise the nanocrystal
potential energy and increase the probability of escaping from the nanocrystal to silicon
substrate or gate. Figure 4-9 (a) shows retention time of the sample after RTA at 900°C
for 30sec. The memory window decays during the stored charges leaked out from the
nanocrystals to substrate or gate. And a 0.62 V -memory window is expected to maintain
after 10 years, which is approximately 16% of the stored charges retained in the
nanocrystals. Figure 4-9 (b) shows retention time of the sample after RTA at 900°C for
60sec. Similarly, the memory window decays during the stored charges leaked out from
the nanocrystals to substrate or gate. And a 1.22 V memory window is expected to
maintain after 10 years, which is approximately 28% of the stored charges retained in the
nanocrystals. Both of them retain a memory window larger than 0.5V, which is enough to
define “1” or “0” of memory state. It is easily observed the sample with longer thermal
treatment (RTA) condition shows better retention time. The explanation of the different
results will be discussed later.

Endurance characteristics of the MOIOS structure with Ge nanocrystals embedded
in the SiNy with different RTA times are illustrated in figure 4-10 (a) and (b). Pulses (Vg
=+ 5V, 1ms) were applied to evaluate endurance characteristics for the Program/Erase
operation. Both of the (a) 900°C for 30sec and (b) 900°C for 60sec still show a better
endurance performance after 10° program/erase cycles. Form the endurance data, we can

find out the tunnel oxide and the dielectric below nanocrystal have good quality of both
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sample.

Figure 4-11 illustrates the current density-voltage (J-V) characteristics of the
MOISO structure with different thermal treatment time. The leakage current density in
the figure 4-11 diagram decreases from 10™ order to 10” with longer annealing time from
30sec to 60 sec. It means the quality of the blocking oxide and SiNy dielectric above the
Ge nanocrystals is getting better after longer RTA process.

For the endurance, current density-voltage (J-V) measurements and the TEM
images, we can observe that both isolation of the Ge nanocrystals and the upper leakage
path through blocking oxide affect the data retention characteristics.

The comparisons of memory window under £ 10V sweeping operation and
memory window after 10 years of Ge nanocrystal embedded in SiNy MOIOS structure
between different thermal treatment (RTA) times were listed in Table 4-2. The 900°C
60sec sample shows larger memory window the 30sec one. That is because the longer
thermal treatment induces the better isolation and nucleation of Ge. And longer thermal
treatments not only make Ge isolated and nucleated better, but also reduce the SiNy
defects above the Ge NCs.

Let’s compare the two different structures for Ge nanocrystals memory. All the
results were done with PACO step. Table 4-3 shows the memory windows under =10V
operation with different MOISO structure. Figure 4-12 (a) and (b) illustrate the energy
band diagram of two different Ge nanocrystals structure, (a) for Ge nanocrystals
embedded in SiOy and (b) for Ge nanocrystals embedded in SiNy. For the first structure,
we can find out that Ge-rich samples show better electrical performance due to sufficient
Ge atoms to form nanocrystal. From figure 4-12, we can observe that the charge trap
centers of the second structure are not only (i) interface state between nanocrystals and
the surrounding dielectric, (i1) nanocrystal confined state but also (iii) traps in side the
SiNy dielectric layer. Because the SiNx supply additional accessible charge trap states,
the second structure shows larger memory window than first one. We can say that the

second structure is combined nanocrystal with SONOS structure.

4.4 Summary Il

From the above experiments result, we successfully incorporated nitrogen into SiGe
forming a new dielectric SiGeN film by sputtering a commixed SipsGegs target in an
Ar/N, environment at room temperature. The self-assembled phenomenon of Germanium

nanocrystal can be explained by the Gibbs free energy [4.4]. The Ge nanocrystals
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embedded in SiN, memory was fabricated easily. And the high density (~10'%) of Ge
nanocrystals can be achieved in this study. We observed that longer thermal treatment
(RTA) can improve the isolation and nucleation of Ge nanocrystals. The memory window
of RTA at 900°C for 30sec, 60sec conditions are 3.2V, 3.75V under =10V sweeping
operation. Hence, the memory window is large enough to define high and low states for
nonvolatile memory application. And Ge nanocrystals embedded in SiNy shows better
electrical characteristics than Ge nanocrystals embedded in SiOy in the table 4-3. And the
retention and endurance characteristics of the Ge nanocrystals embedded in SiNy memory
are good enough to be maintained after 10 years and 10° program/erase cycles. Finally,
this novel and simple fabrication technique of germanium nanocrystals could be

compatible with current manufacture process of the integrated circuit manufacture.
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Surface Atomic Concentration
Ratio from XPS Analysis

S1 Ge N
45.2% | 23.1% | 31.7%

Table 4-1 Surface atomic concentration ratio of the sample III (SipsGeosN) from X-ray

photoelectron spectroscopy (XPS).analysis.

Ge nanocqstgls Memory window /| Memory window
embedded in SiN_
Memory under £10V : after 10 years:
900°C 30s 32V 0.62V (16%)
900°C 60s 3.75V 1.22V (28%)

Table 4-2 Comparison of memory window under £ 10V sweeping operation and

remained charge ratio after 10 years with different thermal treatment conditions.
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Ge NCs Ge NCs
I\\//Ivier:gg\';\)// embedded embedded er(r}liglges d
under *10V in S10; in 10, in SiN
B (Ge - poor) (Ge - rich) X
STD X X X
RTA
. 0.65V 2.8V 3.2V
900 C 30s
RTA
900°C 60s 3.1V 3.75V

Table 4-3 Comparison of memory window under + 10V sweeping operation with

different samples and different treatment conditions.
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Figure 4-1 The process flow for sputtering SipsGeos commixed target in Ar/N, ambiance

with pre-annealing capping oxide (PACO) step.
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Figure 4-2 The XPS analysis by using an Al Ka (1486.6 eV) x-ray radiation is
demonstrated the chemical composition of the sample III (SipsGeosN) (a) Si 2p (b) Ge 3d

(c) N 1s core-level spectra.
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Figure 4-3 Cross-sectional TEM images of standard Sample III (Sip sGeosN) without any
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Figure 4-4 Capacitance-voltage (C-V) hysteresis of standard sample III (SipsGeosN)

without any thermal treatment.
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Figure 4-5 Capacitance-voltage (C-V) hysteresis of sample III SipsGeysN after RTA at
900°C for 30sec with PACO.
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Figure 4-6 TEM diagram of the sample III (SiysGeosN) after RTA at 900°C for 30sec
with PACO.
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Figure 4-7 Capacitance-voltage (C-V) hysteresis of sample III SipsGeosN after RTA at
900°C for 60sec with PACO.
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Figure 4-8 TEM diagram of the sample III (SipsGeosN) after RTA at 900°C for 60sec
with PACO.
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Chapter 5

Germanium doped Erbium Silicate

high-k dielectric memory

5.1 Introduction

SONOS structure is still the mainstream for nonvolatile memory nowadays. More
and more study was focused on the SONOS memory. In order to enhance the
performance of SONOS memory, the new material was proposed, such as tunnel
dielectric and charge trapping layer. The candidate material for tunnel dielectric is low
barrier height, and the charge trap layer is trap-rich or higher band offset to the tunnel
dielectric.

In recent research, high-k dielectric materials were proposed to replace the silicon
nitride film as trapping layer, such as HfAlO and ALO; [5.1]. The over-erase
phenomenon in the SONOS memory structure is minimized by using hafnium oxide
(SOHOS) to replace silicon nitride (SONOS) as the charge storage layer. Unlike SONOS
devices, SOHOS structures show a reduced over-erase phenomenon and self-limiting
charge storage behavior under both erase and program operation. These are attributed to
the differences in band offset and the crystallinity of the charge storage layer [5.2]. It was
found that for a given electric field applied to the tunnel oxide, the programming speed of
memory devices using HfO, film as a trapping layer is faster than that using Si;Na.
According to the advantages of high-k dielectric, there are many researches with Ge
nanocrystal embedded in high-k dielectric memory [5.3-5.5].

Various metal oxide have recently been suggested as high-k, which may serve as
gate dielectrics when the thickness of SiO, will be reduced to where unacceptable
leakage currents become unavoidable. One attractive class of high-k dielectrics are the
rare-earth-metal oxides which offer high conduction band offsets, a large band gap and
are also thermodynamically stable when deposited in a silicon substrate. Two rare-earth
oxides have been reported as gate diclectrics recently, Y,O; (k=12~18) and Gd,O;
(k=12~14) [5.6][5.7]. Erbium oxide is one of the rare-earth oxides, which have a

numerous optical and electric characteristics. They, for example, can be used as
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alternatives to silicon dioxide in gate dielectric related application. They offer a
combination of high resistivity, high relative permittivity, large band gap and high
chemical and thermal stability [5.8]. And erbium oxide is high-k dielectric, its dielectric
constant is about 13 [5.9]. And some research is using high-k material silicate ex: Hf
silicate, Zr silicate, for charging trap center memory [5.10]. Base on above researches, we
doped Ge into erbium-rich high-k layer and observed it memory characteristics, in this

chapter.

5.2 Experimental Sample Preparation

Figure 5-1 indicates a schematic of experimental procedure. This nonvolatile
memory-cell structure in this study was fabricated on a 4 inches p-type silicon (100)
wafer, which had been removed native oxide and particles by RCA process. After a
standard RCA clean, a 5-nm-thick tunnel oxide was thermally grown by a dry oxidation
process at 950°C in an atmospheric: pressureschemical vapor deposition (APCVD)
furnace. Subsequently, a 16-nm-thick oxygen and erbium incorporated SipsGeg s
(ErSiGeO) layer was deposited on tunnel oxide by co-sputtering of SipsGeos (80W)
commixed target and Er (40W) target in the Ar/O, (24scem/2scecm) ambiance at room
temperature. This step can obtain a quaternary layer as a charge trapping layer in our
memory. We choose the SipsGeg s target for-this-experiment due to previously result.
Sip.sGeo s target can allow enough Ge concentration in the deposited film.

In order to prevent the Ge interacting with the oxygen in the chamber resulting GeO
out-diffusion during rapid thermal anneal (RTA) process. We deposited a 5-nm-thick
PECVD oxide on the trapping layer before RTA. We called this step
“pre-annealing-capping-oxide” (PACO).After that, we annealed the sample by RTA at
900°C for 30sec in N, ambiance. After RTA process, a 35-nm-thick blocking oxide was
deposited by PECVD at 300°C. Al gate electrodes on back and front side of the sample
were finally deposited and patterned to form a metal/oxide/insulator/oxide/silicon
(MOIOS) structure. And we noted this MOIOS structure for “Sample 1V”.

The capacitance-voltage (C-V) hysteresis characteristic was also performed by
Keithley 4200 and HP4284 Precision LCR Meter with high frequency 1 MHz. In addition,
transmission electron microscope (TEM) and X-ray photoelectron spectroscopy (XPS)

were adopted for the micro-structure analysis and chemical material analysis.

5.3 Results and discussion
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Figure 5-2 shows typical cross-section TEM image of the control sample. We can
observe that 16-nm dielectric was deposited uniformly on the tunnel oxide. And we made
Energy Dispersive X-ray Spectrometer (EDS) analysis. The result of EDS is shown in
table 5-1. Notice that we did not detect the silicon and oxygen atoms. Because that we
might get some part of Si and O signal contributed by blocking oxide and tunnel oxide.
From the table 5-1, we can know that the trapping layer we deposited is an erbium-rich
(Er: Ge=3:1) similar to high-k layer. Figure 5-3 shows the capacitance-voltage (C-V)
hysteresis of control sample (without any thermal treatment). It is obviously that the
control samples show no memory effect.

Figure 5-4 shows cross-section TEM diagram of the sample with PACO after RTA at
900°C for 30sec. Figure 5-4 looks like similar to the figure 5-2. In the TEM pictures, the
image does not change a lot after thermal treatment. But the XPS analysis shown in
figure 5-5 shows some difference. The Er 4d core-level spectrum is shown in figure 5-5
before and after RTA at 900°C for 30sec. According to literature, the bonding energy of
Er-O bond is about 168.7 eV. And after RTA, the Er 4d core-level spectrum peak shift
toward higher binding. Some high-k materials such as hafnium (Hf) and zirconium (Zr)
their oxide, like HfO, ZrO,, when the metal-O bonds react with their nearby Si atoms, the
signal peak will shift to higher bonding energy position [5.10][5.11]. Therefore, we think
the Er-O might get bonding with Si and became erbium silicate high-k dielectric.

Figure 5-6 shows the forward and reverse sweep C-V characteristics, indicating the
electron charging and discharging effects of Ge doped erbium silicate high-k dielectric
memory. It is obviously observed that 5.3V and 13V memory windows can be obtained
under +5V and =+£10V operation, respectively. The C-V hysteresis loops are
counterclockwise, which is due to injection of electron from the deep inversion layer and
injection of holes from the accumulation layer of silicon substrate. The larger memory
window is due to the high-k material supply some additional traps and has better

program/erase speed.

5.4 Summary Il

In this chapter, a SONOS type memory with erbium silicate high-k dielectric was
obtained by sputtering deposition followed by a less thermal budget (RTA at 900°C for
30sec) process. We demonstrated the high-k dielectric has charging storage ability and
faster program/erase speed. In addition, significant C-V shift of 13V with operating at

+10V sweeping voltage, which is larger than above Ge nanocrystals embedded in SiOy or
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SiNy memory as shown in table 5-2.
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Element | Weight% | Atomic%
Ge K 13.81 26.97
Er L 86.19 73.03
Totals 100.00 100.00

Table 5-1 Energy Dispersive:X-ray Spectrometer (EDS) analysis of the control sample IV
(ErSiGeO).

Ge NCs Ge NCs
I\\/Av?rzggw embedded embedded egﬁgﬁ: d GE?SC;I())G d
under +10v | 1 S10; in S0, in SiN dielectric
B (Ge - poor) | (Ge -rich) X
STD X X X X
RTA
. 0.65V 2.8V 3.2V 13V
900 C 30s
RTA
900°C 60 3.1V 3.75V
S

Table 5-2 Comparison of memory window under + 10V sweeping operation with

different samples and thermal treatment conditions (with PACO).
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Figure 5-1 The process flow for co-sputtering SipsGeps commixed target and Er target in

Ar/O, ambiance with pre-annealing capping oxide (PACO) step.
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Figure 5-2 Cross-sectional TEM images of standard Sample IV (ErSipsGeysO) without
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Figure 5-4 Cross-sectional TEM diagram-of the sample IV (SipsGeosN) after RTA at
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Figure 5-5 The XPS analysis of Er 4d core-level spectrum for sample IV before and after
RTA. After the RTA process, the peak signal of Er-O bonding shift toward higher binding

energy indicating Er-O might react with their nearby Si atoms.
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Chapter 6

Conclusions

6.1 Conclusions

In this study, a novel and simple fabrication of Ge nanocrystal was proposed and
demonstrated for the application of nonvolatile semiconductor memory. The nonvolatile
memory with Ge nanocrystals embedded in silicon oxide (SiOy) layer was fabricated by
reactive sputtering a commixed target (SiyGe;x) in Ar/O, ambiance. We successfully
incorporated oxygen into SiGe layer to form SiGeO ternary layer. After that we do not
need to consider about Ge over-oxidation phenomena and add extra high pressure
hydrogen annealing to return Ge oxide -to Ge. And we find out that
pre-annealing-capping-oxide (PACO) to avoid GeO out-gasing is a critical step in our
experiments.

During a rapid thermal annealing (RTA) at 900°C for 30seconds process, the Ge
atoms will segregate and nucleate to form Ge nanocrystals (or Ge nano-dots). The high
area density (~10"2cm™) nanocrystal can-be-fabricated simply. We can improve the
performance just by annealing 30 more seconds at 900°C which makes better isolation of
Ge nanocrystals and reduces the defects (lateral leakage path) in the dielectric (SiOy)
surrounding Ge nanocrystals. According the better isolation of Ge nanocrystals, longer
thermal treatments cause larger memory window. And the reliability issue, especially
retention is significantly improved.

Another similar process for Ge nanocrystals embedded in silicon nitride (SiNy) was
also proposed by reactive sputtering a commixed SiGe target (SipsGeps) in Ar/N;
ambiance. We incorporated nitrogen into SiGe layer to form SiGeN ternary layer. After a
rapid thermal annealing (RTA), the Ge atoms will precipitate to form Ge nanocrystals
embedded in SiNy. The charge storage layer of nanocrystals embedded in SiNy exhibits
larger memory characteristics over nanocrystals embedded in SiOy. The improvement of
charge storage capacity is attributed to additional accessible charge trap states in the SiNy
matrix.

As the same, increasing the thermal treatment time can improve the isolation of Ge

nanocrystals and reduce the defects above the nanocrystal in the SiNy dielectric. That is
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the reason for 900°C 60 seconds sample showing not only larger memory window but
also better retention than 30 seconds one. And all of above nanocrystal memories exhibit
excellent endurance characteristics indicating the quality of tunnel oxide grown by
APCVD at 950°C is strengthened enough to bear 10° P/E cycles stress. Finally, the
fabrication technique for the application of the above nonvolatile nanocrystal memory
can be compatible with current process of the integrated circuit manufacture.

A SONOS type memory with erbium silicate high-k diclectric was obtained by
sputtering deposition followed by a thermal budget (RTA at 900°C for 30 seconds)
process. We demonstrated the high-k dielectric has charging storage ability and faster
program/erase speed. In addition, significant C-V shift of 13V with operating at +10V
sweeping voltage, which is larger than above Ge nanocrystals embedded in SiOy or SiNy
memory. And it is suitable for the application of low-power nanoscaled nonvolatile

memory.
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