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Abstr act

For nonvolatile semiconductor memories (NVSM), there are two limitations

encountered at the present time. (1) The limited potential for continued scaling of the

device structure: this scaling limitation stems from the extreme requirements on the

tunnel oxide layer. To balance between program/erase speed and retention time, there is
a trade-off between speed and reliability for the optimal tunnel oxide thickness. (2) The

quality and strength of tunnel oxide (or tunnel dielectric) after plenty of program/erase

cycles, once a leaky path has been created in tunnel oxide, al charges stored in the
floating gate  will be lost. Therefore, two  approaches, the
silicon-oxide-nitride-oxide-silicon (SONOS) and the nanocrystal nonvolatile memory
devices, have investigated to overcome this oxide quality limit of the conventional
floating gate NV SM.

A combination of SONOS and nanocrystal NV SM is first proposed in this study. A



SiGeN film is introduced to replace the nitride film in SONOS structure. After several
different thermal processes, Ge in the SiGeN film will be segregated to form Ge
nanodots embedded in the SINX/SION film. Because there are two charge-storage node
sources, the nodes in Ge nanodots and in SINx dielectric film, comparing to SONOS
and Ge nanocystal NVMs, a larger memory window can be obtained. When a memory
device has a larger memory window, it is easier to meet the requirement of 10-year
retention. And, we hope this approach can improve the two limitations mentioned
above.

Besides, the roles of dry oxidation and steam treatment during blocking oxide
formation are also considered. With the extension of dry oxidation time, the Ge signal in
Raman spectrum increases gradually because there are more Ge atoms to be segregated
from the SiGeN film and more time for Ge atoms to nucleate. A 3-mintue steam
treatment is performed after 30 minutes dry, oxidation. Owing to its smaller size and
lower activation energy than Oumolecules, H,O molecules are more permeable through
the blocking oxide and can passivate dangling bonds in the blocking oxide. The purpose
of steam treatment is to strengthen the blocking oxide and improve its quality. The I-V
characteristic of the sample after 30 minutes dry oxidation plus 3 minutes steam
treatment is comparable with that after 60 minutes long term dry oxidation. The
introduction of steam treatment can not only improve the blocking oxide quality but

also reduce the thermal process duration from 60 minutes to 33 minutes.
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Chapter 1

I ntroduction

1.1 General Background

In 1967, D. Kahng and S. M. Sze invented the floating-gate (FG) nonvolatile
semiconductor memory (or flash memory) at Bell Labs[1.1]. To date, the flash memory
device structure, as shown in Fig. 1-1, continues to be the most prevailing
nonvolatile-memory implementation, and is widely used in both standalone and
embedded memories. The invention of flash memory creates a huge industry of portable
electronic devices such as cellular phones;. digital cameras, digital voice recorders, MP3

walkman, personal data assistants to compact smart cards, USB flash personal disc etc.

Although a huge commercial success; conventional FG devices have their

limitations. Two of the most prominent limitations are: (1) the limited potential for

continued scaling of the device structure. This scaling limitation stems from the extreme

requirements put on the tunnel oxide layer. The tunnel oxide must be thin enough to
allow quick and efficient charge transport to and from FG. On the other hand, the tunnel
oxide needs to provide superior isolation under retention, endurance, and disturbed
conditions in order to maintain information integrity over periods of up to a decade.
When the tunnel oxide is thinner for operation speed consideration, the retention
characteristics may be degraded. And when the tunnel oxide is made thicker to take the
isolation into account, the speed of the operation will be slower. Therefore, for mass
production, there is a trade-off between speed and reliability for the optimal tunnel

oxide thickness. (2) the quality and strength of tunnel oxide (or tunnel dielectric) after




plenty of program/erase cycles. Once a leaky path has been created in tunnel oxide, all

the charges stored in the floating gate will be lost. Therefore, two suggestions, SONOS
[1.2-1.4] and nanocrystal nonvolatile memory devices [1.5-1.7], are proposed to
overcome this oxide quality limit of the conventional FG structure. These technologies
replace the floating gate structure with a great number of charge-storage nodes in the
dielectric or in the nanocrystal. Unlike the floating gate, stored chargesin isolated nodes
cannot easily redistribute amongst themselves and the local |eaky path will not cause the
fatal loss of information for the nanocrystal nonvolatile memory device. This effectively

prevents the leakage of all the stored charges out of the floating gate.
1.1.1 SONOS nonvolatile memory devices

SONOS (silicon-oxide-silicon-exide-silicon) nonvolatile memory devices structure
shown in Fig. 1-2, the charge storage elements:in SONOS memory are the charge traps
distributed throughout the-volume of the SisN4 layer. A typical trap has a density of the
order 10'%-10" cm according to-Yang-et al [1.8] and stores both electrons and holes

(positive charges) injected from the channel.

Figure 1-3 illustrates the progression of device cross section, which has led to the
present SONOS device structure. The nitride-base memory devices were extensively
studied in the early 70s after the first metal-gate nitride device MNOS
(Metal/Nitride/Oxide/Silicon) was reported in 1967 by Wegener et a [1.9]. Initia
device structuresin the early 1970s were p-channel metal-nitride-oxide-silicon (MNOS)
structures with aluminum gate electrodes and thick (45 nm) 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 write/erase voltages of 14-18 V.
In the late 1980s and early 1990s, n- and p-channel SONOS devices emerged with

write/erase voltages of 5-12 V. In the SONOS device, an oxide layer is introduced



between the gate and the nitride region. Thus, it forms the ONO (SiO,/Si3N4/SiO,) gate
dielectric stack (Fig. 1-2) instead of capping the nitride layer with just a metal or
semiconductor gate. The purpose of the top blocking oxide is to reduce the charge
injection from the control gate into the nitride layer, limiting the memory window of

both MNOS and SNOS devices.

The program/erase mechanism is shown in Fig. 1-4. During programming, the
control gate is biased positively so that electrons from the channel can tunnel across the
SOz into the nitride layer. Some electrons will continue to move through the nitride
layer then across the control oxide finaly into the control gate. The remaining trapped
charges in the nitride layer provide the electrostatic screening of the channel from the
control gate. Therefore, there is a threshold voltage (V) shift resulting from trapped
charges in nitride and because of that, SONOS.can be used as a memory device just like

conventional floating gate devices.

1.1.2 Nanocrystal nonvolatile memory-devices

Nanocrystal nonvolatile memories, shown in Fig. 1-5, are one particular
implementation of storing charges by dielectric-surrounded 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 [1.10], In a nanocrystal NVSM
(nonvolatile semiconductor memory) device, charge is not stored on a continuous FG
poly-Si layer, but instead on a layer of discrete, mutually isolated, crystalline
nanocrystals or dots. Each dot will typically store only a handful of electrons;
collectively the charges stored in these dots control the channel conductivity of the
memory transistor.

As compared to conventional stacked gate NVSM devices, nanocrystal charge

storage offers several advantages, the main one being the potential to use thinner tunnel



oxide without sacrificing nonvolatility. This is a quite attractive proposition since
reducing the tunnel oxide thickness is a key to lowering operating voltages and/or
increasing operating speeds. 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 effects of Coulomb blockade [1.11]. Quantum
confinement effects (bandgap widening; energy quantization) can be exploited in
sufficiently small nanocrystal geometries (sub-3 nm dot diameter) to further enhance the
memory’s performance.

Due to the less drain to FG coupling, nanocrystal memories suffer less from drain
induced barrier lowering (DIBL). One way to exploit this advantage is to use a higher
drain bias during the read operation, thus improving memory access time. Of particular
importance is the low capacitive coupling between the external control gate and the
nanocrystal charge storagelayer. This does not only resultsin higher operating voltages,
thus offsetting the benefits of thethinner-tunnel oxide, but also removes an important
design parameter (the coupling ratio) typically used to optimize the performance and
reliability tradeoff.

Unlike volume distributed charge traps (ex: nitride in SONOS NV M), nanocrystals
be deposited in a two-dimensional 2-D) layer at a fixed distance from the channel
separated by a thin tunnel oxide (Fig. 3). By limiting nanocrystals deposition to just one
layer and adjusting the thickness of the top blocking dielectric, charge leakages to the

control gate from the storage nodes can be effectively prevented.

1.2 Motivation

The Semiconductor Industry Association (SIA) International Technology Roadmap
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for Semiconductors (ITRS) indicates the difficult challenge, beyond the year 2005, for
nonvolatile semiconductor memories is to achieve reliable, low-power, low-voltage
performance [1.12]. For nonvolatile flash memories, two limitations encountered at the

present time are: (1) the limited potential for continued scaling of the device structure.

This scaling limitation stems from the extreme requirements put on the tunnel oxide
layer. In order to get balance between program/erase speed and retention time, thereis a
trade-off between speed and reliability to get the optimal tunnel oxide thickness. (2) the

quality and strength of tunnel oxide (or tunnel dielectric) after plenty of program/erase

cycles. Once a leaky path has been created in tunnel oxide, all the charges stored in the
floating gate will be lost. Therefore, two suggestions, the SONOS and the nanocrystal
nonvolatile memory devices, are proposed to overcome this oxide quality limit of the
conventional FG structure. These technologies replace the floating gate structure with a
great number of charge-starage nodes in.the dielectric or in the nanocrystal. Unlike the
floating gate, the local leaky path-will_not cause the fatal loss of information for the
nanocrystal nonvolatile memory device. This effectively prevents the leakage of all the

stored charges out of the floating gate.

In this thesis, a combination of SONOS and nanocrystal nonvolatile memory
devices is proposed. A SiGeN film is introduced to replace the nitride film in SONOS
structure. After several different thermal processes, Ge in the SiGeN film will be
segregated to form Ge nanodots embedded in the SiNx (or SION) film. Because there
are two charge-storage node sources, the nodes in Ge nanodots and in SINx dielectric
film, comparing to SONOS and Ge nanocystal NVMs, alarger memory window can be
obtained. When a memory device has a larger memory window, it is easier to meet the
requirement of retention of 10 years. And, hope to solve the two limitations mentioned

above.



1.3 Organization of ThisThesis

In chapter 1, general background of flash nonvolatile memory, SONOS nonvolatile

memory and nanocrystal nonvolatile memory devices is introduced.
In chapter 2, basics of program and erase operation are introduced.

In chapter 3, sample structure, experimental methods and experimental process flow

are stated.

In chapter 4, discuss the SINx:Ge memory electric characteristics, reliabilities,

mechanism of Ge dot formation in SiGeN film and role of steam treatment..

Finally, the conclusion is préesentediin chapter 5
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Fig.1-1 The device structure of conventional nonvolatile semiconductor
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Fig.1-2 The device structure of SONOS nonvolatile memory.
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Figure 1-3 The development of the gate stack of SONOS EEPROM
memory devices. The optimization of nitride and oxide films has been the
main focus in recent years.
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Figure 1-4 The energy band diagrams of the write/erase operation for a
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memory.
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Chapter 2

Basics principle of nonvolatile memory

2.1 Introduction

For SONOS NVSM, the basics operating principle of ONO structure is that
electrons injected from the channel are trapped in the forbidden gap of the silicon nitride
film during the program operation. On the other hand, during the erase operation, holes
are injected from the substrate intessilicon nitride film. If there are charges stored in the
silicon nitride film, the threshol d voltage can be modified to switch between two distinct

values. [2.1]

The relation between bias and energy band bending is a key to understand basics
program and erase mechanisms. Fig 2-1 shows energy band diagram of MONOS. The
barrier of SIO; is about 3.1 eV for electrons in the conduction band of silicon, and 4.78
eV for holes in valance band. The barrier of SisN4 is about 1.05 eV for electrons in the
conduction band of nitride, and 2.85 €V for holes in valance band, the gap for electron
between conduction band and trapping level is 0.7 eV, and, for hole between valance

band and trapping level is0.95eV.

In this chapter, we will discuss program and erase mechanisms from the relation
between bias and energy band bending. Fowler-Nordheim Tunneling, hot electron
injection, band to band assisted hole injection, channel hole injection will be discussed

briefly.
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2.2 Basic program mechanisms

2.2.1 Fowler-Nordheim Tunneling

Fowler-Nordheim tunneling is a field-assisted carrier tunneling mechanism [2.2],
when a large positive voltage is applied across a metal-ONO-substrate structure, its
band stricture will be influenced as indicated in figure 2-2. Due to high electrical field,
electrons in the poly-Si conduction band as triangular energy barrier with a width
dependent on applied electric field. At sufficient high fields, the width of barrier
becomes small enough to tunnel through the barrier from the poly-Si conduction band

into nitride electron trap layer.
2.2.2 Hot electron injection

At large drain bias, the minority carriers that flow in the channel are heated by the
large electric fields occurred iat the drain side of the channel and their energy
distribution is shifted higher. This phenomenon gives rise to impact ionization at the
drain, by which both minority and majority carriers are generated. The highly energetic
majority carriers are normally collected at the substrate contact and from the so-called
substrate current. The minority carriers heating occurs when some of the minority
carriers gain enough energy to alow them to surmount the SIO, energy barrier. If the
oxide field favors injection, these carriers injected over the barrier into the gate insulator
and give rise to the so-called hot-carrier injection gate current [2.3-2.4]. Figure 2-3
shows the phenomenon of hot electron injection. This mechanism is schematically

represented for the case of an n-channel nonvolatile memory.

In MOS devices, the drain voltage should increase beyond the saturation voltage

12



Vdsat (Vd > Vdsat), the mode can named hot carrier effect. To distinguish from
Fowler-Nordheim tunneling, the definition of hot carrier injection in this study is the

only condition that the drain is applied bias.

2.3 Basic er ases mechanisms

There are three physical mechanisms that can be potentially responsible of erase
method in nonvolatile memory with ONO structure, as indicated in figure 2-4. (1)
electron escape from the nitride by tunneling through top and bottom oxides; (2)
tunneling of holes generated by band-to-band into the nitride layer; and (3) the injection
into the nitride of hot holes.[5]. Electron amost can’'t escape from the nitride for the
nitride deep trap. Holes injection is the-dominate mechanism in erase operation. In this

study, we'll discuss erase operation fromithis view.
2.3.1 Fowler-Nordheim Tunneling

Fowler-Nordheim tunneling is a field-assisted electron tunneling mechanism, when
a large negative voltage is applied across a metal-ONO-substrate structure, its band
stricture will be influenced as indicated on Figure 2-5. Due to high electrical field, holes
in the poly-Si valance band as triangular energy barrier with a width dependent on
applied electric field. At sufficient high fields, the width of barrier becomes small

enough to tunnel through the barrier from the poly-Si valance band into nitride hole trap
layer.
2.3.2 Band to band assisted hole injection

In N-channel, when a negative gate voltage and a positive drain voltage are applied

13



to the cell, electron-hole pairs are generated by BTBT in the drain region [2.6, 2.7]. The
holes are accelerated by a lateral electric field toward the channel region and some of
them obtain high energy. The injection of such hot holes [2.8] into nitride through the

tunnel oxide is used for anew erase operation in N-channel.
2.3.3 Hot holeinjection

The mechanism of hot hole injection in P-channel is like to hot electron injection.
Figure 2-7 shows the phenomenon of hot hole injection. It’s reported that hole injection

IS aerase operation in P-channel device [2.9].

14
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Figure 2-2 () Positive gate voltage applied when use Fowler-Nordheim tunneling to
program (b) Energy band representation of Fowler-Nordheim tunneling. Electron in
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Figure 2-4 Schematic diagram sketching the possible MONOS erase mechanisms
electron tunneling through tunneling oxides (E1), electron emission in the nitride and
subsequent tunneling through tunneling oxides (E2), hole tunneling into the nitride (H1),

injection of hot holes into the nitride (H2).
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Chapter 3

Sample Structure and Ther mal Process

3.1 Sample Structure

Figure 3-1 (@) and (b) show the two different pre-thermal sample structures,
labeled as sample | and sample I, in this experiment. The transmission electron

microscope (TEM) diagrams are shown in Fig. 3-2 and Fig. 3-3.

First, a 5-nm thermal oxide was grown.on p-type Si substrate by dry oxidation in
an atmospheric pressure chemical vapor deposition (APCV D) furnace as a tunnel oxide
in both samples. Subsequently, in sample-: a50-nm PECVD SiGeN was deposited on
tunnel oxide; in sample I1: a20-nm PECVD SiGeN was deposited on tunnel oxide as

charge-trapping layers, followed by the deposition of 20-nm PECVD &aSi layer.

The deposition of the PECVD SiGeN was kept at 200 in alow pressure of 6
mTorr with SiHs : GeHs: NH3: N2 = 20 scem : 5 scem @ 30 scem : 500 sccm and a RF
power of 20 W. The N, gas was served as the carrier gas to adjust the chamber pressure
and make the process gas can easily transport into the process chamber. The low
pressure of 6 mTorr during deposition makes the mean free path of electrons and
radicals increase, which will improve the uniformity of the thin film [3.1]. The sequent
deposited a-Si was at 200 with SiH,4 : Hz = 20 sccm : 980 scem, and a 20W power.
Then, the samples were oxidized in thermal furnace at 900 in oxygen ambient to
form blocking oxide. Besides, a three minutes steam treatment is performed on some

samples after blocking oxide formation. Finally, the Al gate was patterned and sintered
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to form ametal/oxide/nitride/oxide/silicon (MONQOS) structure.

In short, the difference between sample | and sample |l is the thickness of SIGeN
layer (thicker in sample 1) and with/without capped amorphous Si layer (with Si cap

layer in sample II).

3.2 Thermal Process

Fig. 3-4 and Fig. 3-5 indicate the thermal process flow in sample | and sample 1.
In sample |, directly oxidize athick SiGeN layer (sample |) to form blocking oxide by a
dry oxidation process with different time or by a 30 min dry oxidation process followed
by a 3 minutes steam treatment in thermal furnace at 900 . In sample I, oxidize the
amorphous Si layer capped on-the SiIGeN layer(sample I1) to form blocking oxide by a
dry oxidation process with'different-time-or by a 30 min dry oxidation process followed
by a 3 minutes steam treatment in.thermal furnace at 900 . The steam treatment
means let in H,O into thermal furnace, the same as wet oxidation. Owing to its smaller
size and lower activation energy than O, molecules, H,O molecules are more permeable
through the blocking oxide and can passivate dangling bonds in the blocking oxide. The

purpose of steam treatment is to strengthen the blocking oxide and improve its quality.
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Sample |

SiGeN

(b)

Figure 3-1 (a) Sample structure of sample | (b) Sample structure of sample
1.
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Tunnel Oxide+ SiGeN

(b)

Figure 3-2 The TEM diagram of sample | before thermal oxidation.
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Sample 11

Figure 3-3 The TEM diagram of sample |1 before thermal oxidation.
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Sample |
Directly Oxidize SiGeN Layer to Form Blocking Oxide

ry + steam treatment

Ge dot

Figure 3-4 The thermal process flow of samplel.
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Sample 11
Oxidize The Amorphous Si Layer Capped on the

SiGeN layer to Form Blocking Oxide

Figure 3-5 The thermal process flow of samplel.
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Chapter 4

Experiment Results and Discussions

4.1 Electrical Characteristics

In previous section, it has been mentioned that there are two methods used to form
blocking oxide. In one method, only a dry oxidation process with different time in
thermal furnace at 900  is adopted. In the other method, a dry oxidation process is
followed by a 3 minutes steam treatment. Table 4-1 shows the difference conditions
performed on sample I and sample, IL.. The Ge nanocrystals embedded SiON layer (the
charge storage layer) of a MOIOSsmemory device is utilized to capture the injected
carriers from the channel.” When the device is programmed, electrons directly tunnel
from the Si substrate through the tunnel-oxide by Fowler-Nordheim (F-N) tunneling.
The tunneling electrons are trapped in the forbidden gap of SiON layer and conduction
band of Ge nanocrystals in the SiON layer. For the erasion, the holes may tunnel from
the valence band of the Si substrate. The tunneling hole recombine with the electrons
trapped in the forbidden gap of SiON layer and conduction band of Ge nanocrystals in
the SiON layer. The blocking oxide is utilized to prevent the carriers of gate electrode
from injecting into the charge-trapping layer by Fowler-Nordheim (F-N) tunneling. The
capture of carriers will causes a variation in the threshold voltage and can serve as a
memory device.

The capacitance-voltage (C-V) hysteresis of sample | (without capped Si layer)
with three different conditions A, B, C and D are shown in Fig. 4-1 (a), (b) and Fig. 4-2

(a), (b), respectively. In 30 and 45 minutes short term dry oxidation (condition A and B),
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because the thickness is not thick enough and the quality is not good enough, the
blocking oxide can’t block the carriers (electrons or holes) tunneling from gate to charge
storage layer. When the dry oxidation time is extended to 60 minutes (condition C), the
blocking oxide is thick enough to block the carriers from gate and therefore the way
carrier injection turns from gate injection to substrate injection. In condition C, the
memory windows are ~1.1V under £3V C-V sweeping, ~2.4V under +5V C-V
sweeping and ~4V under £7V C-V sweeping. In condition D (30 minutes dry oxidation
followed by 3 minutes steam treatment), the memory window is 0.9V under £10V C-V
sweeping. The retention character of sample I with condition C (60 minutes dry
oxidation) is shown in Fig. 4-3. The program curve and erase curve in Fig. 4-3 shift
toward positive voltage at the same time because positive oxide trapped charges are
created during the program/erase cycles in tunnel oxide and they will de-trap with the
retention time [4-1]. As the_de-trapping of the positive oxide trapped charges, the
threshold voltage will shift-to positive.side. The-schematic plot and are shown in Figure
4-4. The endurance characteristic of sample I with condition C (60 minutes dry
oxidation) is shown in Fig. 4-5. There is almost no shift in the threshold voltage after
10° program/erase cycles under £3V operation.

The capacitance-voltage (C-V) hysteresis of sample |l (with capped Si layer) with
four different conditions A, B, C and D are shown in Fig. 4-6 (a), (b), and 4-7 (a), (b),
respectively. The C-V properties are of the same trends as sample 1. In 30 and 45
minutes short term dry oxidation (condition A and B) a gate injection is observed. Also,
substrate injections are observed in 60 minutes dry oxidation (condition C) and 30
minutes dry oxidation plus a 3-minute steam treatment (condition D). In condition C,
the threshold-voltage shift (memory window, AV,) under £7V C-V sweeping is ~1.7 V
and in condition D (30 minutes dry oxidation followed by 3 minutes steam treatment),
the memory windows are ~0.6V under +3V C-V sweeping, ~1.8 V under 7V C-V
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sweeping and ~4.2V under £10V C-V sweeping. The retention and endurance character
of sample II with condition D are shown in Fig. 4-8 and Fig. 4-9. The Auger Electron
Spectroscopy (AES) analysis of sample II with condition D is shown in Fig. 4-33 (b).
There is a rise in oxygen signal after steam treatment in AES analysis. The SiON
dielectric is oxidized by steam to form SiOx. As a result, the Ge nanocrystals are not
embedded in SiON but in SiOx. The program and erase curves in Fig. 4-9 shift to
negative voltage at the same time because positive oxide trapped charges are created
during the program/erase cycles in both tunnel oxide and the SiOx oxidized from SiON
film by steam treatment [4-1]. The schematic plot is shown in Figure 4-10. The positive
trapped charges in SiOx oxidized from SiON film will increase with the P/E cycles
because of its worse quality than tunnel oxide’s. Therefore, the threshold voltage in the
Fig. 4-9 will shift to negative side.
4.1.1 Comparing to Other Memories

Figure 4-11 shows the C-V_hysteresis of Ge nanocrystals embedded in SiO; (Ge
nanocrystal only) nonvolatile ' memory proposed by T. C. Chang et al. [4.2]. Fig. 4-12
shows the C-V hysteresis of SONOS memory and the SiNx layer in the ONO stack is
deposited by the same PECVD used in this study. The memory windows in the Ge
nanocrystal only NVSM are ~0.4V under £5V C-V sweeping and ~2V under £10V C-V
sweeping. The memory windows in SONOS only NVSM are ~0.2V under £5 C-V
sweeping and ~0.6V under £10V C-V sweeping. In this study, a combination of Ge
nanocrystal and SONOS NVSM is proposed. The memory windows of sample I with
condition C are ~1.1V under £3V C-V sweeping, ~2.4V under +5V C-V sweeping and
~4V under £7V C-V sweeping, as shown in Fig. 4-2 (a). Moreover, The memory
windows of sample II with condition D are ~0.6V under £3V C-V sweeping, ~1.8 V
under +7V C-V sweeping and ~4.2V under £10V C-V sweeping, as shown in Fig. 4-7
(b). The memory windows both in sample I and sample II are larger than Ge nanocrystal
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only NVSM or SONOS only NVSM (table. 4-4) and even larger than the Ge
nanocrystal NVSM plus SONOS NVSM. It’s inferred that besides charge trapping units
in the Ge nanocrystal and the SiON dielectric, there are additional charge trapping units

at Ge/SiON interface. The band diagrams are shown in Figure 4-13.

4.2 M echanism of Ge Nanocrystals Formation

Kan et al. adopted a two-step RTA process executed on a Sigps4Gegse film to form
Ge nano-dots embedded in SiOx dielectric [4.3-4.4] and the 950 N, RTA would
reduce the Ge atoms and the nanocrystals grew based on the Ostwald ripening
mechanism [4.5]. Besides, a method of Ge nano-dots segregated downward until they
reach the tunnel oxide surface by SipsGepz.layer being wet oxidized in an APCVD
reactor has been proposed-[4.6-4.8]. In this work, the formation of Ge nanocrystals is
only by one step of oxidation of -the silicon-germanium-nitride layer, which is simpler
than the previous research [4.9]} and high-throughput and low cost potentially for
industrial consideration.

A thermal furnace process is introduced to form blocking oxide (SiOx or SiON)
and segregate Ge atoms in this study. During 900  dry oxidation process, Si in the
SiGeN film more easily combine with O, than Ge to form SiOx. Because of the low
solid solubility of Ge in silicon oxide, the Ge atoms will be segregated downward until
they reach the tunnel oxide surface [4.6-4.8] and nucleate to form Ge nano-dots (or Ge
nanocrystal) near the tunnel oxide(or gate oxide). Therefore, the SiGeN film will be
oxidized to form SiOx film (as blocking oxide); meanwhile, the Ge in the SiGeN film
will be segregated to form Ge nano-dots (or Ge nano-crystal) embedded by SiON

dielectric near the tunnel oxide.
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4.2.1 Directly Oxidize SiGeN Layer as Blocking Oxide ( Samplel )

The different bonds’ wave numbers of Fourier Transform Infrared Rays (FTIR)
spectrum are shown in table 4-2 and 4-3 [4.8]. The FTIR spectra of sample I before and
after thermal oxidation process are shown in Figure 4-14. The weak bonds such as Si-H,
Ge-H, N-H disappear after 900  dry oxidation and the appearance of Si-O after
oxidation means the SiGeN layer has been oxidized to form SiOx as blocking oxide.
The transmission electron microscope (TEM) diagrams and Auger Electron
Spectroscopy (AES) analysis before oxidation and after oxidation with condition A(dry
30 minutes), C(dry 60minutes) are shown in Fig. 4-15 (a), (b) and Fig. 4-16 (a), (b),
respectively. The TEM diagram as shown in Fig. 4-15 (a), there is no Ge nanocrystal
present in the as-deposited SiGeN film before oxidation and Fig. 4-15 (b) shows that all
of the three elements, Si, Ge,and N are present in the as-deposited SiGeN film before
oxidation. The Ge nanocrystals appear in-the. TEM diagram after oxidation as shown in
Fig. 4-16 (a) and there is a'rise of Ge.and N signal between 500 and 1300 second in Fig.
4-16 (b), which reveals that the Ge nanocrystals are imbedded in SiON dielectric.

The Raman spectra of sample I before and after 30 minutes thermal oxidation
process in O, ambiance are shown in Figure 4-17. In the Raman spectrum of SiGeN
film in sample I before oxidation, there is a broad distribution signal which means that
the as-deposited SiGeN film is amorphous and a signal peak of Ge crystal appears after
30 minutes thermal oxidation. The appearance of the signal peak of crystal Ge
represents that the Ge atoms in SiGeN film were segregated and nucleated forming Ge
nanocrystal while dry oxidation. The Raman spectra of 30 minutes short term and 60
minutes long term dry oxidation are shown in Fig. 4-18 (a) and (b). In comparison with
crystal Si substrate signal peak (~520 cm™), the intensity of crystal Ge peak (~300 cm™)
increase with the extension of dry oxidation time, which reveals that the longer
oxidation time makes not only more Ge atoms to be segregated from the thickening
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blocking oxide, but also more time for Ge atoms to nucleate. The intensity of crystal Ge
after 60 minutes oxidation is even stronger than that of crystal Si substrate.
4.2.2 Oxidize Capped Amorphous Si Layer as Blocking Oxide ( Samplell )

The FTIR spectra of sample II before and after thermal oxidation process are
shown in Figure 4-19. The same as sample I, the weak bonds such as Si-H, Ge-H, N-H
disappear after 900  dry oxidation and the appearance of Si-O after oxidation means
the SiGeN layer has been oxidized to form SiOx as blocking oxide. The transmission
electron microscope (TEM) diagrams and Auger Electron Spectroscopy (AES) analysis
before oxidation and after oxidation with condition A(dry 30 minutes), C(dry 60minutes)
are shown in Fig. 4-20 (a), (b), Fig. 4-21 (a), (b), Fig. 4-22 (a), (b), respectively. Also,
the TEM diagram as shown in Fig. 4-20 (a), there is no Ge nanocrystal present in the
as-deposited SiGeN film before oxidation and Fig. 4-20 (b) shows that all of the three
elements, Si, Ge and N are. present in the as-deposited SiGeN film before oxidation. In
the Raman analysis as shown in Fig. 4-23, there is a Ge crystal peak but in the TEM
diagram (Fig. 4-20(a)), there 1s no. Ge nanocrystal present in the oxidized SiGeN film
because the oxidation time is not long enough for Ge atoms to be segregated and to
nucleate and this phenomenon is also observed by Kan et al. in their study [4.2]. After a
longer oxidation period, the Ge nanocrystals appear in the TEM diagram, as shown in
Fig. 4-22 (a) and there is a rise of Ge and N signal between 100 and 400 second in Fig.
4-22 (b), which reveals that the Ge nanocrystals are imbedded in SiON dielectric.

The Raman spectra of sample II before and after 30 minutes thermal oxidation
process in O, ambiance are shown in Figure 4-24. In the Raman spectrum of SiGeN
film in sample II before oxidation, there is a broad distribution signal which means that
the deposited SiGeN film is amorphous and a signal peak of Ge crystal appears after 30
minutes thermal oxidation. The appearance of the signal peak of crystal Ge represents
that the Ge atoms in SiGeN film were segregated and started to nucleate forming Ge
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nanocrystal while oxidation. The Raman spectra of 30 minutes short term and 45
minutes longer term dry oxidation are shown in Fig. 4-25 (a) and (b). The same as
sample I, in comparison with crystal Si substrate signal peak (~520 cm™), the intensity
of crystal Ge peak (~300 cm™) increase with the extension of dry oxidation time, which
reveals that the longer oxidation time makes not only more Ge atoms to be segregated
from the SiGeN layer, but also more time for Ge atoms to nucleate. The intensity of
crystal Ge after 45 minutes oxidation is even as strong as that of crystal Si substrate.
Besides, there is a Si-Ge signal appear in Fig. 2-25 (a), (b) and the peak decays with the
extension of oxidation time, but it’s not present in sample I. Therefore, it’s inferred that
the Si-Ge bonds are produced in the amorphous/SiGeN interface during the PECVD

film deposition process.

4.3 Role of Steam Treatment

The steam treatment means:let in H,©‘into thermal furnace at 900 , the same as
wet oxidation. After the dry oxidation, a 3-minute steam treatment is performed on both
sample I and sample II; the results are demonstrated in this section. It’s believed that
owing to its smaller size and lower activation energy than O, molecules, H,O molecules
are more permeable through the blocking oxide and passivate dangling bonds in
blocking oxide. The purpose of steam treatment is to strengthen the blocking oxide and
improve its quality.

4.3.1 Directly Oxidize SiGeN Layer as Blocking Oxide ( Samplel )

The capacitance-voltage (C-V) hysteresis and [-V characteristics of sample I
(without capped Si layer) with four different conditions (A, B, C, D) are shown in Fig.
4-26 (a), (b), (c), (d) and Fig. 4-27, respectively. With the extension of oxidation time
from 30 minutes to 60 minutes, the C-V hysteresis turns form gate injection (clockwise)
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to substrate injection (counterclockwise) and the leakage current density (J) in the I-V
diagram decrease from 107 order to 10” order, which means the blocking oxide is thick
enough and its quality is good enough after a long enough dry oxidation. However, the
leakage current density characteristic of 30 minutes short term dry oxidation followed
by a 3 minutes steam treatment is comparable with 60 minutes long term dry oxidation,
which reveals that an extra 3 minutes steam treatment can improve the blocking oxide
quality.

The TEM diagrams and Auger Electron Spectroscopy (AES) analysis after
oxidation with condition D (30 minutes dry oxidation plus 3 minutes steam treatment)
are shown in Fig. 4-28 (a) and (b). Owing to the rapid oxidation rate of steam treatment,
the Si atoms in SiGeN film are oxidized so fast that there is on enough time for Ge
atoms to be segregated toward-the tunnel oxXide and therefore the Ge clusters are present
throughout the oxidized SiGeN film, as shown in Fig. 4-28 (a). Furthermore, the N
signal in the AES spectrum, as shown in.Fig. 4-28 (b), almost decays to zero after steam
treatment. This represents that the SiON'dielectric by which the Ge nano-crystal is
surrounded is oxidized to become SiOx and also explains the endurance characteristic
without steam treatment (Fig. 4-5) is better that with a steam treatment (Fig. 4-9)
because of the oxide trapped charges present in the SiOx dielectric after P/E cycles.

The Raman spectra before and after steam treatment are compared in figure 4-29.
There is a dramatic drop in the Ge signal peak and there is also a rise in the germanium
oxide (Ge,0) signal after a steam treatment. The same situation is also observed in 60
minutes dry oxidation with and without steam treatment cases, as shown in Fig. 4-30.
These show that the introduction of steam treatment will oxidize a part of Ge

nanocrystal to become germanium oxide by which the Ge nanocrystals are surrounded.

4.3.2 Oxidize Capped Amorphous Si Layer as Blocking Oxide ( Samplell )
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The capacitance-voltage (C-V) hysteresis and I-V characteristics of sample II (with
capped Si layer) with four different conditions (A, B, C, D) are shown in Fig. 4-31 (a),
(b), (¢), (d) and Fig. 4-32, respectively. With the extension of oxidation time from 30
minutes to 60 minutes, the C-V hysteresis turns form gate injection (clockwise) to
substrate injection (counterclockwise) and the leakage current density (J) in the I-V
diagram decrease from 107 order to 10” order, which means the blocking oxide is thick
enough and its quality is good enough after a long enough dry oxidation. The same as
sample I (without capped Si layer), the leakage current density characteristic of 30
minutes short term dry oxidation followed by a 3 minutes steam treatment is
comparable with 60 minutes long term dry oxidation, which reveals that an extra 3
minutes steam treatment can improve the blocking oxide quality. The TEM diagrams of
60 minutes dry oxidation and:30 minutes dry.oxidation plus 3 minutes steam treatment
are shown in figure 4-33 (a) and (b). The thickness of blocking oxide after 60 minutes
dry oxidation (~260 A) is thicker than that after-30 minutes dry oxidation (~200A) plus
3 minutes steam treatment but the:l-V charaecteristic after 30 minutes oxidation (~200A)
plus 3 minutes steam treatment is comparable with that after 60 minutes long term dry
oxidation. This proves that the blocking oxide quality after 30 minutes dry oxidation
followed by a 3-minute steam treatment is better than that after 60 minutes long term
dry oxidation.

The TEM diagrams and Auger Electron Spectroscopy (AES) analysis after
oxidation with condition D (30 minutes dry oxidation plus 3 minutes steam treatment)
are shown in Fig. 4-34 (a) and (b). In Fig. 4-34 (a), because there is an amorphous
capped Si layer in sample II before oxidation, the Ge nanocrystals are confined only
between tunnel oxide and blocking oxide after oxidation. As a result, the distribution of
Ge nanocystals differ form the case in sample I with the same oxidation condition (Fig.
4-28 (a)). Furthermore, the same phenomenon is observed that comparing to the case
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before steam treatment in Fig. 4-21 (b), the N signal in the AES spectrum, as shown in
Fig. 4-34 (b), decreases after steam treatment. This means that the SION dielectric by
which the Ge nano-crystal is surrounded is oxidized to become SiOx and also explains
the endurance characteristic without steam treatment (Fig. 4-5) is better that with a
steam treatment (Fig. 4-9) because of the oxide trapped charges present in the SiOx
dielectric after P/E cycles again.

The Raman spectra before and after steam treatment are compared in figure 4-35.
Also, there is a dramatic drop in the Ge signal peak and there is also a rise in the
germanium oxide (Ge,O) signal after a steam treatment. The same situation is also
observed in 60 minutes dry oxidation with and without steam treatment cases, as shown
in Fig. 4-36. These show that the introduction of steam treatment will make a part of
every Ge precipitate formed, during dry oxidation be oxidized to become germanium
oxide by which the Ge nanocrystals are surrounded. Besides, the Si-Ge signal present in
Fig. 4-25 (a), (b) disappear after stecam treatment because of the good oxidizing ability

of steam and the Si-Ge bonds are exidized to form silicon oxide and germanium oxide.
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Conditions of Thermal Process

02 thermal 3 min steam
Condition
oxidation treatment
A 30 min No
B 45 min No
C 60.min No
D 30 min Yes

Table 4-1 Conditions of thermal process.
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Wave Number (cm™) MODE
3380 N-H stretch mode
650-900 N-H wagging mode
909,964,993 NH2 bending mode
1568 NH2 scissor mode
1042 |C-N stretch mode
1468 |C-H bending mode
2850,2922,2955 |C-H stretch mode
2044 Si-H stretch mode
1543 Si-H bending mode
650 |GeLH bending mode
1779,1100 |Ge-H
1090-1200 Si-O-Si
960-1020 Si-O-Ge
900-980 |Ge-0-Ge
2700-3800 JoH
420 IGeO bending
800-1000 |Ge-O stretch
1126-1128 Si-O stretch
503-505, 820 Si-O bending
450 Si-O rocking
3600, 3665 SiO-H stretch
3470,3515 |GeO-H stretch

Table 4-2 The different bonds wave numbers of Fourier Transform Infrared

Rays (FTIR) spectra.
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Table 4-3 The different bonds wave numbers of Fourier Transform Infrared
Rays (FTIR) spectra.
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A Vry A Vry AVry
under 5V under 7V under 10V

Ge Nanocrystal

NVM 0.4 X 1

SINX NVM 0.2 0.6 X
Oxidized capped

aS SiGeN NVM “ 18 3.2
Oxidized SiGeN

NVM 24 4 X

Table 4-4 The memory windows of different memories.

42




Samplell
(w/o Capped Si layer)

Dry oxidation 30 min

1.0 S—
-10V& 10V
\
0.8 | \
\
5 \
O o06¢ \
O \
\
0.4 + \
\ ~ ~ /
0.2 +

8 6 4 2 0 2 4 6 3
(a) Vg (V)

Dry oxidation 45 min

1.0
\ -10ve 10V

09

0.8

cic,,

0.7

0.6 -

05 r

-8 -6 -4 -2 0 2 4 6 8 10

(b) Vg (V)

Figure 4-1 The C-V diagrams of sample | with (a) condition A and (b)
condition B. Both diagrams are gate injection.
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Figure 4-2 The C-V diagrams of sample | with (a) condition C and (b)
condition D. Both diagrams are substrate injection.
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Figure 4-3 The retention character of sample | with condition C (60 min
dry oxidation).
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Figure 4-4 The de-trapping schematic plot of positive oxide trapped

chargesin tunnel oxide.
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Figure 4-5 The endurance character of sample | with condition C (60 min
dry oxidation).
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Figure 4-6 The C-V diagrams of sample Il with (a) condition A and (b)
condition B. Both diagrams are gate injection.
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Figure 4-7 The C-V diagrams of sample Il with (@) condition C and (b)
condition D. Both diagrams are substrate injection.
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Figure 4-8 The retention character of sample Il with condition D (30 min
dry oxidation + 3 min steam treatment).
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Figure 4-9 The endurance character of sample Il with condition D (30 min
dry oxidation + 3 min steam treatment).
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Figure 4-10 The schematic plot of positive oxide trapped charges in the
SiOx oxidized from SIGeN film.
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The Ge Nanocrystal Only NVM
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Figure 4-11 The C-V hysteresis of Ge nanocrystals embedded in SiO, (Ge
nanocrystal only) nonvolatile memory proposed by T. C. Chang et al. [3.1]
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Figure 4-12 The C-V hysteresis of SONOS memory.
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Figure 4-14 The Fourier Transform Infrared Rays (FTIR) spectra of sample
| before and after thermal oxidation process.
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Figure 4-15 (a) The TEM diagram and (b) AES analysis of sample | before
oxidation.
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Figure 4-16 (a) The TEM diagram and (b) AES analysis of sample | after
60 min oxidation.
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Figure 4-17 The Raman spectra of sample | before and after dry oxidation
process. A peak of Ge crystal appeared after oxidation.
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Figure 4-18 The Raman spectra of sample | with (&) 30 min short term and
(b) 60 min long term dry oxidation.
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Figure 4-19 The Fourier Transform Infrared Rays (FTIR) spectra of sample
Il before and after 60 min thermal oxidation process.
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Figure 4-20 (a) The TEM diagram and (b) AES analysis of sample Il before
oxidation.

62



Samplell
(with Capped Si layer)
After 30 min Oxidation

a-Si / SiGeN / SiO2 / Si N KL1
After 900C 30min Oxidation
3k —— OKL1
! —o— Ge LM2

——— SiKL1

MCounts/eV/Sec

0 100 200 300 400 500 600 700 800
Time ( Seconds)

(b)

Figure 4-21 (a) The TEM diagram and (b) AES analysis of sample Il after
30 min oxidation.
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Figure 4-22 (a) The TEM diagram and (b) AES analysis of sample Il after
60 min oxidation.
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Figure 4-23 The Raman spectrum of sample |1 with 30 min dry oxidation.
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Figure 4-24 The Raman spectra of sample |1 before and after dry oxidation
process. A peak of Ge crystal appeared after oxidation.
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Figure 4-25 The Raman spectra of sample |1 with (a) 30 min short term and
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Figure 4-26 The C-V hysteresis of sample | with four different conditions
@A, (b) B, (c) C, (d) D.
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Figure 4-27 The |-V characteristics of sample | with four different
conditions.
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Figure 4-28 (8)The TEM diagrams and (b) Auger Electron Spectroscopy

(AES) analysis after oxidation with condition D (30 minutes dry oxidation
plus 3 minutes steam treatment).
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Figure 4-29 The Raman spectra of sample | after 30 min dry oxidation with
and without 3 min steam treatment.
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Figure 4-30 The Raman spectra of sample | after 60 min dry oxidation with
and without 3 min steam treatment.
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Figure 4-31 The C-V hysteresis of sample Il with four different conditions
@A, (b)B, (c) C, (d)D.
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Figure 4-32 The I-V characteristics of sample | with four different
conditions.
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Figure 4-33 The TEM diagrams of (a) 60 minutes dry oxidation and (b) 30
minutes dry oxidation plus 3 minutes steam treatment.
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Figure 4-34 (d) The TEM diagrams and (b) Auger Electron Spectroscopy
analysis after oxidation with condition D (30 minutes dry oxidation plus 3

minutes steam treatment).
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Figure 4-35 The Raman spectra of sample Il after 30 min dry oxidation
with and without 3 min steam treatment.
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Figure 4-36 The Raman spectra of sample Il after 60 min dry oxidation
with and without 3 min steam treatment.
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Chapter 5

Conclusions

5.1 Conclusions

In this study, a mew NVSM which combine the nanocrytal NVSM with the
SONOS NVSM is proposed and has been successfully fabricated and investigated. The
memory windows both in sample | and sample |l are larger than the Ge nanocrystal only
NVSM or the SONOS only NVSM because of the incorporation of the both charge
trapping units, the Ge nanocrystal and the SiINx, and additional Ge nanocrystals/SION
interface trapping units. The fabrication processes are comparable with the main stream
of semiconductor fabrication:

During 900 dry oxidation process, the Ge atoms will be segregated downward
until they reach the tunnel-oxide surface and-nucleate to form Ge nano-dots (or Ge
nanocrystals) near the tunnel oxide(or gate oxide). The SiGeN film will be oxidized to
form SION film and meanwhile, the Ge in the SiGeN film will be segregated to form Ge
nano-dots (or Ge nanocrystals) embedded by SION dielectric near the tunnel oxide.

The introduction of 3 minutes steam treatment can improve the blocking oxide
quality by passivating the dangling bonds in blocking oxide and the I-V character in
comparable with 60 minutes long term dry oxidation. The blocking oxide formed by 30
minutes dry oxidation plus 3 minutes steam treatment is thinner than that formed by 60
minutes dry oxidation and there is ailmost no difference between both 1-V characteristics,
which proves that the blocking oxide quality is indeed improved. The introduction of
steam treatment can not only improve the blocking oxide quality but also reduce the

thermal process duration from 60 minutes to 33 minutes. However, if the steam
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treatment time is too long, Ge-Ge bonds and Si-N bonds will be oxidized by steam.
Therefore, to prevent the steam across the blocking oxide to oxidize Ge nanocrystals
and SION di€electric, the steam treatment duration must change with the thickness of

blocking oxide.

The memory of Ge nanocrystals embedded in SION dielectric is a potential

candidate for future NV SM applications.
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