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Summary 

The commercial flash memory, which currently uses a polysilicon floating 

gate as the charge storage material, has faced issues of non-scalability of the tunnel 

oxide and interpoly dielectric in the course of scaling, due to the significantly reduced 

coupling ratio and serious gate interference. Due to scaling limitations of the 

conventional floating-gate nonvolatile flash memory cells, another type of nonvolatile 

memory based on discrete charge trapping is currently being considered as a 

promising alternative. The discrete charge storage nonvolatile memories are immune 

to local defect related leakage due to isolated charge storage nodes, providing larger 

scaling capability than floating gate devices. 

This thesis proposes methodologies to resolve issues of gate stack scaling and 

voltage scaling in the SONOS type discrete charge storage nonvolatile memory in 

order to increase the possibility of it being employed in future semiconductor 

nonvolatile memory application. This thesis discusses solutions to scale the discrete 

trapped charge-storage nonvolatile memory based on a state-of-the-art non-traditional 

structure – a gate-all-around nanowire channel structure – whose fabrication method 

completely follows the CMOS-compatible rule in order to increase industrial 

adaptability of this novel technology. 

A high-speed SONOS nonvolatile memory cell with a gate-all-around (GAA) 

Si-nanowire architecture is discussed in detail. The method of fabricating vertically 

stacked top-down nanowires with 5-nm diameter is highlighted. The nanowire 

SONOS device exhibits evident improvements in low voltage programming and fast 

programming and erasing speeds with regards to the planar control device. The 
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performance enhancement mechanism shall be explained by device modeling which 

investigates electron energy distribution, potential energy profile and electric field 

along each layer surrounding the nanowire channel. The gate-all-around nanowire 

channel structure is introduced into the poly-Si memory as a promising methodology 

to resolve issues of poor device subthreshold performance, low memory speed and 

inferior device uniformity in low temperature polycrystalline Si TFT memory devices, 

which can be integrated in future system-on-panel and system-on-chip applications. A 

strategy of optimizing SONOS-type memory characteristics is illustrated and 

discussed by integrating high-κ dielectric materials and metal gate electrode. The 

application of high-κ materials and TaN metal gate electrode, used to replace the 

conventional material used in nitride-based SONOS devices, exhibits improvement of 

memory erasing characteristics and causes of the performance enhancement will be 

investigated.  

This thesis discusses several strategies to overcome challenges that SONOS-

type discrete charge storage nonvolatile memory currently faces. In conclusion, novel 

device structures, in addition to new materials such as high-κ dielectrics and high 

work function metal gates, are promising candidates that can potentially be integrated 

into memory devices. Devices with the nanowire channel structure show promise for 

future nonvolatile applications due to their improved performance. 
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Chapter 1 

Introduction 

1.1 Introduction of Semiconductor Memory Technology 

1.1.1 Semiconductor Memory Categories 

Despite some unpredictable fluctuations, the semiconductor market has been 

increasing steadily over the years, and the growing trend is expected to continue in the 

future. Memory components have been an important part of the semiconductor market 

and are projected to account for more than 20% of the IC market, making them the 

second largest category of IC’s overall behind logic components [1.1], as shown in 

Fig. 1.1.  

 

Fig. 1.1: Revenues of semiconductor memory market versus year. 
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Semiconductor memories are based on a metal-oxide-semiconductor (MOS) 

technology. As shown in Fig. 1.2, there are various types of semiconductor memories, 

which are fundamental to the architecture of computers. There are two basic 

categories of semiconductor memories: volatile memory, which requires power to 

maintain the data content; and nonvolatile memory, which is able to maintain the data 

content without any power supply. Most forms of random access memory (RAM) are 

of the volatile type. Random access means that locations in the memory can be 

written to or read from in any order. All data on the computer is stored on the hard 

drive, but in order for the Central Processing Unit (CPU) to work, the data is written 

into the RAM chips. There are two different types of RAM: dynamic random access 

memory (DRAM) and static random access memory (SRAM), which are different in 

the technology they use to store data. 

 

Semiconductor

Memory

Volatile Memory
Nonvolatile 

Memory

Static RAM Dynamic RAM
Programmable 

ROM
Mask ROM

EPROM EEPROM Flash

Semiconductor

Memory

Volatile Memory
Nonvolatile 

Memory

Static RAM Dynamic RAM
Programmable 

ROM
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EPROM EEPROM Flash

 

Fig. 1.2: Semiconductor memory family tree 
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Being the more common type, DRAM has a simple structure: only one 

transistor and a capacitor are required for each bit. This enables DRAM to be packed 

with a high density. Since capacitors leak charge, data stored in DRAM has an 

extremely short storage time, typically about 100 ms. Information is stored for DRAM 

by refreshing the capacitor charge periodically. DRAM offers access times of about 

60 ns [1.2]. 

A typical SRAM contains six transistors (6T) to store a memory bit. Each bit 

is stored on four transistors, while two additional transistors control the access during 

read and write operations. Unlike DRAM, SRAM does not need to be refreshed 

periodically. Therefore, SRAM is faster as it can give as low as 10 ns access time. 

Despite being faster, SRAM is not as commonly used as DRAM due to the much 

higher cost-per-bit. Hence, SRAM is used as a memory cache in powerful 

microprocessors which requires fast speed to access data frequently, while slower 

DRAM is used for main memory for its attractive low cost per byte. 

On the other hand, nonvolatile memories are typically used as secondary 

storage in commercial electronic products. In the last decade, memory chips with low 

power consumption and low cost have attracted more and more attention due to the 

increasing popularity of portable electronic devices. Nonvolatile memories have 

become a very important category of semiconductor memory ever since the first 

Erasable Programmable Read Only Memory (EPROM) was invented [1.3]. Almost all 

electronic systems require the storage of some information in a permanent way. 

Thanks to the nonvolatile aspect, nonvolatile memories have enhanced the 

development of multimedia applications and personal consumer appliances such as 

digital cameras and USB Flash drives. The market share of nonvolatile memories has 

increased exponentially over the past few years, and is projected to grow further.  
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Nonvolatile memories include mask-programmed ROM and reprogrammable 

memories such as EPROM, Electrically Erasable and Programmable Read Only 

Memory (EEPROM) and flash. The mask-programmed ROM chips physically encode 

the data when they are manufactured at the factory with a special mask; however, they 

are not allowed to change the content. EPROM has a one-transistor memory cell and 

can provide high density and cost effectiveness, but it provides the opportunity to 

reprogram the device after the data are erased by exposure under strong ultraviolet 

light for a long time. The erasure ability of EPROM enables it to be reused and makes 

it an important invention in the development of semiconductor memory. EEPROM is 

based on a structure similar to EPROM, but it differentiates itself from EPROM by its 

electrical programming and erasing ability. EEPROM can write and erase each bit 

separately, and the data stored can be maintained for as long as required. Thus, 

EEPROM has the features of both RAM and ROM in that the EEPROM can be 

accessed per single bit like RAM, and at the same time, it can keep the contents when 

it loses electrical power like ROM. However, EEPROM’s are manufactured for 

specific applications, due to the larger area and higher cost per cell.  

Flexibility and cost are usually the two aspects to be compared between 

different nonvolatile memories [1.4]: flexibility shows the robustness of the device, 

while cost represents process complexity for a specific cell size. The flash memories 

presented by Toshiba in the 1984 [1.5] turned out to be the best compromise of the 

two parameters. Although flash is a specific EEPROM, flash is erased by blocks of 

different size while a regular EEPROM is erased bit by bit. Flash memory also costs 

much less than EERPOM and therefore became a dominant nonvolatile memory 

technology. Two main applications have opened up and driven the development of the 

current flash market [1.6]. The first application of flash memory is using NOR type 
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flash, which provides fast memory read speed and random access to any location, to 

store program code in cellular phones. Another application is the usage of NAND type 

flash as data storage medium in devices such as USB memory cards, MP3 music 

players and PDAs, which plays a significant role in lowering the costs of such devices. 

As a result, the flash market, especially the NAND type flash, had grown 

exponentially in the past decade. It is projected that the flash market will generate tens 

of billions of dollars in revenue and reach the size of DRAM market by 2010 [1.7]. 

1.1.2 Structure and Operation Mechanism of Flash Memory 

A common flash memory cell consists of one floating-gate transistor. The 

transistor in flash memory is similar to a standard MOSFET, except there are two 

gates instead of one in MOSFET. The schematic cross section of a floating gate 

device is shown in Fig. 1.3. The first gate is referred to as a control gate, which acts 

as the external gate. The second gate is a floating gate (FG) completely surrounded 

by dielectric layers, tunnel oxide and interpoly dielectric (IPD). Being electrically 

isolated, the FG is able to charge and hold carriers for the memory cell.  

The basic operation principle of flash memory devices is the storage of 

charges in the floating gate, as illustrated in Fig. 1.3. If the charges are injected into 

the gate insulator layer, the threshold voltage of the device can be changed between 

two distinct values. From the theory of the MOS transistor, the shift of threshold 

voltage can be expressed by equation (1) [1.8]:  

0
T

T T T I

I

Q
V V V d

ε
∆ = − = −                                                                                               (1) 

where  

TQ  = the charges stored in the FG at a distance Id  from the control gate 

 Iε  = the dielectric constant of the insulator 
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Fig. 1.3: A schematic cross-section of a single floating-gate transistor. FG is 

surrounded by dielectric layers and isolated from channel and IPD. Taking 

the n-type memory cell as an example, electrons are injected from 

substrate by applying a positive voltage stress at the gate. Electrons will 

remain trapped in the FG even after the power is removed from the gate. 

 The information on the device is detected by reading the drain current using a 

gate voltage with a value between two possible threshold voltages. Conventionally, 

the state with high read current and lower threshold voltage is recognized as logic “1”, 

as the transistor is conducting a current; while the other state with low read current 

and higher threshold voltage corresponds to logic “0” state, since the transistor is cut 

off at this state.  

Depending on the material of the storage medium in the transistor, the flash-

type nonvolatile memory can be divided into two classes. The first class of devices 

contains a conducting or semiconducting layer to store the charges, which are trapped 

and electrically isolated by the surrounding dielectric layers; this type of devices is 

usually referred as a floating gate structure as shown in Fig. 1.3. In the second class 

of devices, the charges are stored in discrete trapping centers of a dielectric layer, 

such as Si3N4 [1.9] or HfAlO [1.10]. This type of devices is usually referred to as 
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charge-trapping memories. SONOS (Silicon/Oxide/Nitride/Oxide/Silicon) memory is 

the most typical charge-trapping memory and it has been considered as a promising 

candidate to replace floating-gate memory, due to the scaling advantage of the 

SONOS structure compared to the floating-gate device structure.  

In both classes of nonvolatile memories, the charges are stored in the trapping 

materials and the programming of the memory devices is realized by modifying the 

threshold voltage. In order to inject the charges into the trapping material through the 

tunnel oxide layer, there are two mechanisms commonly used nowadays: Fowler-

Nordheim (F-N) tunneling mechanism, which is usually used in devices with 

relatively thin tunnel oxides; and channel hot electron (CHE) injection, which is 

employed for device with relatively thick tunnel oxides. The details of the two 

mechanisms are introduced below. 

1.1.2.1 F-N Tunneling  

F-N tunneling mechanism is based on the quantum mechanical tunneling 

mechanism induced by a high electric field; therefore it is also a field-assisted 

electron tunneling mechanism. When a voltage is dropped across the Si-SiO2 

structure, as shown in Fig. 1.4, the band structure will be influenced. The barrier 

height for electron tunneling is kept unchanged since it is determined by the 

conduction band offset between the two different materials. However, electrons in the 

silicon conduction band are able to tunnel through the triangular energy barrier as the 

barrier width has been greatly reduced. The probability of the tunneling through the 

oxide layer is dependent on the magnitude of the applied electric field.  
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Fig. 1.4: Si and SiO2 energy band diagram system (a) without applying any voltage 

and (b) with applying a positive voltage at SiO2 side. Electrons are able to 

tunnel through the thick SiO2 layer by F-N tunneling due to a strong electric 

field reduces the barrier width. Conduction and valence band offset (∆Ec 

and ∆Ev) keeps unchanged during the process. 

In Fig. 1.4, ∆Ec indicates the Si-SiO2 energy barrier height (3.25 eV for 

electrons and 4.7 eV for the holes). The applied voltage at the control gate induces 

the electric field at the injecting surface (Ecg), resulting in a potential barrier with a 

width dependent on the applied voltage. The electrons collected at the floating gate 

leads to a tunneling current density which is given by equation (2) [1.11]: 

2 expcg

cg

J E
E

β
α

 
= −  

 
                                                                                       (2) 

with 

3

*8 c

q m

h E m
α

π
=

∆
, 

3

2
*4 2

3

cE
m

hq
β

∆
=  

1.1.2.2 CHE Tunneling  

Nonvolatile memory can also be programmed by hot-carrier injection 



 

Chapter 1 Introduction  

 9 

mechanism [1.12]. The hot electron injection is for n-type NVM on a p-substrate. Hot 

carriers generally refer to the particles which attain the kinetic energy from a high 

electric field. The hot-electrons get their energy from the drain voltage, and are 

further accelerated by the lateral electric field along the channel. Once they obtain 

sufficient energy, these hot electrons will surmount the SiO2/Si barrier and tunnel into 

the floating gate to program the cell. Potential at the control gate Vcg affects the 

charges tunneling into the floating gate while the potential at the drain Vd plays a role 

in determining the speed of programming. Fig. 1.5 (a) shows a cross section of a 

NVM with hot electron injection programming. The change of band structure during 

the hot electron programming process is shown in Fig. 1.5 (b). 
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p-substrate
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Poly-Si 
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(a)

SiO2

(b)

p-substrate
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p-substrate

∆Ec=3.25 eV

Poly-Si 
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Eg=1.12 eV
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FG

n+ n+
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VG
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Fig. 1.5: (a) At CHE stress condition, electrons gain enough energy while drifting 

across the channel and are injected through the tunnel oxide, causing a gate 

current. (b) Energy band diagram of a floating-gate memory cell during 

programming by hot-carrier injection. 

 

1.1.3 Challenges of Semiconductor Flash Memory Scaling 

The tunneling mechanisms are commonly known to be closely related to the 

architectures of flash memory circuits. NOR flash and NAND flash are the two main 
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categories which dominate the nonvolatile memory market today. In the internal 

circuit configuration of NOR as shown in Fig. 1.6, the individual floating-gate n-type 

transistors share a bit line, while the sources are connected together by sharing a 

source line on the other side. Programming of NOR flash is usually done by CHE 

tunneling in 10 µs, and erasing is conducted by F-N tunneling with a relatively longer 

time (~0.5 s) [1.6].  The array of NAND flash allows a much smaller configuration 

size, as a string of 16 or 32 cells are connected between a common bit line and source 

line. Its simpler design translates to a small cell size and low cost-per-bit. Moreover, 

the cell is programmed and erased by F-N tunneling as a block, enabling fast memory 

erase speed. Despite its complicated design, NOR flash architecture allows for fast 

random read access, which is required for code execution. In contrast, NAND is more 

suitable for high capacity data storage applications. 
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bit line

bit line select

bit line select

Source line

Basic cell

Word line

bit line

Source line

(a) (b)

Basic cell

Word line

bit line

bit line select
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bit line

bit line select

bit line select

Source line

Basic cell

Word line

bit line

Source line
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Word line

bit line
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(a) (b)
 

Fig. 1.6: Comparison of NOR and NAND flash architectures (a) NOR-type with 

shared bit line and source line. (b) NAND-type with a common bit line and a 

common source line, showing concise structure advantage. 
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Nonvolatile memory technology is going through a fast evolution amongst the 

semiconductor technologies in the last decade. The development of NAND-type flash 

memory technology has led to higher density memory designs and Giga-bits 

commercial products are also available now [1.13]. In the current NAND technology 

trend, 60-nm node has been completed in the R& D process [1.14]. However, the vast 

majority of flash memory devices will face significant challenges when the 

technology further scales down NAND-type flash memory to the 40-nm node [1.15].  

It is important to scale the electrical oxide thickness (EOT) of the gate stack to 

achieve a small memory cell density and to reduce utilization power. A common issue 

when scaling the gate stack is the non-scalability of the tunnel oxide thickness. 

Tunnel oxide needs to be scaled to enable channel length scaling. There is always a 

tradeoff between the memory transient performance and the charge retention 

characteristics. A thin tunnel oxide is desirable to achieve increased memory speed. 

However, if the tunnel oxide is reduced to too much, it will degrade the memory 

nonvolatile properties to a large extent, since electrons stored in the floating gate are 

prone to tunnel out through the Frenkel-Poole mechanism when there is a defect in 

the tunnel oxide [1.16]. Moreover, due to the conductive poly-Si floating gate, a 

single leakage path resulting from endurance cycles would lead to loss of all stored 

charges. In order to maintain data retention for 10 years at an elevated temperature 

after 10
5
-10

6
 endurance cycling without program/read disturbance, the lower limit of 

tunnel oxide thickness must be greater than 7~8-nm for floating-gate devices due to 

stress induced low field tunneling. 

One key issue is maintaining adequate coupling of the control gate to the 

floating gate. The control gate controls the channel indirectly. The control degree is 

indicated by the gate coupling ratio which is achieved by C(control gate to floating gate 
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capacitance)/C(total floating gate capacitance). The gate coupling ratio should be larger than 0.6. In 

the flash memory circuit, the control gate wraps around the FG to increase the CG to 

FG capacitance, and the thickness of IPD layer is approximately 20-nm. The reduced 

coupling ratio results in the increased programming and erasing voltage to maintain 

memory speed, which degrades the memory reliability. As the scale down proceeds, 

the space between neighboring FG becomes too narrow to be filled with two IPD 

layers and control gate poly-Si, as shown in Fig. 1.7. Therefore, at below 40-nm node, 

it is difficult to maintain the gate coupling ratio at a value of larger than 0.6.  

During the rapid reduction of the memory array density, the poly-Si word 

lines would be patterned very closely to each other. Thus, the poly-Si word line would 

suffer serious capacitance interference from the adjacent word lines as illustrated in 

Fig. 1.7 (b), especially when the word line is very long. The cross coupling effect 

resulting from the capacitance interference can sometimes cause erroneous 

programming [1.17].  
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Fig. 1.7: Schematic cross section of a floating-gate cell in a (a) word line direction 

and (b) bit line direction. (a) Space between neighboring FG becomes too 

narrow to be filled with two IPD layers and control gate poly-Si. (b) Vth of 

an unselected cell can be programmed mistakenly due to the capacitance 

interference of the adjacent charge.  
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Based on the previous discussion, it is understandable why the nonvolatile 

memory research community is seeking innovative technologies to replace the current 

floating-gate flash memory. One of the main challenges is that planar floating gate 

memory device scaling is approaching the physical limits. A large amount of research 

work is being conducted on replacing the floating-gate flash with alternatives, such as 

FeRAM (Ferro-electric RAM), MRAM (Magnetic RAM) and phase change memory. 

It turns out that the discrete charge trapping type flash memory is the more suitable 

choice for nonvolatile memory applications compared to other candidates. Discrete 

charge trapping type flash memories have a similar device structure as the floating-

gate flash, while the other candidates consume a larger area. A FeRAM cell consists 

of one transistor and one capacitor [1.18], while a MRAM is composed of a magnetic 

tunnel junction [1.19]. The continued scaling of stack capacitor is quite challenging 

for a FeRAM, and both FeRAM and MRAM have the drawback of sensitivity to IC 

processing temperatures and conditions [1.2]. Although phase change memory is 

considered a promising technology, the biggest challenge is the cost disadvantage and 

the contact between the hot phase-change region and the adjacent dielectric. [1.20]. 

On the other hand, the discrete charge trapping type flash memory cell such as 

SONOS, MONOS (Metal/AlO/SiN/Oxide/Si) [1.21] and nanocrystal memory [1.22] 

can achieve the highest chip density. It has been widely investigated recently to use 

charge trapping materials such as silicon nitride, high permittivity (high-κ) dielectric 

and nanocrystals to replace the conductive poly-Si floating gate. The discrete charge 

trapping nonvolatile memory has inherent advantages over traditional floating-gate 

devices, such as natural immunity to capacitance interference, simple process, lower 

applied voltage and robust tolerance to dielectric defects. In a floating-gate device, all 
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stored charges would be able to leak through a single defect chain in the thin tunnel 

oxide. The requirements for advanced technology nodes in NAND flash memory in 

the near term are summarized in Table 1.1, according to International Technology 

Roadmap of Semiconductors (ITRS) 2007 Edition [1.2]. As illustrated in the table, 

SONOS-type flash memory has an advantage in device density scaling. 

 

Table 1.1: Flash Nonvolatile memory technology requirements 

 

15-1715-1715-1715-17Highest P/E voltage (V)

5-75-75-75-7Trapping layer thickness(nm)

6-86-86-86-8Blocking oxide thickness (nm)

3-43-43-43-4Tunnel oxide thickness (nm)

B. Charge trapping NAND Flash (MANOS)

15-1715-1715-1715-17Highest P/E voltage (V)

9-1010-1310-1310-13Interpoly dielectric thickness

High-κONOONOONOInterpoly dielectric material

6-76-76-76-7Tunnel oxide thickness (nm)

A. Floating gate NAND Flash

2012201120102009Year of Production

15-1715-1715-1715-17Highest P/E voltage (V)

5-75-75-75-7Trapping layer thickness(nm)

6-86-86-86-8Blocking oxide thickness (nm)

3-43-43-43-4Tunnel oxide thickness (nm)
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9-1010-1310-1310-13Interpoly dielectric thickness

High-κONOONOONOInterpoly dielectric material

6-76-76-76-7Tunnel oxide thickness (nm)

A. Floating gate NAND Flash

2012201120102009Year of Production

 

However, the planar oxide-nitride-oxide (ONO) gate stack thickness is not 

easily scalable in the long term due to the data retention concerns. With a typical 

equivalent oxide thickness (EOT) of more than 10nm used in the device, it is easier to 

suffer the problems induced by severe short channel effects (SCE) in memory devices 

as compared to CMOS logic devices. The low on-off ratio and unwanted large 

subthreshold swing (SS) could also potentially trigger the reading error of a memory 

cell [1.23].  
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1.2 Scope of Project 

From the view point of device structure, multi-gate device structures, that is, 

double-gate, trigate, П-gate, Ω-gate and gate-all-around, have been explored 

extensively as planar device scaling approaches the end of the technology roadmap. 

The ultra thin body SOI field effect transistor structure and the multi-gate fully 

depleted FinFET structure have been proposed to suppress SCE for sub-100-nm 

CMOS technologies. The thin layer of silicon channel on SOI wafer can eliminate 

subsurface punch-through observed in bulk-Si devices, while the multi-gate structure 

features a narrow channel body which controls the channel potential better than the 

single gate structure. It reflects better SCE suppression effect by lower SS, DIBL and 

reduced Vth roll-off in device performance. Among the many types of multi-gate 

structure, devices with a nanowire channel are being widely investigated for their 

potential to advance the CMOS and nonvolatile memory technologies to extreme 

scaling limits. 

In this dissertation, new methodologies which enable further scaling of 

nonvolatile memory devices will be evaluated. Due to the scaling advantage of 

discrete charge trapping type memory devices based on the aforementioned 

discussion, this study will focus on one type of discrete charge trapping memory 

devices, SONOS-type memory device, which is built on non-traditional device 

architecture. Considering the industrial compatibility, the top-down nanowire channel 

structure is fabricated and investigated by using CMOS technology. The novel 

nanowire device can potentially be a strategy to be exploited for the next technology 

node.  



 

Chapter 1 Introduction  

 16 

 

1.3 Organization of Thesis 

This thesis addresses the issues of gate stack scaling and voltage scaling for 

future semiconductor nonvolatile memory device and discusses solutions to scale the 

discrete trapped charge-storage nonvolatile memory by using the advanced nanowire 

structure. The whole thesis consists of six chapters which have been arranged as 

follows. 

Chapter 1 provides an introductory overview of the semiconductor nonvolatile 

memory technology and discusses the advantages of SONOS-type based discrete 

charge trapping nonvolatile memory. It also presents the current critical challenges 

existing in the memory device scaling progress.  

Chapter 2 gives a detailed literature study on key findings in the earlier 

research work on SONOS-type memory, including the advantages and disadvantages 

considering its employment in next generation commercial memory products. 

Memory devices with different types of state-of-the-art non-traditional structures are 

also reviewed.  

In chapter 3, we focus on the fabrication process of gate-all-around (GAA) Si-

nanowire which is being integrated for the nonvolatile SONOS memory application. 

The introduced GAA structure, controlling the conducting channel from all directions, 

may provide the device much better gate controllability and hence influence the 

memory characteristics. The performance of high-speed SONOS device and the 

reason for enhancement will be examined in detail.  

In Chapter 4, we introduce the nanowire structure into the poly-Si TFT 

memory as a promising candidate to be integrated in system-on-panel or system-on-

chip applications. The GAA structure has an advantage of small channel cross section, 
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which may reduce the negative effect brought about by poly-Si grains and the 

boundaries between them. The performances will be presented and the causes for the 

performance improvement will also be discussed.  

In Chapter 5, by integrating high-κ dielectric materials and metal gate 

electrode, a strategy of optimizing nanowire SONOS-type memory characteristics is 

illustrated. The application of high-κ materials and high work function metal gate 

electrode is used to replace the conventional materials, and have the potential to solve 

the limits existing in nitride-based SONOS devices. The performance enhancement in 

the new device will be investigated. 

Last but not least, an overall conclusion is given in Chapter 6 to summarize 

the major results. Possible future work is also proposed in this chapter too. 
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Chapter 2 

Literature Review 

2.1 Introduction 

Applications for nonvolatile memory have experienced exponential growth in 

recent years due to the need for low power solid-state storage and rapidly declining 

prices of nonvolatile memories. Conventional floating-gate flash faces significant 

challenges below 45-nm node. Charge trapping devices are proposed to continue the 

scaling of nonvolatile memories, and innovative gate stack engineering or three-

dimensional structure integrated on charge trapping device may provide the ultimate 

solution. 

2.2 Gate Stack Engineering 

2.2.1 Nanocrystal Memory 

Nanocrystal based charge trapping memory has shown scaling advantages 

over nitride based charge trapping memory, despite the fact that nanocrystal memory 

is relatively new and that nitride memory has been studied for quite a long time [2.1]. 

The ordering of the trap sites can be controlled in nanocrystal memory, while the 

ordering of trap sites is randomly distributed in nitride memory. Nanocrystal memory 

is also capable of multi-bit storage application by using Coulomb blockade. A 
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significant amount of research work has been done on nanocrystal based flash 

memory structures using semiconductor nanocrystals like Si and Ge. Several Si 

nanocrystal fabrication processes have been proposed, the most common of which are 

the ion implantation method and the direct growth method. Nanocrystal features, such 

as size, size distribution, lateral isolation and uniformity, generally require good 

process control in the fabrication process [2.2]. The ion implantation method uses an 

implantation step to implant excess silicon through the poly-silicon gate of the 

memory transistor and into the gate oxide layer; it will then be followed by a thermal 

anneal step to precipitate the Si atoms to form distinct Si nanocrystal dots [2.3]. In the 

direct growth method, low pressure chemical vapor deposition (LPCVD) is used to 

deposit small amounts of poly-Si on top of the tunnel oxide surface [2.4]. The 

deposition process is stopped before a continuous layer is formed, resulting in 

hemispherical Si islands on the tunnel oxide. A further thermal oxidation step can be 

added to enhance the lateral isolation between the nanocrystals [2.5]. The direct 

growth method is a more promising technique in terms of process compatibility. 

Compared with Si, Ge has a narrower bandgap and a similar electron affinity [2.6]. It 

has been reported that the Ge nanocrystal was integrated into flash memory devices 

by thermal oxidation techniques such as Si1-xGex [2.7], co-sputtering and annealing 

[2.8]. Metal nanocrystals have also been proposed [2.9], aiming to engineer the 

potential well depth of the storage nodes and achieve longer data retention.  

Nanocrystal memories have demonstrated robust memory behaviors. 

Threshold voltage (Vth) windows were increased from only several hundreds of milli-

volts in the pioneering works [2.10], to a 6V memory window as demonstrated by 

Singh et al. in Au nanocrystal devices [2.11]. Excellent memory endurance behavior 

on nanocrystal memories was also observed, displaying only limited Vth window 
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closure after more than 10
5
 write/erase cycles [2.12]. Retention data that have been 

measured also suggest better retention behavior in nanocrystal memory than floating-

gate memory devices [2.12] [2.13]. However, as statistical information has yet to 

demonstrate that nanocrystal memory meets the requirements for nonvolatile memory, 

the claims that nanocrystal memory is nonvolatile remains unverified. 

2.2.2 Bandgap Engineering Memory 

An ideal nonvolatile memory device should possess long data retention as well 

as fast operation speed. However, there is a tradeoff between these two characteristics: 

the adoption of a thin tunnel oxide to achieve high memory speed would sacrifice the 

data retention time, while growing a thick tunnel oxide to ensure long data retention 

time will significantly reduce the memory speed. The reduction is specially obvious 

for the erase speed, as the hole experiences a higher barrier height at Si/SiO2 interface 

than the electron does. BE-SONOS (Bandgap Engineered SONOS) with bandgap 

engineering of the tunnel oxide shows the potential to maximally suppress the tradeoff 

and improve both characteristics [2.14]. In the bandgap engineering, the traditional 

SiO2 tunnel oxide is replaced by a triple layer of SiO2/SiN/SiO2 (ONO), since ONO 

demonstrates non-trapping ability with an ultra-thin thickness. As shown in Fig. 2.1, 

due to the lower hole-tunneling barrier in SiN (~1.9 eV) as compared to SiO2 (~4.5 

eV), a large electron or hole tunneling current could tunnel through the ultra-thin 

ONO tunneling layer under a high electric field. On the other hand, in the case of data 

retention, hole direct tunneling is blocked by the total thickness of the ONO barrier 

under a low electric field. Another bandgap engineering example, as demonstrated by 

Y. Q. Wang et al. in 2006, shows that a simple Si3N4/SiO2 double tunneling layer for 

MONOS type memory [2.15] based on the concept of layered tunnel barrier [2.16] is 

beneficial for enhancing hole tunneling efficiency. 
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(a) (b)(a) (b)
 

Fig. 2.1: The band diagram of BE-SONOS under different electric fields, showing 

only the tunnel oxide part. (a) At retention mode, direct tunneling is 

prohibited since the barrier width carriers experience is the whole physical 

thickness of ONO layer. (b) At program/erase mode or under high electric 

field, carriers could only see the thickness of a thin layer of oxide; hence the 

speed can be significantly enhanced due to reduced barrier width. 

2.2.3 High-κ-based MONOS Memory 

SONOS devices have received increasing interest due to their better endurance, 

smaller chip size and lower power consumption than floating-gate devices. However, 

charge retention and erase speed remain major challenges for SONOS to overcome in 

order to enter into the commercial mass storage flash memory market. Since the erase 

speed for SONOS type memory is determined by the competition between the direct 

tunneling current of holes through the tunnel oxide and the unwanted F-N tunneling 

current of electrons through the blocking oxide, the tunnel oxide thickness must be 

very thin in order to establish a stable erase operation. The charge loss through a very 

thin tunnel oxide is also a significant challenge to overcome in order to secure data 

storage. Therefore, aggressive scaling of CMOS logic and mass storage devices has 

triggered the investigation on high permittivity dielectric materials (high-κ) as an 

alternative to SiO2 and Si3N4.  
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Fig. 2.2: Schematic band diagram for the memory device using nitride (dashed line) 

and high-κ (solid line) as blocking layer under electric field at the progam 

mode (a) and erase mode (b). The electric field across the blocking oxide is 

decreased and transferred to tunnel oxide, hence the carriers tunneling 

efficiency is improved compared with ONO device. 

 

In a conventional SONOS device, the electric field in blocking oxide (SiO2) is 

generally about two times larger than in Si3N4 for devices with comparable thickness 

of nitride and top oxide, due to the lower permittivity of SiO2 (κSiO2 ~ 3.9) as 

compared to Si3N4 (κSi3N4 ~ 7.5). A substantial part of applied voltage would drop 

across the top oxide and cause the unwanted electron back tunneling. By replacing 

SiO2 with high-κ dielectric as the blocking oxide, the electric field across the blocking 

oxide would be reduced, while the electric field across the tunnel oxide would be 

proportionally increased, as shown in Fig. 2.2 [2.17]. A thicker tunnel oxide can thus 

reduce the program and erase voltage for SONOS devices without losing any 

operation speed. The simulation results given by Gritsenko et al. shows that by using 

Al2O3 or ZrO2 as the top dielectric, the programming voltage amplitude decreases or 
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the programming time reduces from 1 ms to 10 µs [2.18]. C. H. Lee et al. developed a 

TANOS device with the structure of SiO2/SiN/Al2O3/TaN and the memory cell 

demonstrated efficient erase with a thick tunnel oxide [2.19]. It also demonstrated that 

the TaN metal gate blocks the gate electron current more effectively than the poly-Si 

gate, resulting in a significant decrease of the saturation level of Vth at the erasing 

state. The data retention of the TANOS device was investigated by J. S. Lee et al. and 

was found to be excellent [2.20]. With an original memory window of 6 V, such a 

device is expected to take more than 40 years to have less than 0.5 V charge loss at 

85°C. A 4Gb TAHOS NAND flash memory has been successfully developed with the 

63-nm design rule [2.21]. There are also remarkable research works on SOHOS 

structure devices with high-κ material as the charge storage layer. SOHOS structure 

memory devices can minimize the over-erase phenomenon found in nitride based 

memory device, due to the difference in band offset and the degree of crystallization 

of the high-κ material [2.22]. 

2.3 Novel Structure Nonvolatile Memory Devices 

The scaling of planar bulk devices is facing significant challenges due to 

limited electrostatic control of the channel potential and leading to SCEs: 1) Vth roll-

off, large DIBL and poor subthreshold slope; 2) increased gate and junction leakage; 

and 3) increased source/drain resistance. N. Collaert et al. predicted that planar 

devices will not make any further scaling after the 32-nm node [2.23]. The research 

community is pursuing new routes for further scaling. One route is by employing new 

materials discussed previously – 45-nm CMOS with high-κ and metal gate electrode 

has been put into production by Intel in 2007 [2.24].  The other route is by adopting a 

new device structure, with the objective of improving electrostatics of a single 

MOSFET or memory cell, and accommodating the integration needs of new materials.  
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Fully depleted ultra-thin body (UTB) silicon-on-insulator (SOI) MOS device 

structure consisting of a very thin (tSi ≤ 10-nm) has drawn much interest a decade ago. 

K. Ishii et al. presented suppressed SCE on a 40-nm gate length thin channel (11-nm) 

MOSFET [2.25]. M. K. Kim et al. demonstrated good memory behavior as well as 

excellent SCE immunity on a minimum 30-nm gate length SONOS charge trapping 

memory [2.26]. The ratio of the channel length to the channel thickness typically 

requires ≥ 3 to maintain full substrate depletion under gate control [2.27], which 

means a Si channel as thin as 4-nm is required to scale device to the 22-nm node. 

However, at a gate length of 25-nm, the thickness-induced Vth variation will start to 

happen when the body thickness reduced to 7-nm [2.28]. Too much thin channel body 

also raises issues of mobility degradation and high source and drain resistance in logic 

devices.  

A variety of multiple-gate nontraditional structures have been proposed in 

recent years. The increased number of gates provides improved electrostatic control to 

the channel, which alleviates the stringent requirement of body thickness scaling in 

UTB SOI structure, and the multi-gate device structure can be used in conjunction 

with UTB SOI to further improve the gate control of the channel. Fig. 2.3 shows the 

evolution of the multi-gate structure schematically. Double gate (DG) SOI devices 

have two symmetrical gates electrically interconnected, and can be achieved with 

many techniques such as the fin process [2.29], tunnel epitaxy [2.30], etc. Numerical 

simulation results suggest that the DG SONOS device can be scaled down to 50-nm, 

and in addition to the improved scalability of the memory cell, the two conducting 

channels provide a 2-bit per cell storage [2.31]. Tri-gate structures [2.32], such as the 

П-gate [2.33] and omega-gate structures [2.34], feature similar processing technique 

like the bulk-Si. The multiple gates control the fin on three geometric sides, 
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suggesting that excellent short-channel device performance can be achieved. Xuan et 

al. demonstrated the first SONOS device with three conducting channel surfaces, and 

the SONOS can be scaled down to 40-nm gate length with good subthreshold 

properties [2.35]. A window of 2 V is achieved with a 5 ms/10V program pulse and a 

10 ms/-11V erase pulse in such a device. M. Specht et al. demonstrated a tri-gate 

SONOS memory cell which features a 20-nm gate length and a sub 10-nm fin width 

[2.36]. Such a device could be operated at high speed and in multi-level mode despite 

the thick tunnel oxide it contains. 
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Fig. 2.3: Progression of device structure from a single-gated planer on SOI to a fully 

GAA nanowire channel, with the number of gates increasing. (a) Single-gate 

structure. (b) Double gate structure, with a tall fin and two symmetrical 

gates electrically interconnected. (c) Tri-gate or FinFET structure, where 

gate electrode controls the channel on three surfaces. (d) Gate-all-around 

structure with a nanowire channel.  
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The gate-all-around (GAA) structure is the most promising among all 

emerging device structures for the ultimate device scaling. As the name suggests, the 

GAA structure possesses a gate which is fully surrounds the channel body and thus 

provides the best electrostatic control [2.37]. The reduction in channel width and 

thickness further increases the effectiveness of the gate control. As the simulation 

indicates, the gate length can be scaled to 5-nm with the scaling of the channel to 

nanowire [2.38]. Therefore, the GAA structure, combined with the ultra-narrow body 

or nanowire body, shows the most promise as a candidate for extreme device scaling.  

2.4 Si Nanowire Technology 

2.4.1 Bottom-up Approach 

One dimensional semiconductor materials, such as nanotubes and nanowires, 

offer the possibility of ballistic transport since scattering is much suppressed [2.39]. 

There is an increasing interest in the synthesis and assembly of nanomaterials which 

may serve as the building blocks for the next generation of electronic and optical 

devices. Most of the reported works use the bottom-up approach to grow nanowires, 

and gold is the most popular catalyst for synthesizing Si nanowires via the vapor-

liquid-solid (VLS) mechanism, which was first reported and studied in detail by 

Wagner et al. [2.40]. In the VLS mechanism, Si nanowire can be synthesized by 

coating a Si substrate with a thin gold film and annealing the substrate to obtain Au-Si 

catalyst particles. When a vapor phase Si precursor is introduced at a substrate 

temperature, which is the Au-Si mixture melting temperature, the catalyst particles 

become supersaturated with Si. Crystalline Si nanowires will then nucleate and grow. 

Since the Au-Si catalyst particle located at the tip of the nanowire is in a liquid state 

during growth, the method was named the VLS method. The liquid particle serves as 
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a preferential site for absorption of Si from the vapor phase precursor.  

However, the catalyst metal gold could trap electrons and holes in Si, which 

pose a serious contamination problem for CMOS technology. Although there are some 

reports on the use of other metal catalysts for Si nanowire growth, such as Pt, Fe, and 

Ga, either the growth temperatures are too high, or the metals are not compatible in 

modern semiconductor manufacturing processes. The control of diameter and length 

thus is critical in the nanowire growth process as the electrical and optical properties 

of Si nanowires are strongly dependent on their size. The “bottom up” synthesized 

nanowires typically show poor control of size and dimension, and the positions of the 

nanowires are hard to predict as the nanowires are usually distributed on the wafer 

surface arbitrarily [2.41]. More complicated processes are hence required for further 

device fabrication on such nanowires. Other bottom-up techniques reported for 

nanowire preparation include laser ablation [2.42], liquid suspension, fluid flow, etc. 

All these techniques have an issue with the control of repeatability and scalability. In 

addition, these techniques have very low throughput that do not result in significant 

economic advantages. 

2.4.2 Top-down Approach 

The bottom-up approach creates integration issues that have hindered the 

widespread application of Si nanowires. On the other hand, the top-down approach 

could provide better control by using precise lithography and etching processes. The 

top-down approach is CMOS compatible; hence nanowires fabricated using the top-

down process could be more easily embedded into circuits and other micro-systems. A 

top-down Si nanowire field effect transistor with channel width down to 20-nm has 

been fabricated using electron-beam lithography on SOI wafer [2.43]. The results 

show that the carrier mobility of the nanowire device is 1.3 to 2.2 times higher than 
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that of the reference device with larger dimension, which could be attributed to the 

possible suppression of inter-valley phonon scattering. S. D. Suk et al. has 

demonstrated a twin Si nanowire transistor on bulk wafer using a complicated self-

aligned damascene-gate process [2.44], with the damascene-gate process schematics 

shown in Fig. 2.4. No roll-off of Vth, small SS and Drain Induced Barrier Lowering 

(DIBL) can be observed down to 30-nm gate length for both n- and p-type MOSFETs 

with a 10-nm diameter. GAA Si nanowire SONOS nonvolatile memory has been 

developed by the same research group using the same process technique [2.45]. By 

using the CHE and hot hole injection mechanisms for program and erase, program 

speed of 1 µs at Vd=2 V, Vg=6 V and erase speed of 1 ms at Vd=4.5 V, Vg=-6 V could 

be achieved with a 2~3-nm nanowire and a 30-nm gate. 

 

Fig. 2.4: Progress flow of the damascene-gate nanowire device fabrication used by 

Samsung’s group (1) SiGe / Si growth and shallow trench isolation (STI) (2) 

hard mask SiN trimming (3) oxide fill in STI and CMP (4) damascene gate 

stack deposition (5-6) 1st and 2nd damascene gate etch (7) field oxide recess 

(8) SiGe removal and H2 anneal and (9) gate oxide and gate material 

deposition. 

Nanowire MOSFET and nonvolatile memory devices with GAA device 

structure are able to achieve excellent performance in a scaled size and be fabricated 
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for a mass production purpose due to the modern process technology used. However, 

the complicated damascene-gate technique that Samsung used to fabricate nanowires 

is difficult to adopt in the industrial environment. Hence, it is necessary to find a new 

technique to realize the potential of nanowires. 

Previously, some research work reported that thermal oxidation of small 

silicon wires shows a self-limiting effect due to high stresses [4.46]. Sub-10-nm 

diameter vertical Si nanowire column was reported using a combination of electron 

beam lithography, reactive ion etching and self-limiting thermal oxidation. Below a 

critical temperature of 950°C, thermal oxidation proceeds for a while, but then a self-

limiting effect starts, in which after a few hours of oxidation the Si reduction and the 

oxide growth become extremely slow compared to the planar oxide growth rate. 

Moreover, they appear to saturate to different asymptotic values depending on the 

starting Si volume. The time to achieve the saturation decreases with increasing 

temperature. The limiting core (nanowire) diameter depends on the outside oxide shell 

thickness, and the temperature dependence of limiting core diameters becomes 

weaker at higher temperature [4.47]. Liu et al. postulated that this self-limiting 

phenomenon is due to the increasing activation energy of oxidant diffusivity in a 

highly stressed oxide, as newly formed SiO2 has to expand more to accommodate a 

given increase in volume for Si-O reactions. The smaller the core, the greater the 

oxide layer has to expand, which causes a greater stress and retards the process of 

further oxidation. 
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Chapter 3 

Gate-All-Around Si Nanowire SONOS 

Memory  

3.1 Introduction 

The market for nonvolatile memory (NVM) has been growing rapidly in 

recent years, due to the increasing demand for portable electronic devices. The 

commercial flash memory, which currently uses a polysilicon (poly-Si) floating gate 

as the charge storage material, is facing increasingly rigorous challenges in the course 

of scaling beyond the 45-nm technology node, due to short channel effects (SCEs) 

which significantly reduced coupling ratio and serious gate interference [3.1]. The 

polysilicon-oxide-nitride-oxide-silicon (SONOS) structure has been widely 

investigated recently, in which discrete charge trapping materials such as silicon 

nitride, high permittivity (high-κ) dielectrics or nanocrystals are used to replace the 

conductive poly-Si floating gate. This is because the SONOS-type nonvolatile 

memory has inherent advantages, such as simpler process, lower programming 

voltages and more robust tolerances to defects in the thin tunnel oxide, over 

traditional floating gate devices [3.2-3.7]. However, the oxide-nitride-oxide (ONO) 

gate stack thickness is difficult to scale due to data retention concerns when the tunnel 

oxide reaches only 3~4-nm thickness. It is also more difficult to avoid concomitant 
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problems due to severe SCEs in memory devices that use a typical gate stack of more 

than 10-nm equivalent oxide thickness (EOT) in a single SONOS-type memory cell, 

as compared to CMOS transistor logic devices. The low on-off ratio and large 

unwanted SS can easily trigger reading error of a memory cell [3.8]. 

Various non-conventional device structures have been explored as planar 

device scaling approaches the end of the technology roadmap. Extensive research 

work is being performed on the multi-gate structural memory which features a narrow 

channel body and gate electrode controlling channel electrostatic potential from more 

than one direction. In double-gate or tri-gate memory devices, enhanced gate 

controllability enables memory devices to achieve higher read current, with 

suppressed SCEs and improved memory speed [3.9, 3.10]. There is increasing interest 

in the gate-all-around (GAA) nanowire (NW)-FET in the past few years because of its 

potential to advance the CMOS technology to extreme scaling limits. Best gate 

control is reflected by nearly ideal SS, negligible DIBL and Vth roll-off. Although 

most of the research work conducted on Si nanowires focuses on the bottom-up 

technique to fabricate the nanowires [3.11], the top-down technique shows better 

control and repeatability over the nanowire fabrication process. Suk et al. has 

demonstrated high-performance GAA nanowire MOSFETs on bulk silicon wafer by a 

CMOS compatible top-down process, which makes it more attractive for industrial 

applications [3.12]. Nanowire MOSFETs using the self-aligned damascene-gate 

process displays high drive current and well controlled SCEs in 30-nm gate length 

and 10-nm diameter nanowire channel. In 2006, the 3-nm diameter cylindrical 

nanowire CMOS proposed by Singh et al. exhibited near-ideal SS and low DIBL with 

9-nm gate oxide, suggesting the benefit of relaxing the requirement for ultra-thin gate 

oxide thickness [3.13]. It indicates that the GAA nanowire structure could supply the 
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most effective gate control and overcome the negative impact from the physically 

thick gate dielectric. Hence GAA Si nanowire architecture shows promise that it can 

be integrated in the SONOS-type nonvolatile memory application, where thick tunnel 

oxide is favored for long retention time. In 2007, Suk et al. demonstrated GAA lateral 

twin nanowire SONOS with excellent memory characteristics by using the same self-

aligned damascene-gate process developed in 2005 [3.14]. 

In this chapter, using a completely CMOS compatible process technology, 

nanowire-based GAA SONOS nonvolatile memory was fabricated and studied. The 

vertically aligned cylindrical twin silicon nanowire channel with only 5-nm diameter 

was formed on silicon-on-insulator (SOI) wafer with a self-limiting dry oxidation 

scheme. The two vertically stacked nanowire channels have the advantage of space 

saving per memory cell as compared to the published lateral two wires [3.14]. The 

nanowire SONOS device exhibits evident improvements in low voltage programming 

and fast programming/erasing speed (P/E) in comparison to the planar device. The 

performance enhancement mechanism will be explained by device modeling, 

investigating the electron energy distribution, potential energy profile and electric 

field along each layer surrounding the nanowire channel. 

3.2 Nanowire and Nanowire Memory Device Fabrication 

A standard CMOS fabrication process was used in this experiment. In our 

nanowire fabrication process, photolithography and self-limiting oxidation are the key 

processes to fabricate a “top-down” nanowire. The 8-inch starting p-type SOI wafer 

specifications are as follows: top silicon layer of 120-nm and buried oxide (BOX) of 

150-nm with initial doping concentration of boron ~10
15 

cm
-3

, as shown in Fig. 3.1 (a). 

The Si fins were first patterned on the wafer by using the KrF alternating phase shift 

mask lithography. The thinnest width of the photoresist fin pattern could be further 
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narrowed down to 40-nm with an additional resist trimming process.  
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Fig. 3.1: Schematic of the Si fin fabrication process. (a) Starting wafer consisting of 

120-nm Si layer (b) has undergone lithography (c) and the DRIE process to 

achieve the Si fin. The smallest defined fin width is 40-nm after the resist 

trimming process. The dash lines in (b) and (c) indicate the unseen part of Si 

fin.  

Fig. 3.1 (b) shows the starting wafer with lithographic patterning of the active 

area. Each device contains a thin fin connected to a wider source and drain (S/D) 

extension region. The trimming process was followed by deep reactive ion etching 
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(DRIE) of the top Si layer down to the BOX to transfer the photoresist pattern onto 

the Si layer and to achieve a Si fin with a height of 120-nm. After photoresist 

stripping by oxygen and wafer cleaning by SPM (H2SO4 : H2O2 mixture in a ratio of 

1 : 4), the wafer was then sent into furnace and subjected to dry oxidation for four 

hours at 875°C to form the nanowire. Fin oxidation time is dependent on the fin width: 

for instance, oxidation time is reduced if the fin width is less than 40-nm. The Si fin 

was almost fully oxidized in this step, leaving two vertical and self-aligned Si 

nanowires. The formation of vertically stacked nanowires is actually the consequence 

of retarded oxidation rate at the curved Si surfaces [3.15], which is,
 
the top and 

bottom sides of the fin. In this experiment, we noticed that the oxidation process could 

be reliable in fabricating two vertical staked wires out of a fin if the top Si thickness 

of the SOI wafer is larger than 70-nm. In Fig. 3.2 (a), the transmission electron 

microscopy (TEM) image shows a sample prepared before oxidation is fulfilled, as 

the fin has not been totally consumed in the middle to become two nanowires. Such 

phenomenon indicates that two nanowires could be achieved from fin oxidation when 

the aspect ratio of the Si fin cross section is more than 7:4; otherwise there would only 

be one single nanowire formed as the cross section of the fin is close to a square. The 

purpose of simultaneously forming two nanowire channels in one memory cell is to 

obtain higher read current as compared to single nanowire channel memory devices. 

After the oxidation step, the Si nanowires were then released by removing the external 

thermal SiO2 shell using 1:25 diluted HF solution. In Fig. 3.2 (b), the scanning 

electron microscopy (SEM) image shows an example of the vertically stacked 

nanowires. Fig. 3.3 shows the CMOS compatible nanowire fabrication process using 

self-limiting oxidation. The Si nanowire is fabricated using self-limiting oxidation at a 

temperature below 950°C. 
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Fig. 3.2: (a) Sample prepared before the oxidation process is finished, TEM image 

shows the phenomenon where two nanowires are formed if the Si fin has a 

high aspect ratio. (b) Tilted SEM image shows the two vertically staked Si 

nanowire channels connecting S/D pads. 
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Fig. 3.3: Schematics of the Si nanowire fabrication process. The Si nanowire is 

fabricated using self-limiting oxidation at a temperature below 950°C. A 

high aspect ratio of the fin ensures there will be two vertically stacked 

nanowires. The vertically stacked nanowires have the advantage of saving 

space as compared to laterally packed nanowires. 
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Fig. 3.4: Process flow depicting the formation of vertically stacked twin Si nanowire 

and GAA Si nanowire nonvolatile memory device. 

As illustrated in the process flow shown in Fig. 3.4, the SiO2, Si3N4 and SiO2 

(ONO) tunneling layer, charge trapping layer and blocking layer with thickness of 

4.5-nm/4.5-nm/8-nm were deposited sequentially after the formation of the nanowire, 

at a temperature of 650ºC for the oxides and 720ºC for the nitride, in the low pressure 

chemical vapor deposition (LPCVD). Tetraethyl orthosilicate (TEOS oxide) was 

chosen as the tunneling oxide instead of the thermally grown oxide in order to avoid 

Si consumption in the small nanowire channel during oxidation. Poly-Si of 130-nm 

was deposited as the gate material in the LPCVD at a temperature of 550ºC. After 

patterning and etching the poly-Si gate to form the gate electrode, the wafer was 

implanted with 4×10
15

 cm
-2

 of phosphorus at 30-keV for S/D and gate, followed by 

dopant activation at 1000ºC for 5 seconds in N2. TaN/Al/TaN layers were deposited as 

interconnecting metal lines after the device was passivated by 400-nm SiO2, which 
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was deposited in the plasma-enhanced chemical vapor deposition (PECVD) machine 

tool. Subsequent annealing in forming gas (10% H2 in N2) at 420 ºC for 30 minutes 

was to complete the process. The titled SEM image of the nanowire memory device, 

taken before the passivation SiO2 was deposited, is shown in Fig. 3.5 (a). Fig. 3.5 (b) 

shows the cross-sectional TEM image of twin nanowires surrounded by ONO stack 

and poly-Si gate. In the high resolution TEM image shown in Fig. 3.6, a nanowire 

with 5-nm diameter and ONO layers could be seen. 

Top NW

Bottom NW

Top NW

Bottom NW

(a)

(b)

Top NW

Bottom NW

Top NW

Bottom NW

Top NW

Bottom NW

Top NW

Bottom NW

(a)

(b)
 

Fig. 3.5: (a) The titled SEM image of actual device taken before the passivation SiO2 

was deposited. (b)Vertically stacked two Si nanowire (VST-SiNW as 

indicated) channels were surrounded by ONO and poly-Si gate electrode.  
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Fig. 3.6: The high resolution TEM picture shows the cross section part of one of the 

two nanowire channels of a fully processed nanowire SONOS device. The Si 

nanowire with surrounding ONO layers followed by poly-Si gate could be 

seen clearly. Diameter of wire is about 5-nm and the thickness of each layer 

of ONO gate stack is 4.5-nm/4.5-nm/8-nm.  

3.3 Results and Discussion 

In this study, a nanowire device with a gate length of 850-nm is used for the 

analysis of electrical and memory transient characteristics. The transfer characteristics 

of nanowire SONOS memory cells, with gate length of 850-nm and diameter of 5-nm, 

is first characterized and shown in Fig. 3.7. The SS is 75-mV/dec and the DIBL is 15-

mV/V. Such subthreshold properties are comparable to those of high performance 

MOSFET devices, demonstrating the potential of GAA nanowire devices to be 

employed in the next generation of MOSFET or memory devices. The subthreshold 

property of such devices is superior considering that the EOT can be as thick as 15-

nm. The excellent SCEs immunity in nanowire memory devices can be attributed to 
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the outstanding gate controllability of the GAA structure.  
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Fig. 3.7: The transfer characteristics of GAA nanowire memory devices with 

nanowire diameter of 5-nm and gate length of 850-nm shows good 

electrostatic behavior. 

In addition to the advantages of the GAA structure with nanowire channel in 

device electrostatic property, the GAA device in this work also exhibits superiority in 

memory transient characteristics. GAA nanowire memory with 5-nm nanowire 

channel and planar channel memory device perform P/E operations using the Fowler-

Nordheim (F-N) tunneling mechanism, in which positive and negative pulses were 

applied onto the gate while keeping the source and drain grounded. Their threshold 

voltage shifts (∆Vth) were compared at ± 11 V pulse stresses in Fig. 3.8. The planar 

SONOS device with 5-µm channel width has the same gate length and ONO thickness 

as the nanowire SONOS device, as we are only focusing on what the different gate 

structures induce. Although the gate dielectrics have the same thickness, the GAA 

nanowire device exhibits visibly fast P/E speed. The ∆Vth of the Si nanowire SONOS 
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device could reach 2.61 V by applying a pulse of only 1 µs, while the ∆Vth in the 

planar device could hardly be observed within the same pulse duration. The 11 V 

stress magnitude is too small to open the memory window for such a thick EOT used 

in the conventional planar SONOS device. However, the threshold voltage shift starts 

from 1 µs and extremely large ∆Vth could be observed in SONOS devices with the 

GAA nanowire structure.  

10
-7

10
-6

10
-5

10
-4

10
-3

-3

-2

-1

0

1

2

3

4

5

Pulse width [second]

 

 

V
th
(t

)-
V

th
(t

=
0

) 
[V

] 

NW PGR: -11V

PLN PGR: -11V

PLN PGR: 11V

 

NW PGR: 11V

 

Fig. 3.8: Transient memory characteristics of nanowire SONOS (NW) device and 

planar (PLN) control device at ± 11 V pulse stresses. Devices with a gate 

length of Lg 850-nm are used for characterization. Channel widths are 5-nm 

for NW device (diameter) and 5-µm for PLN device respectively. 

For the reasons above, it would be interesting to investigate the reason for 

speed enhancement related to such cylindrical GAA nanowire structure. The 

Schrödinger-Poisson equations, which take into account quantum-mechanical 

confinement effects, were consistently solved within a cylindrical domain through 

device simulations. Taking the programming behavior of the devices as an example, 
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the simulated electric field across the gate dielectrics of the GAA nanowire and planar 

SONOS devices with pulse stress at 11 V, just before programming commences (no 

charge inside the nitride), are plotted in Fig. 3.9 (a). The thickness of the ONO layers 

of the two devices in the simulation is identical to that used in the experiment. As 

shown in Fig. 3.9 (a), the electric field at the Si-SiO2 interface is nearly three times 

higher for the Si nanowire SONOS device as compared to the planar SONOS device 

with the same dielectric. The electric field of the GAA structure is not constant in the 

oxide region but shows the 1/ x  trend given by the cylindrical symmetry. As the same 

voltage is applied on the two devices, the electric field across the blocking oxide, 

which is far away from the cylinder axis, would be much smaller than in the planar 

device. The larger electric field across the tunnel oxide in the nanowire SONOS 

device enhances the carrier-injection probability, increasing both P/E speeds. A 

prevalent method used in planar structural devices is reducing the thickness of the 

tunnel oxide to obtain large vertical electric field and high memory speed. However, it 

is evident that the scaling of planar devices has come to the end of the roadmap as 

excessive reduction of the tunnel oxide is detrimental to retention-time. High-κ 

dielectric materials have been used as blocking oxide [3.16] in order to reduce the 

electric field in the blocking oxide and increase it in the tunnel oxide. With a 

cylindrical geometry, a high electric field could be generated at the silicon-oxide 

interface even when a thick tunnel oxide is used, thus electron tunneling could be 

greatly enhanced across the oxide without degrading the retention time under reading 

conditions. Gate electron tunneling is prevented during erasing as the electric field is 

also reduced at the blocking oxide. Hence the GAA structure plays the same role as 

the high-k does.  
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Fig. 3.9: Simulated (a) electric field distribution and (b) potential energy profile of 

GAA nanowire and planar structures at gate stress 11 V. For the GAA 

device (solid line), the electric field at the Si-SiO2 interface is almost three 

times larger as compared to the planar device (dashed line). The effective 

barrier width of the GAA nanowire device is also less than half the oxide 

physical thickness. (c) Potential energy profile at VGS = –11 V prior to the 

start of the erasing process for the GAA nanowire device. An electron 

concentration of 5.3x10
7
 cm

-1
, corresponding to a shift of 2.6V in Vth, is 

assumed in the nitride layer. The barrier width for holes tunneling from the 

channel to the oxide is reduced due to the cylindrical architecture, thus 

increasing the erase speed. 
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Fig. 3.9 (b) also shows the potential profile at 11 V gate pulse. As the voltage 

almost drops across the entire gate oxide, electrons in the channel are mainly localized 

at energy levels close to 0 eV, corresponding to the value of the Fermi level. The 

barrier height remains the same since it is determined by the band offset between SiO2 

and Si; however, the barrier width experienced by electrons tunneling at zero energy 

decreases to nearly 2-nm from the physical 4.5-nm. For the planar device with the 

same gate voltage, the tunneling length remains equal to the oxide thickness at 4.5-nm, 

which is more than twice as large when compared to the GAA structure. Since the 

tunneling probability decreases exponentially with the tunneling length, the 

cylindrical NVM cell exhibits a much larger programming efficiency than that of the 

planar device. 

Fig. 3.9 (c) shows the potential energy profile at VGS= -11 V prior to the start 

of the erasing process. An electron concentration of 5.3×10
7
 cm

-1
, corresponding to a 

shift of 2.6 V in Vth, is assumed in the nitride layer. Similar to the case of 

programming, the barrier width for holes tunneling from the channel to the oxide is 

reduced due to the cylindrical architecture, thus increasing the erase speed.  

Fig. 3.10 and Fig. 3.11 present typical P/E characteristics of the two nanowire 

devices with nanowire diameters of 8-nm and 5-nm, and at various gate stressing 

voltages as a function of pulse width. Positive pulses with heights ranging from 6 to 

11V were applied for programming, while negative pulses with heights ranging from 

– 6 V to – 11 V were applied to the gate for erasing. Fast P/E speed could be observed 

for the same device when it was measured for Id-Vg transfer characteristics. Despite a 

thick EOT of 15-nm, the ∆Vth in the nanowire SONOS device could reach as high as 

1.13 V and 2.61 V at a stress pulse of 11 V and with a programming time of only 1 µs. 
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Fig. 3.10: (a) Programming and (b) erasing characteristics of Si nanowire SONOS cell 

(NW diameter ~ 8-nm) of gate length of 850-nm. Based on the programming 

characteristics, this device exhibits a Vth shift of 1.13 V in 1 µs using a pulse 

of +11 V on the gate. 



 

Chapter 3 Gate-All-Around Si Nanowire SONOS Memory 

 55 

 

10
-7

10
-6

10
-5

10
-4

10
-3

10
-2

0

1

2

3

4

5

T
h

re
sh

o
ld

 V
o

lt
ag

e 
V

th
 [

V
]

Pulse width [second]

5-nm diameter

NW SONOS

 

 

 6V

 7V

 8V

 9V

 10V

 11V

10
-7

10
-6

10
-5

10
-4

10
-3

10
-2

-1

0

1

2

3
5-nm diameter

NW SONOS

T
h

re
sh

o
ld

 V
o

lt
ag

e 
V

th
 [

V
]

Pulse width [second]

 

 

 -6V

 -7V

 -8V

 -9V

 -10V

 -11V

(a)

(b)

10
-7

10
-6

10
-5

10
-4

10
-3

10
-2

0

1

2

3

4

5

T
h

re
sh

o
ld

 V
o

lt
ag

e 
V

th
 [

V
]

Pulse width [second]

5-nm diameter

NW SONOS

 

 

 6V

 7V

 8V

 9V

 10V

 11V

10
-7

10
-6

10
-5

10
-4

10
-3

10
-2

-1

0

1

2

3
5-nm diameter

NW SONOS

T
h

re
sh

o
ld

 V
o

lt
ag

e 
V

th
 [

V
]

Pulse width [second]

 

 

 -6V

 -7V

 -8V

 -9V

 -10V

 -11V

(a)

(b)

 

Fig. 3.11: (a) Programming and (b) erasing characteristics of Si nanowire SONOS cell 

(NW diameter ~ 5-nm) of gate length of 850-nm. Based on the programming 

characteristics, this device exhibits a Vth shift of 2.61 V in 1 µs using a pulse 

of +11 V on the gate. 
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The fast program performance could be attributed to the much enhanced 

electric field across the tunnel oxide as discussed before. However, the P/E speed of 

the nanowire device with 8-nm diameter is found to be slower as compared to the 

device with 5-nm nanowire diameter, which shows the evident dependence of 

memory speed on nanowire diameter in GAA structure devices. It should be noted 

that the nanowire of 8-nm diameter is obtained from a fin which has a width larger 

than 40-nm before thermal oxidation, rather than from a variation of the nanowire 

fabrication process. A previous research work reported that the vertical electric field 

is in a proportional relationship of 2 /{ ln(1 2 / )}nw ox nwd t d+ , suggesting that the 

electric field at the tunnel oxide is larger for memory devices with smaller wire 

diameter [3.14]. The same ∆Vth during erase takes more than 1 ms at -11 V gate pulse. 

The slower erase speed can be attributed to an energy barrier as large as 4.6 eV at the 

Si/SiO2 interface for hole as compared to a 3.2 eV energy barrier for electrons, which 

influences the F-N tunneling current density due to their exponential term [3.17].  

The investigation of room-temperature retention property for the nanowire 

devices is performed by programming both devices at 8 V for 100 µs and erasing at -9 

V for 1 ms without cycling the devices before retention. Although the measurement 

time could not be performed for ten years, as required for nonvolatile memory 

retention, preliminary room temperature characterization of the un-cycled nanowire 

SONOS memory cell (shown in Fig. 3.12) exhibits excellent retention. It is found that 

these devices can keep the stored charge well during the measured time, and the 

projected memory window is 2.36 V for ten years, during which the charge loss is 

only about 10%. Since relatively similar retention property can be achieved by planar 

devices, good retention can also be attributed to the physically thick tunnel oxide 

(4.5-nm), other than the GAA structure.  
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Fig. 3.12: Room-temperature data retention properties for nanowire devices. The 

stored charge could be kept well for the measured 10
4
 seconds. 
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Fig. 3.13: Endurance characteristics of the Si nanowire SONOS device. 
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Fig. 3.13 shows the endurance properties of the same device. It is observed 

that the trends of Vth for both programmed and erased states shift upwards, and that 

the device displays a little window closing. The increase of interface traps between 

the relatively inferior deposited SiO2 and the channel also result in the Vth shifting up, 

since some high energy electrons and holes could generate interface traps when the 

devices are under P/E cycling. 

3.4 Conclusion 

A vertically-stacked twin Si-nanowire GAA SONOS NVM cell was presented 

using a CMOS-compatible process technology, with enhanced P/E speed, and good 

retention characteristics. The simulation results reveal that the enhanced P/E speed 

and functioning at low voltage is a result of the increased vertical electric field at the 

channel-to-gate dielectric interface, and the reduced electron tunneling length. This 

novel NW-NVM with fast P/E speed, large window under low voltage, good data 

retention and process compatibility is very promising for future non-volatile flash-

memory applications. 
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Chapter 4 

GAA Nanowire for TFT SONOS Multi-

Level-Cell Memory Application 

4.1 Introduction 

Polycrystalline silicon (Poly-Si) thin films have been a key material in silicon 

integrated circuit technology since the poly-Si gate MOS very large-scale integration 

(VLSI) technology was developed in the mid 1970s. The common application of poly-

Si films is as a gate electrode material with doped impurity atoms. They can also be 

used as a semiconductor in field-effect devices. Low temperature poly-Si (LTPS) thin-

film transistors (TFTs) technology appears to be one of the most promising 

applications, for the ultimate goal of building fully-integrated active-matrix liquid 

crystal display (AMLCD) system on glass [4.1].  

TFTs have a history almost as long as that of MOSFETs [4.2]. As a special 

kind of field-effect transistor, they use a semiconductor thin film which is deposited 

on an insulating substrate. Various semiconductor materials have been studied for use 

in TFTs, including CdS, CdSe, Se, Ge, SiC and Si. Only two types of TFTs that use Si 

thin films, amorphous Si thin films and poly-Si thin films, have been used in practical 

applications so far, since TFTs using compound semiconductor materials have never 
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achieved reproducibility and acceptable reliability for commercial production.  

The most important feature of TFTs is that they can be built on an insulating 

substrate, typically glass or fused quartz. This allows optical transparency of the 

device structure, which is essential in most applications. A lot of new applications are 

becoming feasible by fabricating active devices in poly-Si thin films. In addition, it 

allows the use of much larger substrate sizes than those possible with Si wafers. 

Typical mobility of poly-Si TFTs is usually of the order of 10-cm
2
/(V�s) for n-channel, 

which is one order of magnitude higher than that of amorphous Si TFTs. The large 

mobility makes the realization of large area and high-resolution displays possible. 

Because of their performance advantages over amorphous Si TFTs, namely, higher 

driving current, in addition to lower thermal budget and process costs than that of 

conventional MOSFETs, intensive research has been carried out to apply poly-Si TFT 

in AMLCD technology in which a TFT is placed at each picture cell (pixel) [4.3]. The 

TFT is used as a switch to charge and discharge the LCD cell’s transparent electrodes 

during the pixel on and off. Nonvolatile memory based on poly-Si TFT has attracted 

much attention very recently for use in system-on-panel (SOP) because of its high 

performance and ease of integration [4.4-4.6]. Low-end circuit integration by poly-Si 

is currently being applied to actual mobile display panel products [4.7]. Applications 

of SOP, such as low-bit central processing unit (CPU) integration [4.8] and different 

embedded memory structure on panel based on some advanced LTPS TFT 

technologies, have also been demonstrated [4.9]. 

These nonvolatile memory devices, using poly-Si and embedded on glass, can 

increase the function and flexibility of circuits associated with the display [4.10]. 

However, a number of technical challenges have to be overcome in order to fully 

integrate advanced and complicated circuits on panel products. The most critical of 
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which are lowering operation voltage to save power consumption, scaling down 

device size for better integration efficiency, and improving process uniformity for 

higher integration level. The most common limitations with the TFT SONOS 

memories are the relatively low memory speed and poor subthreshold property, which 

are due to the grainy structure of poly-Si and the dangling bonds along the grain 

boundaries. To improve performance in TFT logic or memory devices, additional 

processes such as excimer laser annealing to increase the grain size have been utilized 

[4.11]. Yamauchi et al. [4.12] have shown significant device performance 

enhancement by increasing the grain size to be comparable to the channel dimension, 

thereby reducing the negative effects of poly-Si grain boundary. The poly-Si device 

characteristics have also been improved significantly by reducing the cross-sectional 

dimensions of the poly-Si channel to make these comparable to the grain size, such as 

fin-like poly-Si channel [4.13] or nanowire-like channel devices [4.14]. The devices 

with such architectures offer alleviated aforementioned issues, as well as enhanced 

gate controllability through the advanced gate and channel structures.  

In this chapter, we extensively investigate the structure and electrical 

characteristics of an n-type poly-Si TFT SONOS memory with GAA nanowire. By 

following the developed method and by improving the process conditions, the poly-Si 

nanowire channel was realized using well controllable top-down CMOS process 

technology without any additional non-compatible process techniques. The TFT 

SONOS memory device, with the use of nanowire channel, exhibits better device 

property at a much lower operating voltage, which is attributed to the reduced number 

of grain boundaries in the channel region, since the fabricated device takes advantage 

of the narrow channel body and exhibits a much enhanced memory speed and 

improved SS as compared to conventional TFT memory devices. The decreased SS is 
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comparable over that of conventional single crystalline MOSFET devices. 

4.2 Poly-Si Nanowire TFT Memory Device Fabrication 

A layer of 400-nm thermal SiO2 was first grown on Si bulk wafer to simulate 

the glass substrate, followed by a layer of 60-nm amorphous silicon film deposited at 

a temperature of 550ºC in LPCVD. The active regions, in the form of narrow fin 

connecting to wider source and drain pads (as shown in Fig 4.1), were then patterned 

by alternating phase shift mask lithography using a 248-nm exposure wavelength 

scanner followed by a Si dry etch process. Resist and hard mask trimming was used to 

achieve fins of even smaller critical dimensions. The fins were then converted into 

nanowires by steam oxidation at a temperature of 730ºC for 30 minutes – the highest 

thermal budget used in this work and was limited by the lowest temperature setting of 

our oxidation furnace equipment. The simulation work showed that the steam 

oxidation could be conducted below 600 ºC which is accepted for TFT device 

fabrication. We observed from the TEM analysis that during this step, the amorphous-

Si crystallized into poly-Si grains of size ranging from 15-nm to 30-nm. The poly-Si 

nanowires were then released in DHF, followed by the deposition of tunnel oxide, 

charge trapping layer nitride and blocking oxide (ONO: 5-nm/15-nm/11-nm) using 

PECVD, all at a temperature of 400ºC. The 130-nm amorphous Si was then deposited, 

patterned and etched to form the gate electrode. Phosphorous (4×10
15

-cm
-2

, 30keV) 

was subsequently implanted and activated at 580ºC for 24 hours, followed by standard 

steps of contact, metallization and sintering to complete the fabrication.  Fig. 4.2 

shows a cross-sectional TEM image of the GAA nanowire TFT SONOS device, with 

a minimum poly-Si nanowire width and height of 23-nm and 36-nm respectively 

achieved in this work. The wire cross section exhibits a relatively rectangular shape 

that reflects the original shape of the fin, indicating that the oxidation is insufficient to 
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show the self-limiting behavior. The ONO layer was not evenly grown along the 

nanowire channel due to the inferior isotropic property of the PECVD. In this work, 

the words width/wide are used to describe the horizontal nanowire dimension across 

the current flow and height/high are used to describe the vertical dimension.  

Source Drain

Isolated nanowire channel

Source Drain

Isolated nanowire channel

 

Fig. 4.1: A tilted SEM image of isolated nanowire channel with source and drain pads 

located on SiO2 after the nanowire was released in DHF. It can be seen that 

the amorphous Si has converted to poly-Si after the steam oxidation step.  
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Fig. 4.2: TEM cross-section through the poly-Si nanowire of a fabricated device. The 

cross-section was cut across the nanowire channel. The nanowire channel 

width and height are 23-nm and 36-nm respectively as shown by the arrows. 
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4.3 Results and Discussion 

Devices with gate length of 350-nm were used for characterization in this 

work. Fig. 4.3 shows the transfer characteristics of the 23-nm wide nanowire device 

with a gate length of 350-nm. The SS is usually larger than 200-mV/dec in typical 

TFT devices. Along with a high ON/OFF ratio, a low SS value of 122-mV/dec is 

obtained. However, the SS of the GAA nanowire TFT SONOS device is significantly 

reduced as compared to other reported TFT devices. Enhanced gate controllability 

from the GAA structure is one reason that such good SS is obtained, and the reduced 

number of grains in the nanowire channel also accounts for the good device 

performance.  
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Fig. 4.3: Transfer characteristics of nanowire TFT SONOS device with 23-nm width 

and 350-nm gate length. Improved SS is exhibited as compared to other 

reported TFT SONOS memory devices.  
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The cumulative distribution of SS for three nanowire devices with different 

wire-widths is plotted in Fig. 4.4. Improved SS can be achieved as the wire width 

decreases, indicating that smaller wire width is favored in nanowire memory devices. 

Degradation of SS in devices with wider nanowire width is clearly seen. Degradation 

of SS could be due to reduced gate controllability and increased volume of grain 

boundaries in the channel region of the devices with wider nanowire channel.  
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Fig. 4.4: The dependence of SS on poly-Si nanowire width. It can be seen that the 

device with smaller wire width achieves better SS, which is due to reduced 

gate controllability and increased volume of grain boundaries in the wider 

nanowire channel. 

The width of all fabricated nanowires in this work are around 20-nm to 50-nm, 

which are in the order of grain size of the poly-Si film — 50-nm to 100-nm [4.15]. If 

one starts the nanowire process with poly-Si, it is possible that the grain boundary can 

be anywhere. However, we started the fabrication process using the amorphous silicon 

layer, which was crystallized during nanowire oxidation and S/D activation processes 

after the active area pattern transfer — nanowire channels connected to S/D pads. The 
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formed poly-Si grain is confined in the nanowire when the amorphous silicon was 

crystallized during the steam oxidation process (730ºC, 30 minutes). Since the poly-Si 

nanowire width and height are comparable to or even smaller than the poly-Si grain 

size, the number of grains and grain boundaries in the nanowire channel are expected 

to be significantly reduced. In the TEM image, the color of the nanowire is quite even 

as observed in the poly-Si nanowire region. Based on such reasons, it could be 

deduced that there are few grain boundaries in the nanowire channel itself. Hence, the 

SS is improved in a TFT transistor device with comparing channel and grain size, and 

the improvement is greater in thinner wire devices. 

The memory P/E characteristics at various gate stressing voltages as a function 

of pulse width are presented in Fig. 4.5. F-N tunneling mechanism was employed to 

characterize the transient memory performance of the cell by grounding the source 

and drain and stressing the gate. The poly-Si nanowire memory device exhibits a fast 

programming speed: a threshold voltage shift (∆Vth) of 2.96 V could be achieved in 1 

µs at 15 V gate pulse. The programming speed improvement is a result of the 

crowding and convergence of electric field lines in the tunnel oxide at the corners of 

the rectangular channel structure. The wire corners in our device have a very small 

radius of curvature due to the use of low temperature oxidation of the fin in the 

fabrication process, and the injection of electrons/holes is dramatically boosted 

especially when the corner radius is small [4.16]. The erasing time to achieve the 

same memory window is about 1 ms at -16 V. The relatively slow erasing speed is due 

to the higher hole energy barrier (4.6 eV) and larger effective mass of the hole than 

that of the electron in SiO2, which results in reduced tunneling of the holes. As we 

know, there is certain imbalance between the programming and erasing speed in most 

of the SONOS memory devices. In fact, the erasing speed remains slower than 
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programming speed at the first hundreds of microseconds despite improvements made 

in the erasing speed using appropriate band engineering [4.17]. Factors contributing to 

the slowness of erasing speed can be found in the F-N current density definition given 

by equation (3) [4.18]: 

3
2

*
exp[ ]

8

c
inj

b inj

Eq m
J E

h m Eπ
−

=
Φ                                                 (3) 

with           

3/2
*4 2

3

b
cE m

q

Φ
=

h , 

where Φb is the energy barrier at the SiO2/Si interface (3.2 eV for electron and 4.6 eV 

for hole), Einj is the electric field at the injecting surface and m
*
 is the effective mass 

of carriers in the SiO2. It implies that there is a reverse relationship between the 

current density J and the effective mass m
*
. The effective mass of a hole is larger than 

that of an electron in most of semiconductors as well as SiO2. The effective mass and 

the energy barrier also have a negative exponential effect on the tunnel current density, 

which further decrease the injecting current density. In addition, the energy barrier 

height affects the tunnel speed exponentially. Both the higher effective mass and large 

barrier height of holes than that of electrons contribute to the slow erasing speed. 
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Fig. 4.5: The P/E characteristics of nanowire TFT SONOS with wire width 23-nm. 

The gate pulse stress ranged from 11 V to 15 V and -12 V to -18 V. ∆Vth of 

2.96 V could be achieved in 1 µs at 15 V gate pulse during program. 
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Fig. 4.6: Comparison of memory window among devices with three different 

nanowire widths under different stress voltage for a program time of 1 µs. 

The device with the narrowest wire width shows the fastest speed. 

Next, we present the dependence of memory transient property on the width of 

the nanowire. The ∆Vth is plotted as a function of stress for 1 µs programming time in 

Fig. 4.6 for the same three kinds of nanowire devices used for testing the cumulative 

distribution of SS earlier. It can be noticed that the device with the narrowest wire 

width shows the fastest speed. Although the electric field in the tunnel oxide is non-

uniform due to the rectangular shaped channel, the enhanced ∆Vth in the smaller 

nanowire width device could still be attributed to the increased vertical electric field 

in the tunnel oxide due to the shortened distance between the channel interface and 

the channel centre, as it was in the circular nanowire device [4.19]. The enhanced 

electric field intensifies the bending of the conduction band when the device is being 

stressed, as Fig. 4.7 shows the programming process. With the larger band bending, 
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the carrier experiences a shorter barrier width to tunnel through and thus faster 

memory speed is observed. The increased electric field in the device with smaller wire 

size promotes more carriers injecting into the charge trapping layer and leads to a 

larger ∆Vth. Due to such effects, a smaller cross section of nanowire is preferred in 

GAA nanowire channel devices. 
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Fig. 4.7: The band diagram during program in devices with smaller wire width (left) 

and larger wire width (right). Stressed at the same voltage, the electric field 

across the tunnel oxide of the device with smaller wire width is enhanced as 

compared to that of the counterpart, due to the particular GAA structure.  

The nanowire devices, including those published so far from different groups, 

are sensitive to the channel diameter and hence a good control in the fabrication 

process is very important. However, that should not be a problem for top-down etched 

nanowire as advanced lithography tools are able to control the critical dimensions to 

within 2 to 3-nm in this work. Furthermore, the oxidation process at low temperature 

slows down with size reduction of the nanowire and that reduces incoming variation. 

We would like to clarify that devices with different wire widths measured in this work 

originate from different starting fin widths, which were designed with different critical 

dimensions on the mask for the purpose of studying the impact of width. Devices 

from the same designed width display the same memory speed.  
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Process technology has allowed significant memory cell density increases and 

lower cost-per-byte since flash memory was introduced. The expanding need for 

additional nonvolatile data storage by applications creates demand for higher and 

higher density flash memory products. A concept called multilevel cell (MLC) 

technology was invented to build on process scaling. This involves storing multiple 

bits of information on a single memory transistor, and storing two bits per cell could 

instantly double the density. In the MLC application, stress voltage would be divided 

into multiple levels. For two-bit per cell, voltages levels are defined to program/erase 

the cell to the “11” to “10”, “01”, or “00” states. MLC devices should be able to place 

and sense the charge precisely. As illustrated in Fig. 4.6, poly-Si nanowire TFT 

memory devices of the same dimension display relatively the same Vth shift, which 

allows them to be capable for the MLC application. To study the feasibility of MLC 

application, we plot the Id-Vg at four states in Fig. 4.8.  
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Fig. 4.8: The Id-Vg at four states shows the feasibility of the MLC application for TFT 

SONOS. Around 1.5-V memory window is set between the different states. 
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As the threshold voltage decay logarithmically in time for the SONOS device 

[4.20], the room temperature data retention property of the GAA poly-Si TFT SONOS 

MLC device is extrapolated for each Vth level and illustrated in Fig. 4.9, with the most 

severe degradation of only 12% of the ~1.5 V original memory window after 10 years. 

To differentiate the memory state, either between “0” and “1” or among the four 

levels for multi-level purpose, around 1 V memory window is considered acceptable 

[4.21]. Based on that, we made the comment that ~1.5 V window is safe for state 

determination. Table 4.1 compares the GAA nanowire SONOS presented in this work 

with most recently published poly-Si SONOS memory devices of other different 

device structures, in terms of electrostatic behavior, memory transient speed and 

retention property. The merits of the GAA poly-Si nanowire memory in improving 

device characteristics can be observed clearly here. 
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Fig. 4.9: The room temperature retention properties measured at different data states. 

The most severe degradation is 12% charge loss after 10 years. 
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Table 4.1 Comparison of memory characteristics with reported TFT SONOS-type 

memory devices. The GAA nanowire TFT memory in this work displays 

the advantages in both electrostatic and transient characteristics. 
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4.4 Conclusion 

In summary, GAA poly-Si nanowire TFT SONOS nonvolatile memory with 

minimum wire width of 23-nm demonstrated a much improved device subthreshold 

characteristics and excellent device uniformity. Fast memory speeds are achieved with 

lower power consumption due to the gate-all-around structure. Improvement of 

memory speeds is a result of the crowding and convergence of electric field lines in 

the tunnel oxide at the corners of the rectangular channel structure, as the injection of 

electrons/holes is dramatically boosted especially when corner radius is small. The 

demonstrated large memory window enables its success for MLC applications. Both 

memory and transistor performances are improved with the decrease of the nanowire 
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width. 

The fabricated memory device is useful for both the SOP and SOC 

applications. To our understanding, the SOP process start from thin films on glass 

panel and hence memory and other electronics remain as thin film devices. Our device, 

being fabricated on poly silicon thin film, fits well into that application. The fin 

oxidation temperature remains a concern, which can be reduced by using a furnace 

with low temperature capability. Therefore, the GAA nanowire TFT SONOS holds 

great promise for future TFT nonvolatile memory applications to be embedded into 

actual mobile display panel products. 
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Chapter 5 

GAA Nanowire MONOS for High Speed 

Memory Application 

5.1 Introduction 

Nonvolatile memories are being employed in almost all computing devices 

and systems, ranging from mobile devices such as cell phones, personal digital 

assistants (PDAs) to laptops. The scaling of NAND-type flash memory has been 

aggressively pursued in recent years [5.1]. Its low power consumption, low cost, and 

large memory capacity have triggered its application in numerous new consumer 

products. Nevertheless, the current floating gate NAND flash faces a critical scaling 

challenge beyond 45-nm technology node because of the interfloating gate coupling 

issue [5.2]. The SONOS-type memory has been investigated as a potential alternative 

due to its immunity to the floating gate coupling interference.  

Silicon-nitride discrete charge trapping material based SONOS memory 

devices have been studied extensively, and the key dielectrics SiO2 and Si3N4 are 

widely investigated. The SONOS memory, however, still faces an issue in scaling due 

to the non-scalable gate dielectric stack. An ultra-thin tunnel oxide (~2-nm), which is 

preferred for F-N tunneling, is not reliable to prevent direct tunneling of stored 
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carriers, causing a retention problem in these devices [5.3]. On the other hand, 

SONOS devices with a thick tunnel oxide (~5-nm) have very slow memory speed 

especially for erasing. Although band-to-band tunneling hot hole injection (BBHH) is 

effective for erasing SONOS devices with thick tunnel oxide, it is not suitable for 

NAND-type Flash as it makes the device vulnerable to the hot-hole related issues 

[5.4]. Hence metal-oxide-nitride-oxide-silicon (MONOS) memory devices, which use 

high-κ as dielectric materials and metal as gate electrode, become an attractive 

candidate for further device scaling. A substantial amount of research work have been 

performed on MONOS-type memory devices, involving engineering of the gate 

electrode, blocking oxide, trapping layer, even the tunneling oxide. As high-κ films 

possess discrete traps and trap carriers in the spatially isolated deep energy level, it 

has been reported that the use of high-κ such as HfO2 as a trapping layer in MONOS 

could improve P/E speed, vertical scaling and charge retention properties [5.5]. The 

use of high work function metal gates suppresses gate electron injection and hence 

improves the erase speed. From this point, metal gate electrodes, with a work function 

higher than poly-Si, were widely employed [5.6-5.7]. 

 Innovative device structures are also required for the new generation NAND-

type flash memory. SONOS memory cells with novel GAA single crystalline Si 

nanowire channel and relatively thick tunnel oxide have recently demonstrated fast 

memory speed using the top-down process [5.8], since a larger portion of the electric 

field was dropped the tunneling layer [5.9]. However, much slower erasing speed as 

compared to programming speed could still be observed in these nanowire SONOS 

devices due to unwanted backward gate electron injection and higher hole tunneling 

barrier (4.6 eV) as compared to that of electron (3.2 eV) at the channel/tunnel oxide 

interface [5.9-5.10].  
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To the best of our knowledge, high-κ materials have not yet been applied in 

memory products with nanowire devices even though they have been extensively 

investigated in nonvolatile memory devices with planar architecture. No work has 

been conducted to combine the advantages of the high-κ/metal gate and the GAA 

nanowire device structure. In this chapter, charge trapping memory with 

Al2O3/HfO2/SiO2 stack and metal gate fabricated on GAA nanowire structure is 

proposed and investigated as the next generation nonvolatile memory technology. The 

application of high-κ materials reduces the electric field in the blocking layer. Besides 

trap layer engineering, the purpose of high-κ dielectric introduction is to reduce the 

EOT – a need in scaling. Hence we have intentionally retained the same physical 

thickness and allowed the EOT to decrease in order to make the study meaningful for 

the purpose of application. In addition, the metal as the gate electrode could further 

prevent unwanted backward tunneling of electrons significantly due to its higher work 

function. As a result, the memory speed, especially for erasing, is improved. 

5.2 TAHOS Nanowire Memory Device Fabrication 

Fig. 5.1 shows the schematics of the main process steps along with process 

fabrication flow. The fabrication started on p-type SOI wafer with 150-nm BOX, and 

the top silicon thickness of SOI wafer was first thinned down to 40-nm by thermal 

oxidation. The active region (fin with source and drain pads) was then defined by 

utilizing conventional KrF DUV alternating phase shift mask lithography and dry 

etching process. After the photo-resist strip and wet clean, the patterned Si-fins were 

oxidized in dry O2 ambient as described before. The oxidation process converted the 

fins into Si nanowires wrapped by the SiO2. In this work, single nanowire was formed 

from each fin and studied again. Shown in Fig. 5.2 is the SEM image at 45º tilted 

view of a single Si nanowire connecting the S/D pads, after the thermal oxide shell 
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outside the nanowire was removed in 1:25 diluted DHF. We kept the wire dimension 

relatively thick (25 ~ 30-nm) in order to tolerate the large compressive stress existing 

in the deposited tantalum nitride (TaN) layer, which could bend the very thin 

nanowire [5.11].  
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Fig. 5.1: The schematics of the main process steps along with the process fabrication 

flow for fabricating the GAA nanowire TAHOS memory cell. 
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Fig. 5.2: A tilted SEM image of the nanowire with source and drain pads located on 

BOX after the nanowire was released in DHF.  
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After the nanowire channel was formed, 5-nm TEOS SiO2 as the tunnel oxide 

layer was deposited in LPCVD, followed by subsequent deposition of 7-nm HfO2 as 

the charge trapping layer and 10-nm Al2O3 as the blocking oxide layer, using the 

atomic layer deposition (ALD) machine tool at a temperature of 300ºC. The ALD 

process was performed in a Genus Lynx2 ALD reactor. In this work, tetrakis, 

Hf(NEtMe)4, was used as the Hf precursor and TMA was used as precursor for the 

growth of Al2O3. The chamber pressure was set to 200-mTorr during deposition. N2 

was used as the source carrier gas. A deposition cycle consists of a pulse for the metal 

precursor supply and a pulse for the oxidant supply. Argon gas keeps flowing for 8 

seconds to purge precursor residuals and reactant molecules in between the pulses. 

Post deposition annealing (PDA) in N2 ambient at 700ºC for 30 seconds was 

performed to dehydrate and condense the ALD grown high-κ dielectrics in order to 

remove residual H2O, which was used as an oxidant in the ALD process. TaN with 

200-nm thickness was sputter deposited, patterned and etched to fabricate the gate 

electrode. The fabricated nanowire memory device with Al2O3/HfO2/SiO2 gate stack 

and TaN metal gate is abbreviated as TAHOS for short. For the purpose of comparing 

device performances, control device nanowire SONOS memory featuring the LPCVD 

SiO2/Si3N4/SiO2 (5-nm/7-nm/10-nm) and 130-nm poly-Si gate was fabricated at the 

same time. All wafers then underwent the same implantation (phosphorus, 30 keV, 

4×10
15 

cm
-2

), thermal activation (900ºC, 30 seconds) and contact metallization to 

conclude the process.  

Thick gate dielectrics cannot be deposited on the nanowire in a GAA structure 

due to the limited space between the nanowire and the BOX. Hence two kinds of 

devices with the same physical oxide thicknesses, rather than the same electrical 

oxide thicknesses, for gate stacks were fabricated and compared in this work, since 
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the objective of this work was to study the feasibility of high-κ metal gate technology 

in GAA nanowire device architecture for nonvolatile memory application. From the 

view point of application, we kept the dielectric physical thicknesses to the minimum 

possible and hence did not match the EOT. In addition, the purpose of growing equal 

physical thicknesses of the gate dielectrics was to enhance the electric field in the 

tunneling oxide and reduce the electric field in the blocking oxide in the nanowire 

TAHOS devices, as a consequence of using high dielectric constant (κ) materials.  

5.3 Results and Discussion 

Empty space

TaN metal gate

Nanowire
Empty space

TaN metal gate

Nanowire

 

Fig. 5.3: TEM image showing the cross-section of fabricated GAA nanowire TAHOS 

device. The nanowire can be observed to be surrounded by TaN metal gate 

and high-κ oxide. Empty spaces are attributed to high stress formed at the 

interface TaN layer. 

Fig. 5.3 shows the TEM cross section of the fabricated device perpendicular to 

the nanowire channel. Different layers in the gate stack could not be imaged clearly 

due to poor contrast in the high-κ and TaN metal gate layers. The nanowire is also 
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clearly seen in the low magnification images to be almost surrounded (leaving some 

empty space below due to the directional nature of the TaN PVD deposition process) 

with the metal. Although our fabrication method is capable of producing nanowire 

down to 5-nm in diameter, the minimum diameter of the nanowire used in this work 

was limited to ~ 25 to 30-nm in order to cater for the large stress in the metal. In fact, 

the metal layer had such high stress that the TaN layer near the nanowire channel has 

lifted as a result, which can be seen clearly. 
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Fig. 5.4: The Id-Vg curve measured from the nanowire TAHOS device shows good 

subthreshold and electrostatic property, despite a thick EOT used in memory. 

We first characterized the memory cells for transfer properties of the TAHOS 

nanowire memory cell with channel length of 300-nm. Both the TAHOS nanowire 

device and SONOS nanowire device were then characterized for P/E operations using 

the F-N tunneling mechanism by applying voltage stress on the gate and keeping the 

source and drain grounded. As measured, TAHOS nanowire device Id-Vg 

characteristics are shown in Fig. 5.4. DIBL of <50 mV/V and sub-threshold swing of 
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<100 mV/dec are achieved respectively. Despite the 22-nm physical thickness of the 

gate dielectric (κ value of HfO2 and Al2O3 are considered as 25 and 9 [5.12]) and a 

single implant step, these values are as small as those of MOSFET transistors. This is 

attributable to the advanced GAA structure which leads to superior gate controllability. 

Fig. 5.5 depicts the transient memory characteristics of the nanowire TAHOS 

device as well as the nanowire SONOS control device at the onset of the P/E. 

Memory windows of both devices are kept closed until ± 7 V stress pulse was applied, 

if we define the memory window open as ∆Vth equals to 0.5 V. It shows that the 

programming window starts to open for the nanowire TAHOS device at +7 V pulse 

height for a 3 ms pulse width. However, the pulse duration to open the same window 

for the nanowire SONOS device is longer than 10 ms. Furthermore, the erasing 

process did not start at -7 V pulse for the nanowire SONOS memory device. 
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Fig. 5.5: Transient memory characteristics of the nanowire TAHOS (NW-TAHOS) 

device as well as the nanowire SONOS (NW-SONOS) control device at the 

onset of the P/E. The TAHOS device shows equivalent program and erase 

speed while the SONOS device does not.  
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The program/erase transient characteristics of a single TAHOS memory cell 

are shown in Fig. 5.6. Large threshold voltage shift (Vth shift) of 3.8 V could be 

achieved by the nanowire TAHOS memory in as short as 10 µs at a programming 

stress of 13 V and in 200 µs at an erasing stress of – 12 V. Fig. 5.7 shows the transient 

speed characteristics of the nanowire SONOS device as a comparison. It could be 

observed that the TAHOS device displays much faster memory speed, especially for 

erasing, as compared to its counterpart. It is already known that large speed imbalance 

exists during program and erase at the first hundreds of micro-second which seriously 

retards the fast cycling of SONOS devices. The reduced electrical oxide thickness 

(EOT) in the TAHOS device is one of the factors which causes the increase of 

memory speed. An overall electric field enhancement of 17% could be achieved in 

TAHOS when the same pulse magnitude is applied due to the higher κ value of the 

charge trapping layer and blocking layer, Smaller EOT of the charge trapping layer 

and blocking layer also results in a larger portion of electric field dropping across the 

tunnel oxide, further enhancing the carrier injection from the nanowire channel. 

Hence the employment of high-κ stack could reduce the voltage required to write and 

erase the memory cell. It is noted the utilization of high-κ dielectric materials and TaN 

metal gate can greatly improve the erase characteristics. The smaller electric field at 

the blocking oxide effectively reduces the electron current from the gate. Higher work 

function of TaN (4.5~4.6eV) relative to n+ poly-Si (4.15~4.2eV) could also 

effectively increase the tunneling barrier height to suppress the gate electron injection 

when the negative pulse is applied on the gate [5.13].  
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Fig. 5.6: Program and erase characteristics of nanowire TAHOS memory (TAHOS-

NW in the figure). Large memory window and especially enhanced erase 

speed can be seen. 
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Fig. 5.7: Program and erase characteristics of nanowire SONOS memory device 

(SONOS-NW in the figure). The erasing speed is much less than the 

programming speed which greatly retards the cycling of SONOS. 
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We have not measured the work function of TaN for nanowire memory 

devices due to inaccuracies in measurement of Capacitance of nanowire devices on 

SOI wafer. We used previous experimental data in which the TaN was deposited using 

the same PVD tool and same process recipe to estimate the work function of the TaN 

metal gate [5.14]. The work function of TaN is 4.5~4.6eV according to that work. 

Compared to 4.15~4.2eV n+ poly-Si gate work function, the barrier height for gate 

electron tunneling during erasing for the TaN gate device can be confirmed to be 

much higher than the one with n+ poly-Si gate. Hence it can be concluded that part of 

the reason for improved erasing characteristics could come from the employment of 

the TaN gate electrode.  

Besides the advantages of reduced EOT, enhanced electric field in the tunnel 

oxide as well as the higher gate work function for nanowire TAHOS devices, a proper 

conduction and valence band offset (∆Ec and ∆Ev) change with respect to SONOS is 

also favorable for P/E characteristics. The band diagrams of TAHOS and SONOS 

during the program and erase mode are compared and shown in Fig. 5.8, in which the 

solid line indicates the TAHOS device while the dash line is used to represent the 

SONOS device, and the band offset data are from published literature [5.7, 5.12]. The 

Fermi-level of the gate position of both devices should be put at the same level since 

we used the same magnitude of voltage stress during characterization. The 1.7 eV ∆Ec 

between HfO2 and SiO2 is more favorable as compared to 1.1 eV ∆Ec between Si3N4 

and SiO2, since the electron could tunnel through the band gap and into the 

conduction band of the charge trapping layer earlier. It should be mentioned here that 

plotting of the energy band does not take into account of the influence of the nanowire 

structure due to two reasons. Firstly, the nanowire we obtained in this work shows a 

relatively trapezoidal cross section rather than a circular one, and we did not calculate 
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the band diagram quantitatively for the trapezoidal nanowire. Secondly, enhancement 

of the transient property could only be related to the different gate dielectric materials 

used since nanowires for both devices are the same. Hence we only compared the 

band diagrams qualitatively without taking into account the effect of GAA nanowire 

curvature.  
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Fig. 5.8: Band diagram of nanowire TAHOS (solid line) and nanowire SONOS (dash 

line).  

Fig. 5.9 depicts the endurance characteristics of the nanowire TAHOS memory 

device. The memory window of 1.45 V remains constant when the device was cycled 

at a smaller stress voltage. The memory window of 2.67 V was achieved when the 

device was under ± 11V stress voltage cycling conditions and it shows a slight upward 

shift. The phenomenon of the slight upward shift of the memory window could be 

explained by the generation of oxide traps at the interface between the channel and the 

deposited TEOS oxide. 
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Fig. 5.9: P/E endurance of nanowire TAHOS device at two cycling conditions. The 

larger memory window with 2.67 V magnitude was achieved when the 

device was under ±11V stress voltage cycling conditions with a slight 

upward shift. 

Room-temperature retention for the nanowire TAHOS nonvolatile memory 

device is also tested and shown in Fig. 5.10. A large initial window of 3.73 V is 

obtained under 13 V/100 µs and -12 V /5 ms retention conditions, which decreases to 

3.51 V after 10
4
 seconds. The decay rate is 50mV/dec for the measured time period. 

The nanowire SONOS device achieved an initial window of 3.45 V under 13 V/1 ms 

and -12 V /50 ms retention conditions, which dropped to a magnitude of 3.33 V after 

10
4
 seconds. As can be seen, retention of the nanowire TAHOS nonvolatile memory 

device is slightly degraded as compared to retention of the nanowire SONOS device – 

the magnitude of the memory window is reduced by 0.22 V for TAHOS and 0.12 V 

for SONOS in 10
4
 seconds from almost the same initial window, and the charge loss 

are about 5.8% and 3.5% respectively. We suspect that degradation of the memory 
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retention behavior in the nanowire TAHOS device may come from the states at 

interface between the high-κ/oxide or high-κ/metal gate since both devices possess an 

identical tunnel oxide thickness. However, technical merit of the nanowire TAHOS 

device still remains since larger memory window could be achieved with much lesser 

power consumption by the nanowire TAHOS device.  
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Fig. 5.10: Room temperature data retention of the nanowire TAHOS device. The 

same magnitude of memory window can be achieved by a smaller P/E 

voltage as compared to its counterpart, despite slightly larger charge loss at 

the same measurement time period. 

5.4 Conclusion 

We have proposed a novel MONOS memory device fabricated on the GAA 

nanowire structure for high density nonvolatile memory application, using a CMOS-

compatible process technology. The GAA nanowire structure is currently one of the 

best scalable device structures for the VLSI memory circuit design. Isotropic and 

conformal ALD machine tool ensures good growth of dielectrics surrounding the 
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nanowire, although some empty space exists below the nanowire channel due to the 

directional nature of PVD deposition. Results reveal that both programming and 

erasing transient properties have been enhanced as compared to nitride-based SONOS 

nonvolatile memory. The erasing speed is also further improved, which is attributed to 

decreased electric field across the blocking oxide as well as reduced electron injection 

from the gate electrode. Hence the nanowire TAHOS charge trapping memory with 

fast P/E speed, reduced P/E and CMOS-compatible fabrication method shows 

promise as a potential alternative for next generation nonvolatile flash memory. 
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Chapter 6 

Conclusions 

This thesis focuses on the study of nonvolatile memory devices with the 

integration of ultra-thin nanowire channel. The nanowire channel was specially 

developed and fabricated using the CMOS compatible top-down process technology.  

This study started with the development of top-down nanowire fabrication 

method. The nanowire fabrication process was initiated on SOI wafer and took 

advantage of the advanced lithography technology and Si oxidation process. SOI 

wafer was used not only because of the thin layer of silicon which could eliminate the 

subsurface punch-through observed in bulk-Si devices into the nonvolatile memory, 

but also because of the feasibility of obtaining one or two thin nanowires from a fin 

on BOX. The nanowire could not be found using the same process technology on bulk 

wafer after the oxidation step due to many uncontrollable parameters. The diameter of 

the nanowire could reach 5-nm or even smaller with this method, which requires a 

much longer oxidation time of more than 4 hours as the oxidation rate is almost zero 

when the oxidation comes to the self-limiting stage. The precise lithographic tool and 

the long and slow oxidation step at a moderate temperature ensure good uniformity 

among nanowires with the same design, while the CMOS-compatible fabrication 

method guarantees a sound repeatability of the nanowire process.  

Nanowire SONOS discrete charge storage nonvolatile memory was fabricated 

using the developed nanowire fabrication. Dielectrics layers and gate material were 
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deposited using LPCVD. The good isotropic property of LPCVD ensures a good 

coverage of those materials on the nanowire channel, realizing the possibility of a 

gate-all-around structure. The gate controllability was greatly upgraded due to the 

gate-all-around structure, reflected by the SS and DIBL values which were as small as 

those in MOSFET devices. It was found that Si-nanowire SONOS devices with the 

same dielectrics thickness demonstrated a much enhanced memory transient speed as 

compared to planar structure SONOS devices. The theoretical study indicated that the 

electric field and potential-energy profiles across the dielectric layers exhibited many 

differences as compared to planar structure SONOS devices, through device 

simulations which took quantum-mechanical confinement effects into account. The 

cylindrical geometry greatly enhanced the electric field at the Si-SiO2 interface, which 

increased the carrier-injection probability and reduced the electron tunneling length, 

increasing the memory speeds in the cylindrical nanowire memory device. Hence fast 

memory speed could be achieved with low voltage stresses, and the low voltage 

cycling conditions could benefit the reliability of the memory device. 

The nanowire structure was subsequently integrated into thin film nonvolatile 

memory devices as a promising way to resolve issues that exist in conventional TFT 

SONOS memory devices. Previously, additional processes which could increase the 

grain size of poly-Si film were typically used to reduce the negative effect induced by 

the poly-Si grains. Neither laser annealing nor MILC is applicable in the CMOS 

technology. The integration of the nanowire structure could reduce the negative effect 

from poly-Si grains in a contrary way. This method was used to reduce the channel 

size besides increasing the grain size of the poly-Si film. The nanowire channel 

obtained an ultra-thin channel cross-sectional area in which a few grains could be 

formed. Thus the poly-Si nanowire TFT SONOS device exhibited much improved 
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subthreshold characteristics and memory properties than other reported TFT SONOS 

devices.  

 The SONOS memory still faces issues of a non-scalable gate dielectric and 

lower erasing speed. However, the MONOS-type nonvolatile memory has the 

advantages of smaller EOT and reduced electric field located at the blocking oxide. 

Hence high-κ and metal gate materials were used in the nanowire structure 

nonvolatile device with the purpose of resolving the aforementioned issues. The first 

demonstrated nanowire TAHOS memory cell exhibited increased erasing memory 

speed due to the reduced EOT and enhanced electric field at the tunnel oxide. The use 

of high work function metal gates suppresses gate electron injection and also 

improves the erase speed to the equivalent of the programming speed, which realizes 

a good P/E speed balance. 

This study has thus far achieved a reliable technique for the top-down 

nanowire nonvolatile memory device fabrication. It ensures a reliable SCE immunity 

and fast memory transient characteristics with a relatively low stress voltage usage.  

Further investigations should also be conducted in other CMOS-compatible technical 

environments as the top-down technique can be easily carried out. Several 

recommendations are listed below based on the limitations we faced in this study for 

further possible studies:  

(1) Due to the non-availability of high temperature measurement facility, the 

high temperature retention was not tested in all our nanowire memory devices. There 

is however a way of extracting the trap density distribution, which is to carry out the 

retention measurement at different temperatures up to about 200°C, because the 

thermal emission process from traps is dominant with respect to tunnel mechanisms at 

high temperatures. Either a SONOS or TAHOS device could be used to carry out such 
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measurement, which is useful in studying the physics related to the trap density 

distribution in the nanowire memory cell.  

(2) More suitable high-κ and metal gate materials could be integrated into the 

nanowire devices. Although improved P/E speed and vertical scaling was realized in 

the nanowire TAHOS device discussed in Chapter 5, the charge retention properties 

was slightly degraded as compared to the referenced nanowire SONOS device, 

reasons for which are still unknown at this moment. Hence more research work could 

be done to improve the charge retention characteristics in the nanowire MONOS-type 

device by integrating more suitable types of gate stack materials, especially advanced 

high-κ materials. 

(3) The vertical Si pillar nanowire was successfully fabricated recently. 

However, the vertical Si nanowire SONOS memory is still under the development 

stage. Vertical Si nanowire has the advantage of high device density as compared to 

lateral nanowire. The application of vertical nanowire in memory is especially 

promising due of its capability of fabricating three-dimensional multilevel memory 

structures.  
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