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NOVEL NON-VOLATILE MEMORY AND TOPOLOGICAL INSULATOR FIELD-
EFFECT TRANSISTORS 
 
Hao Zhu, Ph.D. 
 
George Mason University, 2013 
 
Dissertation Director: Dr. Qiliang Li 
 
 

The dimensional scaling of microelectronics to increase the ability of central process unit 

(CPU) is facing fundamental and physical challenges. The integration of high-

performance non-volatile memory as the local memory in CPU will have a transformative 

impact on mobile electronics and portable systems. This dissertation proposes replacing 

the static random-access memory (SRAM) which is currently used as the local cache 

memory in CPU with high-performance Flash-like non-volatile memory for the 

consideration of memory density and power consumption. I have fabricated, fully 

characterized and compared different kinds of Flash-like charge-trapping non-volatile 

memory devices, including high-k dielectric charge-trapping devices, multi-stack discrete 

memory devices and molecular memory devices. The devices containing redox-active 

molecules exhibit excellent Program/Erase (P/E) speed, good retention and excellent P/E 

endurance for more than 109 cycles. The charge storage in these molecule-containing 

memory devices is naturally derived from the intrinsic redox processes of the molecules 
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under a voltage bias. This is very different with other charge storage mediums in which 

the charge is stored in the trap centers or as a carrier. The intrinsic redox properties and 

the naturally derived, stable molecular structure make this memory very robust and 

reliable.  

 

The second part of the dissertation will discuss my research on one of the most attractive 

emerging materials: topological insulators. I have used the nanowire growth method and 

self-alignment processes developed by us for the non-volatile memory to fabricate the 

topological insulator nanowire field-effect transistors. This work experimentally 

demonstrates that the conduction of bulk Bi2Se3 and surface gapless conduction are 

apparently separated; the current of these devices can be tuned to have large On/Off ratio 

and close-to-zero Off state; and the carrier transport on the surface is mainly affected by 

the Columbic scattering. We have also observed the anomalous Aharonov-Bohm 

oscillation in these topological insulator nanowire field-effect transistors, which leads to 

new understanding about the quantum phenomena in these materials. All the above 

findings will open up a suite of potential applications in nanoelectronics and spintronics. 
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Chapter 1 Introduction 

 

1.1 CMOS Scaling and Impact on Non-Volatile Memory 

The 2013 International Technology Roadmap for Semiconductors (ITRS) stated 

that the scaling of metal-oxide-semiconductor field-effect transistor (MOSFET) continues 

with the emergence of new technologies to extend complementary metal-oxide-

semiconductor (CMOS) down to and beyond 22-nm technology node. [1] However, the 

CMOS scaling has deviated from the trends predicted by Moore and the scaling rules set 

forth by Dennard et al. due to fundamental physical and technical limitations in recent 

decades. [2, 3] The pace of future CMOS scaling will inevitably slow down and 

eventually stop probably at a 5-nm node where the lithography scale approaches a few 

times of atomic dimension. [4-6] Scaling limitations of ultra-thin gate oxide, channel 

length modulation, and FET series resistance have become a growing concern on 

maintaining speed, density, reliability and power dissipation. 

Recent logic device research and development to enable solutions toward CMOS 

scaling challenges has taken the torch and carried it forward thus far. For example, 

barriers such as doping, carrier transport and series resistance scaling have been 

effectively avoided by innovations such as source/drain processes upon silicon-on-

insulator (SOI) structure, multi-gate FET, and SiGe BiCMOS technologies. [7-11] 
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Today, computing architectures and electronic systems built on CMOS 

components are still pursuing without signs of slowing down of requirements for low 

power, fast speed and high density alternatives. [12, 13] Despite the lagging development 

behind the CMOS logic device scaling, exponential growth of the semiconductor industry 

has proceeded in recent years upon the progress of the former. Various scenarios of 

technology with new materials and structures have been proposed and studied for real 

device applications. Such approaches toward fundamentally new technologies mainly 

include quantum computing, DNA computing, single/few electron devices, spin transistor 

and molecular electronics for the applications in logic and memory devices. 

Electronic systems whose main functions lie in data computing and data storage 

take up more than half of the semiconductor market, and the demand is still growing 

explosively in areas such as portable electronic devices and systems. Solid-state mass 

storage occupies a large portion of this market, due to their compatibility with CMOS 

scaling technology, suitability for harsh environment without mechanical parts, and the 

fact that most types of memory are non-volatile, which means that the data information 

can be maintained even without power supply. Currently, main types of non-volatile 

memory technology have been investigated, including ferroelectric random-access 

memory (FeRAM), magnetic random-access memory (MRAM), resistive random-access 

memory (RRAM), phase-change random-access memory (PCRAM), and Flash memory. 

[14-18] 

Non-volatile memory is typically employed for the task of secondary storage or 

long-term storage, which usually does not require fast operation speed or integration 
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density. Most types of non-volatile memory have limitations and are not suitable for use 

as primary storage or on-chip memory, which currently relies upon volatile forms of 

random-access memory. During the past decades, the size of cache memory in the central 

processing unit (CPU), which is also known as the static random-access memory (SRAM) 

has been doubled several times as a feasible strategy to increase the CPU capability and 

performance. However, increasing SRAM will decrease CPU net information throughput 

because it is volatile and occupies a large chip floor space. Dynamic random-access 

memory (DRAM) is the other on-chip memory in CPU. Unlike SRAM which usually 

consists of four or six transistors, a DRAM cell consists of only one transistor and one 

capacitor (1T1C). Thus its cell size is much smaller than that of SRAM. However, the 

operation speed is slower in DRAM than in SRAM, and moreover, DRAM is also a 

volatile memory, so periodic refreshing is required for DRAM to retain the data. As a 

result, it will be a revolutionary breakthrough in microelectronics if a truly non-volatile 

memory can be implemented as the on-chip memory in CPUs replacing both SRAM and 

DRAM.  Because CPUs with high-performance on-chip non-volatile memory will have 

more cache memory and consumes less operation power, they can enable the next-

generation of low-power portable electronics. Table 1.1 compares the mainstream non-

volatile memory technologies. 
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Table	1.1	Comparison	of	emerging	non‐volatile	memory	technologies	

 NOR 
Flash 

NAND 
Flash 

PCRAM FeRAM MRAM RRAM 

Cell 1T 1T 1T1R 1T1C 1T1R 1T1R 
Program voltage  7-9 V 15 V < 3 V 1 ~ 3 V ~ 2 V < 1 V 

Read voltage  2 2 ~ 3 1 ~ 3 1.5 0.5 
Speed μs / ms ms ns ns ns ns 

Endurance 105 105 109 1012 1015 106 
Retention 10 years 10 years 10 years 10 years 10 years 10 years 

CMOS 
compatibility / / No No No Good 

 
 

From Table 1.1, it is not difficult to find out that there currently is no best 

candidate for next-generation non-volatile memory applications which requires a 

combination of fast speed, low working voltage, high endurance and CMOS 

compatibility. Up to now, based on these emerging non-volatile memory, scientists and 

engineers have been devoting great effort on optimizing the memory technologies 

through various approaches for new high-performance memory device. [19] 

 

1.2 Flash Non-Volatile Memory 

Among all the non-volatile memory candidates for primary storage applications, 

Flash memory is the most widely studied and electrically accessible form, and is the most 

promising non-volatile memory in the electronics market. Flash memory has fast read 

access times, good retention and reliability, and CMOS compatible fabrication process. 

[20-22] A Flash-like non-volatile memory with better endurance may be considered for 

the local memory in CPU. 



5 
 

 

 

Fig.	1.1	Schematic	diagram	of	a	floating‐gate	Flash	memory	
 
 

Fig. 1.1 illustrates the schematic structure of a Flash memory. Also known as the 

floating-gate memory, a Flash memory device stored the trapped electrons in the floating 

gate, which is insulated from the control gate and the MOSFET channel by a relatively 

thick blocking oxide and a thin tunneling oxide, respectively. Because the floating gate is 

electrically isolated, the trapped electrons can be retained for many years. Two main 

types of Flash memory have been put into commercial production according to different 

logic architectures – NOR type and NAND type, as demonstrated in Fig. 1.2. 

NAND Flash architecture was introduced by Toshiba in 1989, while Intel put 

NOR Flash into commercial production earlier in 1988. In a NAND Flash, transistors are 

connected in series, resembling a NAND gate. The series connection characterized by 

longer access times occupies less space than parallel counterparts, reducing the cell size 

and cost of NAND Flash, and is mainly used for data storage. In a NOR Flash, cells are 
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connected in parallel to the bit lines, enabling individual reading and writing of the cells. 

NOR Flash has larger cell size, but faster access, and is mainly used for code storage. 

 

 

Fig.	1.2	Type	NAND	and	type	NOR	Flash	structures	
 
 

Different from the regular electrically erasable programmable read-only memory 

(EEPROM) which erases its content one byte at a time, Flash memory erases its 

information by entire blocks, making it much faster to update data than EEPROM. Flash 
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memory has been a preferable technology for many years for applications that require 

frequent reading and writing of large amounts of data, such as memory stick and other 

solid-state storage for digital electronic devices. The capacity, integrated density and 

performance have been continued to increase for Flash memory with dropping 

manufacture cost and price. The floating-gate transistor architecture of a Flash memory is 

compatible with conventional CMOS process. It is easier and more reliable to integrate 

Flash memory than other forms of non-volatile memory in logic and analog devices with 

increasing embedded and stand-alone memory to achieve higher chip performance. 

However, current Flash memory also exhibits disadvantages such as relatively 

slow program/erase (P/E) speed and to be improved endurance, which are still far below 

the standards of on-chip memory. With the scaling of semiconductor Flash memory, 

which is far behind CMOS scaling, the floating-gate memory will suffer from short-

channel effects when the channel length is scaled below 100 nm. Leakage current will be 

significant during P/E operations due to both drain-induced barrier lowering (DIBL) and 

sub-surface punch-through effects.  

In a conventional floating-gate Flash memory, the tunneling oxide in the gate 

stack can hardly be scaled below 7-8 nm due to the requirement of data retention. On the 

other hand, floating-gate memory with ultra-thin tunneling oxide layer suffers from 

severe stress-induced leakage current (SILC) issue. Thus it is difficult to decrease the 

programming voltage due to the relatively thick tunneling oxide in conventional floating-

gate memory. In addition, the conventional floating-gate materials, poly Si and oxynitride 

operate at large programming voltages too, and endure only 105 P/E cycles. Typically, the 
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programming voltages are in the order of 4-9 V for NOR and 18-20 V for NAND. Even 

though some new Flash technologies are promising for low-voltage operations, the 

voltage supply is in excess of the working voltage standard of advanced processes, and 

the gap between the operation voltage of memory device and CMOS logic continues to 

be broadened. 

 

1.2.1 Dielectric Charge-Trapping Flash Memory 

In recent decades, charge-trapping non-volatile memory has attracted intensive 

attention to replace the conventional floating-gate memory, due to their advantages such 

as better scalability, lower power consumption, improved reliability, and simpler 

structure and fabrication process. [23-26] In a charge-trapping Flash, the electrons are 

stored in a trapping layer, instead of a conducting floating gate in the Flash memory. 

Generally, the charge-trapping memory can be mainly classified as three types: 

polysilicon-oxide-nitride-oxide-silicon (SONOS), nitride-based read-only memory 

(NROM), and nanocrystal memory (NCM). [27-32] The NROM has good data retention 

due to thicker tunneling layer. However, thicker tunneling layer requires higher P/E 

voltages, resulting in larger power consumption during the operations. The NROM also 

has drawbacks such as erase saturation and vertical stored charge migration. NCM has 

been considered as a promising non-volatile memory. However, to control the size, 

density and uniformity of nanocrystal distribution are still challenging concerns. Much 

more delicate fabrication process is still to be developed for realizing real applicable 

NCM.  
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Fig.	1.3	Schematic	diagram	of	a	SONOS	charge‐trapping	memory	
 
 

SONOS is one of the earliest forms of charge-trapping memory. [33] Evolving 

from the traditional metal-nitride-oxide-silicon (MNOS) devices that lead the 

semiconductor memory in 1960’s, SONOS has been studied and optimized for decades. 

[34] Fig. 1.3 demonstrated the schematic structure of a SONOS charge-trapping memory. 

In SONOS devices, the electrons tunnel through the tunneling layer and are stored in the 

nitride layer. Unlike the conventional floating-gate memory in which a single defect may 

discharge the stored charge in the device due to the conductive floating polysilicon gate, 

SONOS devices store charges in the discrete traps where a single defect will not 

discharge the whole memory. The conventional charge trapping materials in traditional 

SONOS memory, however, are not compatible with dimensional scaling, and lead to poor 

performance in P/E speed, retention and endurance. [32, 35, 36] Furthermore, to achieve 

faster P/E speed, the tunneling oxide must be shrunk to enhance the electric field across it 

while the blocking oxide should be thicker to suppress the leakage current through the 
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blocking oxide. [37] However, thinner tunneling layer may in turn cause poor stability 

and reliability; and thicker blocking layer requires larger working voltages. [38, 39] 

Up to now, great efforts have been made for good memory characteristics via 

various approaches to gain a trade-off between the P/E speed and data retention, which 

are remaining bottlenecks for on-chip memory applications. Various new high-k 

materials have recently been proposed and studied as the charge-trapping layer for good 

memory characteristics. For example, HfO2, TiO2, and ZrO2, which have good thermo-

dynamical stability compatible with Si and high dielectric constant, have been studied to 

replace the Si3N4 layer for faster P/E speed and better retention as compared with the 

conventional SONOS devices. [40-47] The charge retention and P/E speed can be further 

improved by employing thicker high-k dielectric with larger band gap as the blocking 

layer material. Al2O3 has been proved to be a good blocking oxide candidate to lower the 

electric field across the blocking oxide. [48, 49] Table 1.2 lists and compares the 

properties of some high-k materials including dielectric constant, band gap, conduction 

band offset with respect to Si, and crystal structure. [50] 

 

Table	1.2	Comparison	of	properties	among	some	high‐k	materials	

Material Dielectric 
Constant 

Band gap 
(eV) 

ΔEC to Si 
(eV) 

Crystal 
Structure 

SiO2 
Si3N4 
Al2O3 
HfO2 
ZrO2 
TiO2 
Ta2O5 
Y2O3 

3.9 
7 
9 
25 
25 

83-100 
26 
15 

8.9 
5.1 
8.7 
5.7 

5.5-7.8 
3.5 
4.5 
5.6 

3.2 
2.4 
2.8 
1.4 
1.5 
1.2 
1.3 
2.3 

Amorphous 
Amorphous 
Amorphous 

Mono., tetrag., cubic 
Mono., tetrag., cubic 

Tetragonal 
Orthorhombic 

Cubic 
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In addition, new structures of dielectric stacks have also been explored to improve 

the device speed and reliability. For example, as compared with the conventional SONOS 

devices in which the charge retention capability degrades with decreasing tunneling oxide 

thickness, the symmetric (low-k/high-k/low-k) or asymmetric (low-k/high-k) tunneling 

layer stack has been proved to show either lower voltage or higher programming speed 

due to the engineered tunneling barriers with lower barrier height and smaller effective 

tunneling thickness. [51-54] 

Storage of multiple bits on a single memory cell for enhanced integrated memory 

density has always been a concern with the development of both CMOS scaling and 

Flash memory scaling. It is also a technical issue that must be dealt with for the 

applications of novel non-volatile memory for future on-chip memory. However, not all 

strategies to increase memory density have been fully explored. For example, the number 

of devices per unit of volume can be increased by using 3D integration which however 

requires a complicated and high-cost process; [55] multi-bit memory is also proposed 

with embedded nanocrystal. [56] However, as mentioned above, the control of 

nanocrystal density and size will be a concern. As for the conventional floating-gate 

memory, different memory states can be theoretically presented by different amount of 

stored charges. Further cell scaling or increasing the number of memory levels will be 

extremely difficult, as the complicated top-down device fabrication and device structure 

will inevitably lead to significant device variation and a blurring of the multiple storage 

states. [57] 
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An effective and perhaps simpler strategy to achieve multi-bit cells is to use 

multiple charge storage layers in SONOS Flash structure. Unlike the floating-gate 

memory, multiple charge storage layers in a SONOS device can separate the stored 

charges by the physically present insulating layers capped between charge-trapping layers. 

These electrically insulating layers defined the P/E voltages required to achieve different 

memory states in corresponding charge storage layer. This is a much more reliable and 

stable approach for realizing multiple levels in one unit memory cell. This thesis 

investigates the design and characterization of the novel non-volatile memory cells 

containing Ta2O5 as charge trapping medium to achieve discrete multi-bit charge storage 

with good speed and reliability characteristics. Ta2O5 is a robust high-k dielectric with 

good thermal stability, high permittivity and relatively small band gap (4.5 eV) as 

compared with other commonly used dielectrics such as SiO2 and Al2O3. [58] In addition, 

Ta2O5 has been previously suggested as a non-volatile memory charge storage material. 

[36] Our results demonstrated that Ta2O5 is an excellent charge-trapping medium and that 

a multiple-layer charge-storage dielectric stack based on Ta2O5 is attractive for multi-bit 

Flash memory applications. 

 

1.2.2 Molecular Flash Memory 

CMOS and semiconductor non-volatile memory scaling have generated various 

approaches toward building memory devices with higher scalability and better 

performance. The hybrid silicon/molecular approach is attractive as a technology that 
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leverages advantages afforded by a molecule-based active medium with the vast 

infrastructure of traditional metal-oxide-semiconductor (MOS) technology. [59-62] 

Reduction-oxidation (redox)-active molecules can be attached on various surfaces 

such as Si and SiO2 by forming a self-assembled monolayer (SAM) or multiple layers 

with simple and low-cost processes. [63, 64] Due to the inherent reduction and oxidation 

of the redox centers, redox-active molecules can exhibit distinct charged and discharged 

states, and can present logic On and Off states when incorporated in semiconductor 

memory devices, while enabling the device scaling ability down to the molecular level. 

Typically, when applying an oxidizing voltage, the molecules will lose electrons, giving a 

positively charged SAM. On the contrary, a reducing voltage will cause electrons transfer 

back into molecules, resulting a neutral discharged states.  

Incorporating redox-active molecules as charge-storage medium in a Si-based 

Flash non-volatile memory is thus quite interesting. It has been demonstrated that the 

redox-active molecules attached on Si structures are stable and can endure more than 1012 

P/E cycles. [65] This excellent performance is naturally derived from the intrinsic 

properties of redox molecules, and provides quite promising basis for fast speed, low P/E 

voltage, and reliable on-chip memory applications. [66-68] In a molecular Flash memory, 

redox-active molecules embedded in an insulating dielectric are attached on 

semiconductor or oxide surfaces through the molecule linkers, which also works as the 

tunnel barrier and can be optimized by variation in structure and connectivity to obtain 

the desired tunneling probability, redox potential, and retention time.  
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More importantly, redox molecules with multiple redox centers can enable multi-

bit storage at distinct voltages. This strategy to increase memory density is advantageous 

than conventional memory technologies due to the naturally-derived multiple redox states 

for robust charge storage and the scalability of molecules for prominent cell dimension. 

Memory based on redox-active molecules also enables the “bottom-up” approach 

to molecular electronics by taking the advantages of self-assembly process. Bottom-up, 

different from top-down which includes making nano-scale structures by machining and 

etching techniques, refers to building organic or inorganic structures by atom-by-atom or 

molecule-by-molecule techniques. The self-assembly process of the redox-active 

molecules in a molecular Flash memory enables not only high-quality attachment of 

molecules on semiconductor surfaces, but also uniform and high-density fabrication of 

low cost devices and circuits. 

The disadvantages of molecular Flash memory mainly lie in their reliability at 

high temperature and volatile environments. Some redox molecules are instable or even 

not functioning at temperatures higher than 200 oC due to evaporation or redox center 

reaction. Under volatile environments with oxygen or water, the molecule’s bond might 

be broken leading to poor redox behavior. As a result, some specific condition and 

environment need to be taken care of when integrating such redox molecules in CMOS 

devices and circuits. Further molecular technology development requires advancement in 

both molecular properties and device integration processes. 

Nevertheless, molecular Flash memory with the integration of redox-active 

molecules into a solid-state structure has still attracted intensive attention lately, due to its 
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excellent performance and compatibility with the CMOS fabrication process. For 

instance, devices with metal-molecule-metal structure have been well studied, but this 

structure is vulnerable to defects and metal penetration. Chen et al. reported a study on 

preventing contact metal penetration into the molecular layer in the metal-insulator-

molecule-metal structure. But this structure suffers from a series of gate leakage 

problems. [69] Shaw et al. reported a study on a metal-oxide-semiconductor structure 

with molecules encapsulated in gate dielectrics. But the device reliability was not well 

investigated. [70, 71] Up to now, no study has yet been reported of the solid-state 

molecular Flash memory device P/E endurance at fast speed. This dissertation focuses on 

developing hybrid molecular Flash memory containing redox molecules as active 

component for charge storage medium to replace on-chip SRAM and DRAM. We have 

developed a Si-molecular integration process to preserve the intrinsic redox properties 

and studied the charge storage properties of the molecular memory. The devices exhibit 

high P/E speed at low operation voltages and excellent endurance: the devices remain 

well-functional after 109 P/E cycles. Multiple charge storage behavior can be obtained by 

employing redox-active molecules with discrete redox states, enabling multi-bit storage 

in a given memory storage location. In this thesis, we have demonstrated that the hybrid 

integration of redox-active molecules on a semiconductor platform is very attractive for 

high-performance non-volatile memory applications. 

 

1.2.3 Si Nanowire Field-effect Transistor Based Flash Memory 
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In addition to the physical and economic improvement, to break through the 

conventional microelectronics technology scaling limits is also very important for the 

development of future Si-based non-volatile memory devices. During the past decades, 

semiconductor nanowire and nanotube synthesized by bottom-up techniques and 

derivative field-effect transistor (FET) devices have been intensively studied as 

fundamental building blocks for nanoelectronic devices and circuit technologies. [72-75] 

Si nanowire FETs (SiNW FETs) with single or multiple nanowire channels are very 

attractive as they have better performance than planer bulk Si, such as high surface-to-

volume ratio and lower power consumption. Employing SiNW as FET channel can 

enable gate-surrounding structure, allowing excellent electrostatic gate control over the 

channel for reducing the short-channel effects. The following equations define the 

minimum gate length to avoid short-channel effects for single-gate, double-gate and 

surrounding-gate structures: 

௦௜௡௚௟௘ି௚௔௧௘ߣ ൌ ඨ
ௌ௜ݐ௢௫ݐௌ௜ߝ
௢௫ߝ

 

ௗ௢௨௕௟௘ି௚௔௧௘ߣ ൌ ඨ
ௌ௜ݐ௢௫ݐௌ௜ߝ
௢௫ߝ2

 

௦௨௥௥௢௨௡ௗ௜௡௚ି௚௔௧௘ߣ ൌ
ඩ
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ௌ௜ݐ
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where ݐௌ௜ ௌ௜ߝ , ௢௫ݐ , ௢௫ߝ ,  are thickness and permittivity of silicon and gate oxide, 

respectively. [76] The equations demonstrate that the surrounding-gate structure offers 

the best characteristics for controlling the short-channel effects.  
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Employing SiNW as an alternative for the bulk Si in novel non-volatile memory 

promises advanced device performance and provides new solutions toward the design 

and optimization for future memory technology. Due to the cylindrical symmetry of the 

NW channel, Flash memory scaling can be achieved easier by scaling the channel from 

planar bulk Si to nano-scale SiNW. This type of scaling strategy with least requirement 

of gate dielectric shrinking, especially the tunneling oxide thickness, will retain the 

memory performance such as the data retention. On the other hand, the electric field 

introduced by the control gate across the tunneling oxide surrounding a SiNW channel is 

much larger than that of conventional planar memory cell. This will lead to faster P/E 

operations at lower P/E voltages. 

In a Flash memory based on semiconductor NW FET, multi-bit storage at discrete 

levels can be carried out because of the high sensitivity of the NW FET conductance to 

the charges in the surrounding environment. This dissertation investigates the design and 

fabrication of high-performance SiNW FETs prepared by using a self-alignment 

technique, and its applications toward the Flash non-volatile memory. By integrating the 

high-k dielectric and redox-active molecule gate stacks on SiNW FETs, we have studied 

the Flash-like non-volatile memory devices and have achieved significant memory 

performance improvement as compared with capacitor structure counterparts. We 

demonstrate that the integration of novel charge-trapping mediums in a solid-state SiNW 

FET will generate high-performance Flash memory which will enable a vast opportunity 

for on-chip and local memory applications. 
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1.3 Topological Insulators 

Throughout most of the 20th century, fundamental science has never stopped 

searching for elementary particle. In condensed matter physics, instead of dealing with 

the atoms and electrons that were found centuries ago, there is growing interest in how 

these fundamental elements are put together to form a new state of matter (e.g. insulators, 

conductors, semiconductors, superconductors, and magnets). In 1980, Klitzing et al. 

discovered the quantum Hall (QH) state, which describes the insulating bulk of a two-

dimensional (2D) sample while the electric current flows along the 2D sample edges. [77] 

The QH state, the simplest topologically ordered state, is the first example of a quantum 

state which is topologically different from all known states of matter.  

Recent research has discovered a new electronic phase – topological insulator. 

This type of state of matter has insulating bulk inside and conducting surface outside. 

[78-81] More interestingly, the conducting spin-up and spin-down electrons are travelling 

in opposite directions when strong magnetic field is present, resulting in the spin current 

which may be attractive to modern spintronics. 

Different from superconductors and magnets which have an “order” associated 

with broken symmetry, topological insulator exhibits a topological order which is 

invariant by symmetry under the reversal of the direction of time, similar to the QH state. 

However, unlike the QH state which requires the presence of a strong magnetic field, 

topological insulators can be observed without magnetic field. Instead, the spin-orbit 

coupling plays an important role, which is the interaction of electron’s intrinsic spin with 

the orbital motion. For heavy elements such as Hg and Bi, spin-orbit coupling is strong 
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and plays the role of a magnetic field as in the QH state when electrons are travelling 

through the topological insulator materials. The quantum spin Hall (QSH) state was 

proposed upon the above basis in 2D topological insulators, whereas the spin-up and 

spin-down electrons propagate at the edges along in opposite direction, and therefore 

cancel each other, resulting in a zero Hall conductance. [78, 82-84] These QSH edge 

states are protected from backscattering and the protection arises from the time-reversal 

symmetry. 

Theoretical concepts developed from 2D topological insulators soon gave birth to 

the 3D topological insulators. [85, 86] Resembling the edge states of the 2D topological 

insulator, the surface states of 3D topological insulator where the electron propagates are 

protected by time-reversal symmetry from backscattering. [87, 88] The topologically 

non-trivial state has an insulating gap in the bulk, but conducting surface states consisting 

of an odd number of Dirac fermions. The dispersion forms a so-called Dirac cone, whose 

crossing point is located at a time-reversal-invariant point, and the degeneracy is 

protected by the time-reversal symmetry. 

Both the 2D and 3D topological insulators were predicted theoretically prior to 

experimental discovery. In 2006, less than one year after the theoretical prediction, the 

2D topological insulator exhibiting QSH effect was experimentally observed in HgTe 

quantum wells. [78, 82] The two edges of the QSH insulator work as two conducting 

channels, with each contributing one quantum of conductance ݁ଶ ݄⁄ , independent of the 

width of the sample. The 3D topological insulator was predicted in BixSb1-x alloy with 

different composition in 2007. [89] Shortly, an odd number of topologically non-trivial 
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surface states have been mapped with angle-resolved photoemission spectroscopy 

(ARPES). [90, 91] Even though the observed surface structure was found to be quite 

complicated, this research initiated the search for other topological insulators and 

experimental work on these materials. 

 

1.3.1 Topological Insulator Materials 

Soon after the ARPES mapping on BixSb1-x compounds, simpler structure binary 

chalcogenide compounds Bi2Se3, Bi2Te3, and Sb2Te3 were predicted as 3D topological 

insulators. [92, 93] All of them share a rhombohedral quintuple layer structure, with five 

atomic layers in one unit cell, as shown in Fig. 1.4. These quintuple layers are linked by 

van der Waals interactions. [94] 

 

 

Fig.	1.4	Tetradymite‐type	crystal	structure	of	the	topological	insulator	Bi2Te3	[95]	
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Traditionally, topological insulators such as Bi2Se3 and Bi2Te3 are well known as 

thermoelectric materials due to their high figure-of-merit coefficient among bulk 

thermoelectric materials. In the first stage of experiments on topological insulators, thin 

films of Bi2Se3 and Bi2Te3 were typically fabricated by molecular beam epitaxy (MBE). 

Nominally stoichiometric single crystalline films by this method could easily be prepared. 

More significantly, these thin films are deposited with a growth unit of 1 quintuple layer 

(QL). Upon ARPES and scanning tunneling microscopy (STM) measurements, as-grown 

thin film Bi2Se3 and Bi2Te3 materials without any doping were found to be an intrinsic 

topological insulator with its Fermi level intersecting only the metallic surface states, 

which is quite different from the bulk material. [95-100] It has been demonstrated by 

both experimentally ARPES mapping and theoretically first-principle calculation that 

topological features of MBE grown thin films start to appear from the sample with 2 QL 

thickness. [101] This is because for the 1 QL film, the coupling between top and bottom 

surface is strong enough to open up a whole insulating gap at the surface. Starting from 

the 2 QL film, the inter-surface coupling becomes significantly weaker, and the 

topological features will appear. These several-QLs thin film might not be a good 

candidate to define the concept of a 3D topological insulator, but is good for 2D 

characterizations similar to the HgTe quantum well. [101] 

Referring the above method, 3D topological insulators have been explored 

extensively by studying nano-scale topological insulator structure down to the thickness 

limit when retaining its 3D topological insulator character and stoichiometry, as the 

experimental realization of predictions and applications about 3D topological insulator 
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has been hampered by the large conduction contribution from the bulk in small band-gap 

semiconductors. In recent years, 3D topological insulators have been investigated 

independently. It has been demonstrated that due to a large surface-to-volume ratio, ultra-

thin nanostructure Bi2Se3 samples can significantly enhance the surface conduction. 

Particularly, the surface states of Bi2Se3 form the single Dirac cone inside a relatively 

larger bulk band gap of 0.35 eV as compared with other potential 3D topological 

insulators, thus Bi2Se3 has been suggested as the reference material for 3D topological 

insulators.  

 

1.3.2 Topological Insulator Devices 

The significance of topological insulators has been more and more recognized in 

different areas and applications. [102-112] Especially, the nanostructures of topological 

insulators have provided stimulating platforms for creative and innovative research ideas 

and applications on 3D topological insulators, such as spintronics. [113-116] For example, 

a topological insulator and a ferromagnet heterostructure can enable switching of the 

ferromagnet by passing a current through the topological insulator’s surfaces. [102] This 

strategy has been proposed as a new form of spin torque device for future magnetic 

memory applications. 

Another appealing application to physicists would be the potential of topological 

insulators to realize the elusive Majorana fermions, which has half-integer spin, but has 

antiparticles identical to itself. [103] It is predicted to arise from a combination of a 

topological insulator and a superconductor, and the key step to seek the Majorana 
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fermions is the unequivocal observation of supercurrent in a topological phase. [103-106] 

There has been demonstration of direct evidence for Josephson supercurrents in 

superconductor-topological insulator-superconductor junctions. [107] The realization of 

supercurrents through topological surface states would be a significant step toward the 

detection of Majorana fermions. 

So far, MBE grown topological insulators and related inspection instruments such 

as in-situ STM and in-situ ARPES have been proved to be of great value in 

characterizing the surface states. Due to the high surface-to-volume ratio, MBE grown 

high-quality crystalline topological insulator thin films are good approaches to manifest 

the gapless surface states featuring the helical Dirac electrons. However, these techniques 

did not provide an electrically accessible device platform, such as field-effect transistors, 

for investigations on topological insulators via characterizations with electrical, magnetic, 

or optical signals.  

Later on, mechanical exfoliation approach similar to that on Graphene, has been 

introduced to fabricate simple topological insulator device at low cost. [108-111] 

Significant progress has been achieved to show the first stage of understanding and 

applications of topological insulators. For example, it has been demonstrated recently by 

magnetotransport experiments on exfoliated Bi2Te3 bulk materials which suggest that 2D 

conduction channels originate from the surface states. [112] An insulating behavior and a 

close to bulk band gap energy barrier were also observed in a FET based on exfoliated 

Bi2Se3 films, due to the top and bottom surface states coupling. [109] In addition to the 

electrical and magnetic study, the optical effect on topological insulators has also been 
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conducted on exfoliated topological insulator films. Mclver et al. have experimentally 

studied the spin of the electrons on the surface states that is perpendicular to the direction 

of motion to access and control them by using circularly polarized light on exfoliated 

Bi2Se3 thin film. [110] Studying the surface states and the spin of electrons can 

effectively avoid any significant conduction contribution from the bulk, demonstrating 

the helicity of the surface states, as only the electrons with particular spin orientation will 

be selectively excited by circularly polarized laser light. [113] 

However, despite the findings about composition doping, simple electrical gating, 

and nanostructure devices, the challenge for modulating the surface states of 

mechanically exfoliated topological insulators is to minimize the bulk conduction 

contribution, which basically arises from defects such as Se vacancies or anti-site defects. 

Moreover, like the Scotch-taped Graphene device, exfoliated topological insulator device 

also suffers from low yield and poor control over the film uniformity and sample size and 

morphology. 

Great efforts have been made to synthesize novel nanostructure topological 

insulators such as high-quality single crystal nanowires, nanoribbons, nanoplates, and 

nanobelts, which can enable more delicate devices to access and manipulate the surface 

states by external means, while maintaining high surface-to-volume ratio. [114-116] 

Experimental evidence of manipulating surface states of a Bi2Te3 nanoribbon by 

electrical gating to control the quantum oscillations has been reported recently. [117] 

Enhanced surface conduction taking up more than half of the total conduction has been 

achieved by gate voltage. Transport measurements carried out on topological insulator 
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nanoribbons demonstrating coherent propagation of 2D electrons around the 

circumference of the nanoribbon surface by prominent Aharonov-Bohm oscillations in 

magnetoresistance, provide profound evidence to separate the conduction of surface 

states from bulk conduction. [118] The observations of h/2݁  oscillations indicate the 

robustness of the states and further confirm the presence of time-reversed perimeter paths 

with the same relative zero phase at the interference point. Such innovative researches on 

topological insulator nanostructures are more close to real device applications. 

Although the bulk conduction can be reduced by techniques such as substitutional 

doping and electrical gating in topological insulator nanostructures, these materials might 

still be sensitive to the environment. It has been found that topological insulator materials 

usually become heavily doped when exposed to air. More refined and CMOS compatible 

technique with the topological insulator surface states being protected by insulating 

materials needs to be developed and studied. In this thesis, we propose, fabricate and 

characterize surrounding-gate Bi2Se3 nanowire FETs with high-quality single crystal 

Bi2Se3 nanowire embedded in HfO2 high-k dielectric. Their current-voltage 

characteristics are superior to many of those reported for semiconductor nanowire 

transistors, including sharp turn-on, nearly zero cutoff current, very large On/Off current 

ratio, and well-saturated output current. The metallic electron transport at the surface with 

good FET effective mobility can be effectively separated from the conduction of bulk 

Bi2Se3 and adjusted by field effect at a small gate voltage. The integration of topological 

insulator as the active conduction channel in MOSFETs is very attractive because it will 
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leverage the advantages afforded by the novel topological insulator materials with the 

vast infrastructure of current semiconductor technology. 

 

1.4 Overview of Dissertation 

This dissertation addresses the issues of gate stack engineering on Flash non-

volatile memory for high-performance on-chip memory applications. New approaches 

toward the next-generation non-volatile memory technology have been proposed and 

investigated. This dissertation also proposes and characterizes the electron transport at the 

surface states on high-performance topological insulator nanowire FETs. The 

magnetotransport properties lead to new understanding about the quantum phenomena in 

these materials.  

Following the introduction chapter, Chapter 2 introduces the novel dielectric and 

molecular non-volatile memory structure, and fabrication methodologies with different 

gate stack. The fabrication of self-aligned SiNW FETs for Flash memory application will 

also be presented. Chapter 3 explores the electrical characterizations of dielectric charge-

trapping memory and the Flash memory based on the application of the dielectric stack 

on SiNW FET. Chapter 4 presents the molecular charge-trapping memory with redox 

molecules as charge storage medium. The gate stack including the redox molecules has 

also been applied on SiNW FETs for fast speed and high endurance Flash memory. 

Chapter 5 describes the details of building a high-performance topological insulator FET 

based on the self-aligned NW FET architecture. The surface conduction separation at 
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small gate voltage and magnetotransport study will be demonstrated. Finally, a summary 

of the dissertation and a discussion for future research will be presented in Chapter 6. 
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Chapter 2 Flash Memory Fabrication and Characterization Techniques 

 

2.1 Introduction 

We focused on the gate stack engineering with novel high-k dielectric materials 

and redox-active molecules for realizing fast speed Flash memory with excellent 

reliability and multi-bit storage. In the first step, we developed planar capacitor structure 

memory cells which can enable straightforward insight into the charging, discharging, 

and other memory characteristics of the dielectric and molecular stacks. Then, upon 

developing high-performance Si nanowire field-effect transistor (SiNW FET) as a 

platform to integrate the stacks as gate stack, we can study the real dielectric- and 

molecular-based Flash memory with a nano-scale channel. Integration of the dielectric 

and molecular charge storage medium in the MOSFET technique allows the using of 

current semiconductor electronics characterization metrologies. 

 

2.2 Fabrication of Charge-Trapping Non-Volatile Memory 

2.2.1 Dielectric Charge-Trapping Memory 

Planar capacitor structure dielectric charge-trapping memory cells were fabricated 

by using standard photolithography and deposition procedures. Dielectric stacks 

including the tunneling oxide, charge trapping materials, and blocking oxide with 
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different high-k materials and engineered combinations were fabricated and compared. 

The process steps are listed below: 

1) A 110 nm SiO2 field-oxide was grown on low-doped p-type Si substrates 

(Boron doped, about 1015 cm-3) by dry oxidation. 

2) Arrays of squares with different active area ranging from 20 to 104 μm2 were 

defined on the wafer by photolithography (Suss MA-6 aligner). 

3) Buffered oxide etch (BOE) and 2% hydrofluoric (HF) acid were used to 

remove the oxide defined by the squares to form the arrays of active areas in the 110 nm 

thermal SiO2. 

4) The tunneling oxide (typically SiO2) was obtained through rapid thermal 

oxidation (RTO) for various times under varying thermal conditions to obtain different 

oxide thickness. 

5) The charge-trapping layers were then deposited by methods varying with the 

materials. High-k dielectrics Ta2O5 and ZrO2 were deposited by RF sputtering with 

ambient Ar at room temperature under a pressure of 4×10-4 Pa, while the Al2O3 and 

HfO2 dielectrics were deposited by atomic layer deposition (ALD) at 300 oC with 

trimethylaluminium (TMA) and tetrakisethylmethylaminohafnium (TEMAH) as the 

precursors, respectively. 

6) Al2O3 was selected as the material for blocking layer in all memory cells, and 

was deposited by ALD with the same parameters as above. 
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7) Photolithography was employed to define the gate electrode. Pd was then 

deposited by using E-beam evaporation in 4×10-4 Pa on the blocking layer followed by 

the lift-off process. 

8) Finally, the devices were annealed in Ar at 250 oC for 10 minutes to improve 

the Pd contact. 

The active area, tunneling oxide, blocking oxide, and the top gate were fabricated 

at the same time for all of our dielectric charge-trapping memory samples, in order to 

obtain a uniform cell size, film thickness, quality, and surface conditions. 

 

2.2.2 Molecular Charge-Trapping Memory 

The attachment of redox-active molecules on active surfaces was carried out by 

forming the self-assembled monolayers (SAMs) on Si-based structures. The SAMs attach 

on active surfaces via a covalent bond to the atoms on the surface, which enables 

selective attachment on specific surfaces by using specific tether groups. Our project 

focused on the attachment of molecules with different amount of redox centers for single-

bit and multi-bit memory applications. The molecule attachment was characterized by 

using techniques including cyclic voltammetry (CyV) and X-ray photoelectron 

spectroscopy (XPS), prior to the fabrication of a memory cell. The processing procedures 

are as follows: 

1) A 110 nm SiO2 was grown on low-doped p-type Si substrates, followed by 

defining active areas through photolithography and wet etching, similar to the beginning 

steps for dielectric charge-trapping memory cells. 
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2) A layer of SiO2 (thinner than 3 nm) was grown by RTO as the tunneling layer. 

3) Some of the samples from the previous step were prepared for the 

characterization of molecule attachment on SiO2 surface, while the samples for 

attachment on Si surface were prepared by using 2% HF to etch the tunneling oxide on 

the active areas. The samples were kept in an inert atmosphere once the Si and SiO2 

surfaces were prepared for attachment. 

4) The solutions containing the redox molecules were prepared by dissolving the 

molecules in proper solvent. Dichloromethane (DCM) was used to dissolve redox 

molecules to be attached in our work. 

5) The self-assembling process of the molecules on active areas were then carried 

out by immersing the wafer into the molecular solution or by placing droplets of the 

molecular solution on the active areas with each drop being placed for 5 min. A saturated 

SAM was formed by immersing the wafer for 20-30 min in the molecular solution or by 

placing 8 droplets of the solution on active areas. The attachment was performed in a 

glovebox with inert environment under either Ar or N2. The temperature of the 

attachment on Si structures of molecules dissolved in DCM was maintained at 90 oC to 

100 oC. The attachment conditions were the same for both attachments on Si and SiO2 

surfaces. 

6) After the SAM was formed, DCM was used to rinse the attached sample to 

remove any physisorbed residuals on the surface for two to three cycles of sonication 

with 1 min each. 
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7) The attached samples were then separated into two groups: one group for 

attachment characterizations through CyV; the other group for molecular memory cell 

fabrications. The samples prepared for memory devices were immediately loaded into the 

ALD vacuum chamber after the DCM rinsing to deposit the blocking layer Al2O3. Due to 

the uncertainty of the stability of redox molecules at high temperature, the ALD 

deposition temperature was set to 100 oC, with TMA and H2O as precursors. 

8) In the final step, Pd was deposited and patterned on Al2O3 as the top gate by 

photolithography and E-beam evaporation, followed by the lift-off.  

The samples for XPS measurements were prepared by formation of SAM on 

highly doped p-type Si wafers without patterned structures, by using the same attaching 

methods described above.  

The essential steps in the molecular memory fabrication process are the formation 

of SAM on active surfaces and the deposition of Al2O3 encapsulating the molecules. The 

SAM formation was examined by the CyV and XPS measurements. In order to ascertain 

whether the molecular SAM survives the ALD process, some test samples with a thin 

layer of ALD Al2O3 covering the SAM were also measured by XPS, and the results 

demonstrated that the SAM successfully survived in the ALD process, thus it proves that 

Al2O3 can be deposited on SAMs with hydrophilic end groups by using TMA and H2O 

vapor as precursors at relatively low temperature. 

 

2.3 Flash Memory Based on Self-Aligned SiNW FET 
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Semiconductor nanowire and nanotube FETs have been intensively studied as 

fundamental building blocks for nanoelectronic device and circuit technologies. 

Incorporating SiNW as the conducting channel in the modern Flash memory can be 

expected to outperform conventional planar silicon Flash memory, due to better 

scalability, lower power consumption, and better electrostatic gate control over the 

channel by enabling the gate-all-around structure. To date, devices used to study 

nanowire FETs and their applications have mainly been fabricated by using top-down 

approaches based on advanced lithography with multiple nanowires prepared by dry/wet 

etching. [119, 120] It has been well recognized that synthesizing nanowires by bottom-up 

techniques such as chemical vapor deposition (CVD) can have lower cost and higher 

quality compared to the top-down methods. [121, 122] It would be very attractive to 

develop an approach to manufacture such self-assembled nanowire FETs with excellent 

performance. However, the technique to fabricate FETs from CVD grown SiNWs 

remains a barrier to the development of devices with optimized performance. Current 

approaches are primarily based on harvesting and positioning the as-grown 

semiconductor nanowires by using aligning methods such as fluidic alignment, 

dielectrophoresis, or nano-scale probe methods. [123-128] These methods may introduce 

contaminants surrounding the surface of the nanowires. This contamination will 

adversely influence the device interface state density (ܦ௜௧) and possibly the nanowire 

surface roughness, which will significantly degrade the final device performance. 
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In our work, we designed and fabricated self-aligned SiNW FETs with excellent 

current-voltage (ܫ-ܸ) characteristics, high On/Off ratio and small subthreshold slopes (ܵ), 

providing an excellent platform for novel Flash non-volatile memory applications. 

 

2.3.1 Self-Alignment Fabrication 

 

 

Fig.	2.1	Self‐alignment	fabrication	process	for	SiNW	FETs:	(a)	patterned	Au	on	SiO2	and	synthesis	of	
SiNW	from	the	Au	catalyst;	(b)	SiNW	oxidation	and	formation	of	source/drain	contacts;	(c)	

deposition	of	gate	dielectric	and	pattern	of	top	gate.	
 
 

SiNW FETs were fabricated by using a directed “self-alignment” process shown 

in Fig. 2.1. [129] The main concept of this fabrication approach is that silicon nanowires 
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are grown from Au catalysts on predefined locations on wafers and aligned with the 

source/drain and gate electrodes by photolithographic processes without harvesting the 

nanowires. This approach enables simultaneous batch fabrication of large numbers of 

nanowire devices, while effectively reducing the processing steps in which nanowire 

surfaces might be contaminated.  

As the first step of the fabrication process, a layer of SiO2 (300 nm) was thermally 

grown on a silicon wafer as the insulator of the bottom gate by using dry oxidation. Then 

a thin film of Au catalyst (~ 1 nm) was deposited on the SiO2 and patterned by photo-

lithography and lift-off processes. The Si nanowires were grown from the catalyst at the 

defined locations in a low-pressure chemical vapor deposition (LPCVD) furnace at 440 

oC for 2 hours with an ambient SiH4 stream under a pressure of 500 mTorr (Fig. 2.1(a)). 

The nanowire growth followed the vapor-liquid-solid (VLS) mechanism. [121, 127, 130] 

The Si nanowires were typically 20 μm in length and 20 nm in diameter. Immediately 

after the growth step, the Si nanowires were oxidized at 750 oC for 30 min in O2 to form a 

≈ 3 nm thick SiO2 which was expected to provide a good interface between the Si 

nanowire and the gate dielectric stack that is completed after the formation of 

source/drain contacts. [131] The following fabrication processes were used to pattern the 

metal contacts (i.e. source, drain and top gate electrodes) on the Si nanowires. First a lift-

off resist / photoresist bilayer was spun on the wafer (with nanowires) and the patterns for 

the source and drain contacts for the Si nanowire FET were defined with 

photolithography (Fig. 2.1(b)). To facilitate proper contact formation, a 2% HF wet etch 

was applied to remove the oxide from the Si nanowires immediately before Al was 
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deposited by thermal evaporation and lifted-off to form the source and drain electrodes. 

The next step is to deposit top gate dielectric (a layer of 25 nm HfO2 in our FETs) by 

ALD at 250 oC, followed by a deposition of 5 nm of Al2O3 to improve the interface with 

the subsequently deposited Al gate. The top Al gate was formed by the same lift-off 

process as the source/drain electrodes (Fig. 2.1(c)). The completed devices were annealed 

in forming gas (5% H2 in N2) at 325 oC for 5 min. This final annealing step was found to 

be of significant importance because it will reduce the ܦ௜௧ between the Si nanowires and 

dielectric layers, as well as improve contact between the Al metal to the Si nanowire and 

HfO2. [45, 130] With this fabrication method, about 90% of the pre-defined locations 

successfully formed the expected Si nanowire devices with single or multiple nanowires. 

 

 

Fig.	2.2	SEM	image	of	a	typical	self‐aligned	SiNW	FET	with	gate	length	of	2	μm	
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The self-alignment fabrication process used in this work is promising compared to 

regular nanowire harvesting and manipulation processes. It not only enables simultaneous 

batch fabrication of high quality, reproducible and homogeneous nanowire devices at the 

wafer scale, but also limits the fabrication steps in which the nanowires can be 

contaminated. Fig. 2.2 shows the scanning electron microscopy (SEM) image of a typical 

SiNW FET with 2-μm gate length. 

 

2.3.2 Electrical Characterizations of Self-Aligned SiNW FETs 

 

 

Fig.	2.3	(a)	Output	characteristics	of	self‐aligned	SiNW	FET	in	linear	scale,	with	ܸீ ௌ	varies	from	2	V	to	
‐3	V,	with	step	of	‐0.2	V;	(b)	Log‐scale	output	characteristics	with	clearly	shown	strong,	moderate,	
weak	inversion,	and	leakage‐affected	regions,	which	is	similar	to	that	of	an	ideal	conventional	

MOSFET.	
 
 

Fig. 2.3(a) and 2.3(b) show the output characteristics (ܫ஽ௌ- ஽ܸௌ, where ܫ஽ௌ and ஽ܸௌ 

are the current and voltage between the drain and the source) of a self-aligned SiNW FET 

in both the linear and logarithmic scale. The leakage-affected region, weak, moderate, 
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and strong inversion operation regions of the nanowire FET are clearly shown in Fig. 

2.3(b). In the weak inversion region, ܫ஽ௌ  increases exponentially with ܸீ ௌ  due to the 

diffusion of carriers (holes), and is saturated at 3߶௧  (~ 78 mV at room temperature, 

߶௧ ൌ ݍ/ܶ݇  is the thermal voltage). In moderate inversion region, ܫ஽ௌ  is neither 

exponential nor polynomial, but its behavior changes gradually from one form of 

functional dependence to the other. Within the moderate region, the current varies by a 

couple of orders of magnitude. In strong inversion region, ܫ஽ௌ approximately follows the 

quadratic law (ܫ஽ௌ~ሺܸீ ௌ െ ்ܸ ுሻଶ), and is saturated at ஽ܸௌ ൌ ܸீ ௌ െ ்ܸ ு . These curves 

demonstrate that the self-aligned SiNW FET has similar behaviors of conventional 

MOSFETs, even though it has much simpler device structure and no source/drain 

junction doping. It should also be noted that, the ܫ஽ௌ- ஽ܸௌ curves increase sharply in the 

linear region, indicating a small source and drain contact resistance. 

 

 

Fig.	2.4	Transfer	characteristics	of	the	SiNW	FET,	with	ܸܵܦ	value	of	‐50	mV,	‐100	mV,	and	‐150	mV,	
respectively.	
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Typical transfer characteristics of self-aligned SiNW FETs are shown in Figs. 2.4, 

for ஽ܸௌ  values of -50 mV, -100 mV and -150 mV, respectively. Due to the Schottky 

contacts between the Al contacts and the intrinsic SiNW, Schottky-barrier pMOSFET 

characteristics are expected for these SiNW FETs. No ambipolar behavior was observed; 

the FETs stay in the Off state when ܸீ ௌ is higher than a specific threshold value. The 

On/Off current ratio is on the level of 108 for a 1.2 V ܸீ ௌ  window. The subthreshold 

swing (ܵ) can be extracted from the subthreshold region of ܫ஽ௌ in the log-scale ܫ஽ௌ-ܸீ ௌ 

curves. The ܵ  values of the SiNW FETs are as low as 75 mV/dec, which is small 

compared to many recent results on nanowire FETs and poly-Si thin-film transistors 

(110-200 mV/dec). [72, 132, 133] 

So, prototypical SiNW FETs have been fabricated through a self-alignment 

approach, exhibiting excellent performance as indicated by a high On/Off current ratio (~ 

108), small subthreshold slope (as low as 75 mV/dec) and small leakage current (< 10-14 

A). These excellent characteristics are due to the clean interfaces formed in the self-

alignment fabrication process and the presence of Schottky barriers between the 

source/drain and SiNW channel. Such self-aligned SiNW FETs are very attractive for 

future nanoelectronic device and circuit applications. 

 

2.3.3 Application of Charge-Trapping Gate Stacks on SiNW FETs for Flash 

Memory 

Integrating the charge-trapping stacks on the high-performance self-aligned SiNW 

FETs enables the study on real Flash memory which can be expected to have better 
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memory performance than the planar memory devices, making them quite attractive for 

future memory technology toward on-chip memory applications. 

The dielectric stacks and top gate materials on SiNW FETs were deposited by 

using the same methods as capacitor structure memory cells, except the tunneling oxide 

which utilizes the ~ 3 nm SiO2 surround the nanowire in the SiNW FETs. Similarly, 

redox-active molecules were also attached on this tunneling layer as charge storage 

medium in molecular Flash memory after forming the source/drain electrodes, followed 

by the same fabrication and deposition processes as the capacitor counterparts. Ti/Pt with 

a typical thickness of 3 nm / 100 nm was deposited as the source/drain electrodes on both 

dielectric and molecular Flash memory forming the Schottky barrier contacts.   

 

2.4 Characterization Techniques 

Upon the formation of SAM on Si and SiO2 active areas in the planar capacitor 

structures, CyV measurements were carried out to characterize the attachment quality and 

surface coverage of the molecules. Fig. 2.5 shows the schematic diagram of the 

electrolyte-molecule-SiO2-Si (EMOS) setup for CyV measurements, in which a solution 

of 1.0-M tetrabutylammonium hexafluorophosphate (TBAH) in propylene carbonate (PC) 

was used as the conducting gate electrolyte. Backside contact to the samples was made 

via the chuck of the probe station. The ~ 5 μL electrolyte was then moved by the motion 

of the silver counter electrode on the top of active areas. The surface tension of the 

electrode tip and the highly viscous electrolyte allow a small amount of electrolyte 
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covering the active area. The CyV current-voltage characteristics at various voltage scan 

rates were then measured by using a CHI600 electrochemical analyzer. 

 

 

Fig.	2.5	Schematic	of	electrolyte‐molecule‐SiO2‐Si	(EMOS)	structure	for	CyV	measurements	
 
 

The memory performance of the planar dielectric and molecular memory devices 

was investigated by studying the flat-band voltage shift under different program/erase 

(P/E) conditions. An Agilent E4980A LCR meter was employed to perform the 

capacitance-voltage (ܥ-ܸ) measurements on the capacitor structure memory devices. The 

gate current-voltage characteristics were measured using an Agilent 4156C 

semiconductor parameter analyzer, which also performed the ܫ-ܸ measurements on the 

Flash memory based on SiNW FETs. An Agilent 33120A waveform generator was used 

to provide voltage pulses for the programming and erasing operations. 
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Chapter 3 Dielectric Charge-Trapping Non-Volatile Memory 

 

3.1 Introduction 

The conventional polysilicon floating-gate Flash memory has benefited the 

semiconductor memory technology for decades, due to their scalability, compatibility 

with CMOS process, and so forth. However, the extremely fast developing 

semiconductor technology recently has created huge demands for novel non-volatile 

memory with smaller cell size, higher storage density, lower power consumption, and 

better retention and endurance. Due to the ultra-thin tunneling oxide, the stress-induced 

leakage current (SILC) has failed the further applications of floating-gate Flash memory 

in sub-100 nm technologies. In recent decades, the polysilicon-oxide-nitride-oxide-silicon 

(SONOS) type charge-trapping non-volatile memory has attracted more and more 

attention, and has been regarded as a very promising candidate to overcome the 

challenges of high density and high speed memory development, and to gain a 

breakthrough in modern electronics of accessibility of an on-chip memory, such as static 

random-access memory (SRAM) and dynamic random-access memory (DRAM). [134-

136] 

However, the traditional SONOS charge-trapping memory still suffers drawbacks 

such as poor program/erase (P/E) speed, retention and endurance resulted from the nitride 

layer and the thin tunneling layer. [137, 138] To achieve faster P/E speed, the tunneling 
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oxide must be shrunk to enhance the electric field across it while the blocking oxide 

should be thicker to suppress the leakage current through the blocking layer. But thinner 

tunneling oxide may cause poor stability and reliability; and thicker blocking oxide 

requires larger operation voltages. Recently, different high-k materials and stacks have 

been studied to be implemented in novel SONOS-like memory structure. For example, 

HfO2, Y2O3, Gd2O3, and ZrO2 have been applied as charge-trapping layer to replace the 

Si3N4 for better retention and faster speed. [44, 139-141] In addition, the memory 

retention and speed can be further enhanced by employing thicker high-k dielectric with 

relatively larger band gap as the blocking oxide to lower the electric field across the 

blocking layer. [37] To explore new strategies to increase charge storage density is 

another important issue. A simple and feasible approach on SONOS-like charge-trapping 

memory is to use multiple charge-trapping layers to achieve multi-bit storage in one unit 

cell. 

This chapter demonstrates our work on dielectric stack engineering for non-

volatile memory applications. A multiple Ta2O5 charge-trapping layer stack provides 

discrete multi-bit charge storage with good P/E characteristics. Si nanowire field-effect 

transistor (SiNW FET) based Flash memory with such novel dielectric gate stacks shows 

fast P/E speed, good retention and endurance, and multi-bit charge storage at lower 

operation voltages. 

 

3.2 Ta2O5 Stacks toward Discrete Multi-Bit Memory Application 
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Ta2O5 is a robust high-k dielectric with good thermal stability, high permittivity 

and relatively small band gap (4.5 eV) as compared with other commonly used dielectrics 

such as SiO2 and Al2O3. The major focus of our work is on the application of multi-layer 

of Ta2O5 for multi-bit storage application. Our results demonstrate that Ta2O5 is an 

excellent charge-trapping medium and that a multiple charge-storage layer dielectric 

stack based on Ta2O5 is attractive for multi-bit memory applications. 

 

3.2.1 Experimental Details 

Fig. 3.1(a) - (d) show the four capacitor structures fabricated and studied in our 

work: Metal/Al2O3/Ta2O5/Al2O3/Ta2O5/SiO2/Si (MATATOS), 

Metal/Al2O3/Ta2O5/SiO2/Si (MATOS), Metal/Al2O3/HfO2/SiO2/Si (MAHOS) and 

Metal/Al2O3/ZrO2/SiO2/Si (MAZOS). Capacitors with the charge-trapping dielectric 

stacks were fabricated on low-doped p-type Si substrates. First, a 110 nm SiO2 field-

oxide was grown on the Si substrate by dry oxidation. Then, arrays of squares with 100 

μm×100 μm active area were defined by photolithography. The oxide in the squares was 

removed by hydrofluoric (HF) acid etching, followed by the growth of  3 nm thermal 

SiO2 as the tunneling oxide using rapid thermal oxidation at 850 oC for 5 min. Ta2O5 and 

ZrO2 layers were deposited by sputtering at room temperature, while the Al2O3 and HfO2 

layers were deposited by atomic layer deposition (ALD) at 300 oC with 

trimethylaluminium (TMA) and tetrakisethylmethylaminohafnium (TEMAH) as the 

precursors, respectively. A layer of 100 nm Pd was then deposited by using E-beam 

evaporation and defined on the Al2O3 as the gate electrode. Finally, the devices were 
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annealed in Ar at 250 oC for 10 minutes. The nominal thickness of the Ta2O5, HfO2, and 

ZrO2 charge-trapping layers was selected as 20 nm in the MATOS, MAHOS and 

MAZOS structures, respectively. For the MATATOS structure, the nominal thickness of 

the Ta2O5/Al2O3/Ta2O5 (TAT) layers has three combinations 6/8/6, 3/4/3 and 3/2/3 (unit: 

nm). Although the range of dielectric layer combinations and thickness could be extended, 

our results nevertheless support and justify our conclusions. 

 

 

Fig.	3.1	(a)	‐	(d)	Schematic	structures	and	(e)	‐	(h)	theoretical	band	diagrams	without	external	
electric	field	(unit:	eV)	of	four	proposed	and	fabricated	capacitor	devices	MATATOS,	MATOS,	MAHOS,	

and	MAZOS,	respectively.	
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Fig. 3.1(e) - (h) show the theoretical band diagrams of the four devices in the flat-

band condition, indicating the band gap and band offset of the four heterostructures. The 

Al2O3 has a large band gap of 8.9 eV and a dielectric constant of 9, making it a very good 

blocking layer material. The band gap of ZrO2 is dependent on deposition methods, 

ranging from 5.5 eV to 7.8 eV. [142, 143] The Pd metal gate replacing poly-Si is 

deposited on Al2O3 for better contact and less resistance.  

 

3.2.2 P/E Operation Characterizations and Discussion 

High frequency (at 1 MHz) capacitance-voltage ( ܥ - ܸ ) hysteresis curves 

corresponding to different gate voltage sweep ranges for the four devices are shown in 

Fig. 3.2. Among all the fabricated devices, the MATATOS device exhibits the largest 

memory window (about 13.0 V) for a sweep of -17.0 V to +17.0 V, which is promising 

for practical memory applications. With the same sweep range (same ramp rate and time 

for all the sweeps), the MATOS, MAHOS and MAZOS devices exhibit memory 

windows of  11.0 V,  7.0 V, and  9.0 V, respectively. It should be noted that contact 

between different dielectrics often leads to electrical dipoles which may slightly shift the 

 curves. [144] ܸ-ܥ
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Fig.	3.2	High	frequency	(1	MHz)	ܥ‐ܸ	hysteresis	curves	corresponding	to	different	gate	voltage	sweep	
ranges	for	four	devices:	(a)	MATATOS;	(b)	MATOS;	(c)	MAHOS;	(d)	MAZOS.	The	arrows	indicate	the	

directions.	
 
 

Fig. 3.3 illustrates the P/E operations of the memory devices under different 

voltage pulses (sweeping direction from negative to positive gate voltage). The P/E 

characteristics were measured by studying the flat-band voltage shift (∆ ிܸ஻) of the ܥ-ܸ 

hysteresis curves at 106 Hz. When the capacitor is stressed at a positive voltage, electrons 

in Si will tunnel through the tunneling layer (3 nm SiO2) and get trapped in the charge 

trapping layer, which corresponds to a programming operation. After applying 10 V 
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pulses with different width, ܥ-ܸ curves were subsequently swept to study the electron 

injection, followed by applying -10 V pulses corresponding to erasing operation, during 

which the holes in Si will tunnel through the tunneling layer into the charge-trapping 

layer and the electrons in the trapping layer will tunnel back to Si. 

 

 

 

Fig.	3.3	Programming	and	erasing	ܥ‐ܸ	measurements	with	different	P/E	time	at	±10	V	gate	voltage	
pulses	on	(a)	MATATOS;	(b)	MATOS;	(c)	MAHOS;	(d)	MAZOS	devices,	respectively.	

 
 

As shown in Fig. 3.3, the ܥ-ܸ curves at high frequency (106 Hz) for various pulse 

widths, a significant ∆ ிܸ஻ has been observed for the MATATOS and MATOS devices 

(0.24 V and 0.11 V, respectively) under a rectangular programming pulse of (+10 V, 100 

-2 -1 0 1 2 3

4

6

8

10

12

14

16

-2 -1 0 1 2 3

4

6

8

10

12

14

16V
g
=10 V

 

C
 [ 

p
F

 ]

Gate Bias [ V ]

Program

a) V
g
=-10 V

Erase

 

 

Gate Bias [ V ]

 0
 100 s
 1 ms
 10 ms
 100 ms
 1 s

MATATOS

-3-2-1 0 1 2 3 4 5 6
4

6

8

10

12

14

16

18

20

-3-2-1 0 1 2 3 4 5 6
4

6

8

10

12

14

16

18

20
V

g
=10 V

 

 

C
 [ 

p
F

 ]

Gate Bias [ V ]

Program

MATOS

b) V
g
=-10 V

 

 
 0
 100 s
 1 ms
 10 ms
 100 ms
 1 s

Gate Bias [ V ]

Erase

-4 -3 -2 -1 0
4

6

8

10

12

14

16

18

-4 -3 -2 -1 0
4

6

8

10

12

14

16

18V
g
=10 V

 

C
 [ 

pF
 ]

Gate Bias [ V ]

Program

MAHOS

c)  0
 100 s
 1 ms
 10 ms
 100 ms
 1 s

 

 

Gate Bias [ V ]

V
g
=-10 V

Erase

-2 -1 0 1 2 3

4

6

8

10

12

14

16

18

-4 -3 -2 -1 0 1 2 3

4

6

8

10

12

14

16

18V
g
=10 V

 

C
 [

 p
F

 ]

Gate Bias [ V ]

Program

MAZOS

d)
V

g
=-10 V

 

 
 0
 100 s
 1 ms
 10 ms
 100 ms
 1 s

Gate Bias [ V ]

Erase



49 
 

μs), while a pulse of (+10 V, 100 ms) is required to effectively program the MAHOS and 

MAZOS devices for the same ∆ ிܸ஻. During the erasing operations, voltage pulses of -10 

V were applied and all the devices exhibited negative ∆ ிܸ஻, indicating that the holes in Si 

have been injected and stored in the charge-trapping layer. The ∆ ிܸ஻ does not saturate 

with long pulse width (up to the measurement limit, 1 s) at pulse voltage ±10 V. This 

means that the Ta2O5, HfO2 and ZrO2 trapping mediums offer sufficient density of 

trapping centers for both injected electrons and holes in programming and erasing 

operations, respectively. 

 

 

Fig.	3.4	Programming	and	erasing	speed	characterization	of	four	memory	devices	at	different	P/E	
time.	The	P/E	gate	voltage	is	±10	V.	

 
 

The P/E characteristics of four devices are shown in Fig. 3.4. Both the 

MATATOS and MATOS devices exhibit excellent P/E speed, with significant ∆ ிܸ஻ at a 

short pulse width (10 μs), while the MAHOS device exhibits smaller ∆ ிܸ஻. This indicates 
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that the sputtered Ta2O5 has larger trapping density than the ALD HfO2 in this work. It 

should be noted that the properties of these high-k dielectric materials are dependent on 

the preparation methods. For example, the MAZOS devices have the poor programming 

speed but fast erasing speed. One possible reason is that the ZrO2 deposited by sputtering 

at room temperature has a large band gap (about 7.8 eV) leading to a small valence band 

offset relative to the SiO2 and Al2O3 (see Fig. 3.1(h)), which will be easier for holes to 

tunnel through the tunneling layer and get trapped in the ZrO2. It is also possible that the 

traps in ZrO2 are distributed at higher energy position for electrons or lower energy 

position for holes. Since the MAZOS devices have poor programming characteristics and 

resemble to MAHOS devices, they will not be included in the following discussion.  

For short P/E operations, the same amount of charges (electrons or holes) stored 

in the first Ta2O5 layer of MATATOS structure see smaller capacitance between the 

charges and the top gate as compared with the charges stored in MATOS (Al2O3 has 

smaller dielectric constant than Ta2O5). As a result, the ∆ ிܸ஻ of MATATOS devices is 

larger than that of MATOS devices for a short P/E pulse. This means the MATATOS 

devices has faster P/E speed than MATOS device. For a long P/E pulse, the MATATOS 

devices have a smaller ∆ ிܸ஻ because the MATOS structure has a thicker charge-trapping 

layer (20 nm Ta2O5) than the MATATOS structure.  
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Fig.	3.5	Schematic	band	diagrams	of	three	device	structures	under	(a)	programming	and	(b)	erasing	
operations.	The	solid	line	represents	MATATOS	structure;	the	dotted	line	represents	the	MATOS	

structure;	the	dashed	line	represents	the	MAHOS	structure.	
 
 

The P/E characteristics of the three devices, MATATOS, MATOS and MAHOS, 

can be better understood by their schematic band diagrams shown in Fig. 3.5. In the 

programming operation, electrons from the Si substrate tunnel through the 3.2 eV barrier 
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between the conduction band of Si and SiO2 and are stored in the dielectric charge-

trapping layer (electron current: ܬ௘). Meanwhile, holes in the charge-trapping layer will 

tunnel to the Si substrate (hole current: ܬ௛). ܬ௛ is much less than ܬ௘  because the barrier 

between the charge-trapping layer (Ta2O5 or HfO2) and SiO2 is thick, and the hole density 

in the trapping layer is very low. In the erasing operation, the pre-stored electrons tunnel 

back to Si (ܬ௘) and the holes in Si tunnel into the charge-trapping layer (ܬ௛). ܬ௛ is much 

smaller than ܬ௘  because the hole barrier between the valence bands of Si and SiO2 is 

much larger than the electron barrier. Therefore, electron (instead of hole) plays the key 

role in the programming and erasing operations. 

 

3.2.3 Retention and Endurance 

 

 

Fig.	3.6	(a)	Retention	characteristics	at	room	temperature	of	three	memory	devices.	MATATOS	and	
MATOS	devices	were	initially	programmed	and	erased	by	±10	V,	10	ms	pulses;	MAHOS	device	was	
initially	programmed	and	erased	by	±10	V,	100	ms	pulses;	(b)	Endurance	characteristics	of	three	

memory	devices.	
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The MATATOS, MATOS and MAHOS devices exhibit 10-year memory 

windows of 1.12 V, 1.31 V, and 0.39 V, respectively as illustrated by the retention 

measurements shown in Fig. 3.6(a). The loss of charge in the MATATOS and MATOS 

devices is less than 15% with respect to the initial value, while the loss of charge is 

greater in the MAHOS devices ( 40%). The good retention characteristics of 

MATATOS and MATOS devices are due to the smaller band gap and deep trap level in 

Ta2O5 (~ 2.7 eV). [145, 146] Fig. 3.6(b) shows the endurance measurement of these three 

types of devices. The P/E voltage pulses were ±10 V, 10 ms. Less than 30% memory 

window degradation was observed for MATATOS and MATOS devices after 106 P/E 

cycles, and memory window decreased about 45% for the MAHOS device. We attribute 

the good endurance characteristics of the MATATOS and MATOS devices to the 

intrinsic stability of the material properties of Ta2O5 and the high-quality dielectric stack 

interfaces. 

In addition, in order to convince that the ܥ-ܸ sweep experiment is repeatable and 

reliable, multiple consecutive sweeps in the same direction have been carried out on 

MATATOS and MATOS sample. As shown in Fig. 3.7, no flat band voltage shift was 

observed. This indicates that the small ிܸ஻ shift in the previous experiment is not a result 

of measurement sweep. 
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Fig.	3.7	Multiple	consecutive	ܥ‐ܸ	sweeps	of	(a)	MATATOS	and	(b)	MATOS	devices.	No	flat	band	
voltage	shift	was	observed	in	the	ܥ‐ܸ	sweep	measurement.	

 
 

3.2.4 Multi-Bit Storage 

The characteristics of ∆ ிܸ஻ as a function of programming voltage were measured 

with 100 ms pulses as shown in Fig. 3.8. Clear staircase memory characteristics have 

been observed for both MATOS and MATATOS devices. For the MATOS devices, as 

the programming voltage increases, the flat-band voltage begins to shift at  8.0 V, 

indicating the start of electron tunneling from the Si through the tunneling layer to the 

Ta2O5 layer. By treating the high-k layers as capacitors connected in series, the electric 

field across the tunneling oxide at this starting voltage (8.0 V) is estimated to be ≈ 

4.7×106 V/cm. The dielectric constants of SiO2, Ta2O5, and Al2O3 used in the calculation 

are 3.9, 25, and 9, respectively. The ∆ ிܸ஻ for the MATOS devices is saturated (∆ ிܸ஻ ≈ 

16.0 V) by ≈ 40.0 V programming gate voltage, indicating that all the charge storage 

centers in the 20 nm Ta2O5 layer have been filled with electrons. The ∆ ிܸ஻  of 

MATATOS devices appears at a slightly smaller gate voltage (≈ 6.0 V), indicating the 
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electrons in Si start to tunnel through the tunneling layer to the first Ta2O5 layer. The 

electric field across the tunneling layer at this starting voltage (6.0 V) is ≈ 3.7×106 V/cm.  

 

 

Fig.	3.8	∆ ிܸ஻	as	a	function	of	programming	voltage	of	MATATOS	and	MATOS	devices.	Multiple	
staircase	steps	were	observed	for	MATATOS	device.	

 
 

The MATATOS devices were designed to give multiple charge storage states.  

The first charged state arises from charge storage in the first Ta2O5 layer (adjacent to the 

tunneling layer) and a second staircase occurs due to the charge storage in the second 

Ta2O5 layer. Multiple staircase steps were experimentally observed in MATATOS 

devices (Fig. 3.8), indicating the multiple discrete charge storage states as designed and 

expected. The initial step at ≈ 7 V programming voltage is due to charge storage in the 

first Ta2O5 layer and the second staircase step at larger programming voltage (≈ 16 V) is 

due to the charge storage in the second Ta2O5 layer.  These two charge storage layers are 

separated by an 8 nm Al2O3 layer which acts as the blocking oxide for the first Ta2O5 
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layer and the tunneling oxide for the second Ta2O5 layer. This Al2O3 separation layer is 

important to realize multiple discrete charge-storage states. With the assumption that 

charges are distributed evenly in each Ta2O5 layer (the charge densities in the first and 

second Ta2O5 layers are ݊௦ଵ and ݊௦ଶ, respectively), the ∆ ிܸ஻ at the staircase steps can be 

determined: 

Δ ிܸ஻ଵ ൌ
ݍ ∙ ݊௦ଵ
ଵܥ

ൌ ݍ ∙ ݊௦ଵ ∙ ൬
௔ை்ݐ	0.5
௔ை்ߝ଴ߝ

൅
஺௟ைଵݐ
஺௟ைߝ଴ߝ

൅
௔ை்ݐ
௔ை்ߝ଴ߝ

൅
஺௟ைଶݐ
஺௟ைߝ଴ߝ

൰ 

Δ ிܸ஻ଶ ൌ
ݍ ∙ ݊௦ଶ
ଶܥ

൅ Δ ிܸ஻ଵ 	ൌ ݍ ∙ ݊௦ଶ ∙ ൬
௔ை்ݐ	0.5
௔ை்ߝ଴ߝ

൅
஺௟ைଶݐ
஺௟ைߝ଴ߝ

൰ ൅ Δ ிܸ஻ଵ 

where ∆ ிܸ஻ଵ and ∆ ிܸ஻ଶ are the flat-band voltage shift obtained at the first and second 

staircase steps, respectively; ݍ is elementary charge; ்ݐ௔ை and ்ߝ௔ை are thickness (6 nm 

for both layers) and dielectric constant of Ta2O5; ݐ஺௟ைଵ and ݐ஺௟ைଶ are the thickness of the 

middle (8 nm) and top (25 nm) layers of Al2O3, respectively; ߝ஺௟ை  is the dielectric 

constant of Al2O3. From the data in Fig. 3.8, the charge densities of the first and second 

Ta2O5 layer are ≈ 4.3×1012 cm-2 and ≈ 1.8×1013 cm-2, respectively. The calculation used 

the values ∆ ிܸ஻ଵ = 3.1 V and ∆ ிܸ஻ଶ = 12.7 V. The result indicates that the second Ta2O5 

layer can store more charges than the first layer in this case (≈ 4 times as much). Because 

the SiO2 tunneling barrier between the first Ta2O5 layer and Si is thinner than that for the 

second Ta2O5 layer, a small amount of charges stored in the first Ta2O5 layer will induce 

a large electric field in the thin SiO2 tunneling barrier and more electrons tunnel out of 

the first layer than tunnel out of the more electrically isolated second layer. It should be 

noted that the trap density (1.8×1013 cm-2) in the 6 nm Ta2O5 layer are quite high. It could 
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be resulted by the room temperature sputtering and the interface defect between Ta2O5 

and Al2O3.  

 

 

Fig.	3.9	∆ ிܸ஻	as	a	function	of	programming	voltage	of	MATATOS	device	with	thinner	TAT	stacks:	(a)	3	
nm	/	4	nm	/	3	nm;	(b)	3	nm	/	2	nm	/	3	nm.	Insets:	schematic	structure	of	the	devices.	Staircase	

behavior	was	not	as	clear	as	previous	devices.	
 
 

The ∆ ிܸ஻ that arises from the charging of each of the two Ta2O5 layers is quite 

large, indicating that the Ta2O5 layer offers sufficient charge storage centers in these 

MATATOS devices.  While these results illustrate the potential of multiple trapping 

layers based upon Ta2O5, further engineering of the dielectric stack and shrinking of the 

thickness of the Ta2O5 and Al2O3 layers is necessary to achieve technologically attractive 

write/erase voltages. As shown in Fig. 3.9(a) with a 3 nm / 4 nm / 3 nm and Fig. 3.9(b) a 

3 nm / 2 nm / 3 nm TAT stack, multiple charge storage can also be achieved at smaller 

voltage, but the staircase behavior is not as well-defined relative to the device shown in 

Fig. 3.8. The multistate behavior almost disappears when the middle Al2O3 layer 
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thickness in the stack is further decreased to 2 nm due to coupling between the two Ta2O5 

layers. These data illustrate the importance of properly designing the separation layer. 

 

3.2.5 Summary 

In summary, we have fabricated and studied Ta2O5 containing charge-trapping 

dielectric stacks for discrete multi-bit non-volatile memory applications. As compared to 

the charge-trapping non-volatile memory made with HfO2 and ZrO2 materials, the 

MATATOS and MATOS devices showed excellent P/E characteristics, good retention 

and endurance. The MATATOS and MATOS devices exhibit less than 15% charge loss 

over a projected period of 10-years and less than 30% memory window degradation after 

106 P/E cycles. These excellent characteristics are due to both the intrinsic material 

properties of Ta2O5 and the overall structure of the Ta2O5-containing dielectric stacks. 

Thus, we have successfully designed and fabricated MATATOS devices with multiple 

discrete charge-storage states. Such devices are very attractive for multi-bit non-volatile 

memory applications. 

 

3.3 Ta2O5 Stacks on SiNW FET for Multi-Bit Flash Memory Application 

With the knowledge and understanding we have developed above for multi-bit 

memory application, we studied the integration of multiple Ta2O5 stack on SiNW FETs 

for three-terminal, transistor-level Flash memory. Semiconductor nanotube and nanowire 

FETs have been regarded as building blocks for nanoelectronic device, and they will 

provide solution for future memory technology. For instance, SiNW FET with single or 
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multiple nanowire channels can enable gate-surrounding structure, allowing excellent 

electrostatic gate control. Employing Si nanowire as an alternative for bulk silicon will be 

useful for the design and optimization of nanowire FETs and related nanoelectronic 

devices. In this work, we report Flash memory devices with Ta2O5 and 

Ta2O5/Al2O3/Ta2O5 stack as charge-trapping layer based on SiNW FETs which have been 

prepared by using the self-alignment method. Our results demonstrate that the Ta2O5 

stacks on SiNW FETs charge-trapping Flash memory exhibit better performance as 

compared with the capacitor memory cells, and are prominent candidates for future real 

Flash memory implementation. 

 

3.3.1 Experimental Details 

Our SiNW FETs were prepared by following the self-alignment method described 

in the previous chapter. Typically, a 300 nm SiO2 was first grown on a highly doped p-

type Si (100) wafer by dry oxidization. Then a thin film of Au catalyst (2 nm to 4 nm) 

was deposited on patterned area pre-defined by photolithography. Then the Si nanowires 

were grown from the catalyst in a low-pressure chemical vapor deposition (LPCVD) 

furnace at 440 oC for 2 h with an ambient SiH4 stream under a pressure of 500 mTorr. 

The Si nanowires growth followed the vapor-liquid-solid (VLS) mechanism, with typical 

length of 20 μm and 20 nm in diameter. Immediately after the growth step, the Si 

nanowires were oxidized at 750 oC for 30 min to form a ≈ 3 nm SiO2 which will function 

as tunneling oxide. The next step is to pattern the source/drain (S/D) electrodes with 

photolithography. A 2% HF wet etching was applied to remove the oxide from the Si 
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nanowire at patterned S/D area immediately before the 3/100 (unit: nm) Ti/Pt was 

deposited by E-beam evaporation and lift-off process to form the Schottky barrier S/D 

contacts. The channel length between the S/D electrodes was controlled to be 5 μm. The 

following process is the deposition of charge-trapping layer and blocking oxide dielectric 

stacks. We fabricated Ta2O5, Ta2O5/Al2O3/Ta2O5 (TAT), and a reference HfO2 covering 

the tunneling oxide on Si nanowire as charge-trapping layer, with thickness of 20, 6/8/6, 

20 (unit: nm), respectively. And the blocking oxide for all the memory devices was 

selected to be 25 nm Al2O3. Ta2O5 layers were deposited by sputtering, while the Al2O3 

and HfO2 layers were deposited by ALD with TMA and TEMAH as the precursors, 

respectively. Finally, a 100 nm Pd top gate was formed by the same lift-off process as the 

S/D electrodes. A schematic of the SiNW FET based dielectric Flash memory is shown in 

Fig. 3.10(a). 

 

 

Fig.	3.10	(a)	Schematic	of	top	view	of	the	dielectric	charge‐trapping	Flash	memory;	(b)	TEM	image	of	
the	cross	section	of	a	SiNW	FET	based	dielectric	Flash	memory	with	TAT	charge‐trapping	layer.	
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The self-alignment fabrication process used in this work is promising compared to 

regular nanowire harvesting and manipulation processes. It not only enables simultaneous 

batch fabrication of high quality, reproducible, and homogeneous nanowire devices at the 

wafer scale, but also limits the fabrication steps in which the nanowires can be 

contaminated.  

 

3.3.2 Electrical Characterizations and Memory Performance 

As mentioned above, three SONOS-like charge-trapping Flash memory devices 

with structures of Metal/Al2O3/Ta2O5/Al2O3/Ta2O5/SiO2/Si (MATATOS), 

Metal/Al2O3/Ta2O5/SiO2/Si (MATOS), Metal/Al2O3/HfO2/SiO2/Si (MAHOS) have been 

fabricated, similar to the stacks in the previous capacitor structure memory cells. A TEM 

image of the cross section of a MATATOS device is shown in Fig. 3.10(b). The SiNW 

core is surrounded by the dielectric stack and top gate.  

Typical output characteristics (source-drain current vs. source-drain voltage ܫ஽ௌ-

஽ܸௌ ) of the self-aligned SiNW FET based Flash memory are shown in Fig. 3.11(a) 

(MATATOS). Due to the Schottky contacts between the S/D contacts and the intrinsic 

SiNW, Schottky-barrier pMOSFET characteristics are expected. As shown in Fig. 3.11(a), 

the drain current keeps increasing with ஽ܸௌ  when ܸீ ௌ  is higher than threshold voltage 

(்ܸ ௛), and gets well saturated beyond a certain ஽ܸௌ. It should also be noted that the ܫ஽ௌ-

஽ܸௌ  curves increased sharply in the linear region, indicating a small source and drain 

contact resistance. 
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Fig.	3.11	(a)	Output	characteristics	of	MATATOS	device	for	ܸீ ௌ	from	‐4	V	to	‐1	V;	Transfer	
characteristics	of	(b)	MATATOS,	(c)	MATOS,	and	(d)	MAHOS	devices,	showing	counterclockwise	

hysteresis	loops	under	different	ܸீ ௌ	sweep	ranges	of	±3	V,	±6	V,	±9	V,	±12	V,	and	±15	V,	respectively.	
The	arrows	indicate	the	directions.	

 
 

Transfer characteristics of three structure memory devices are shown in Fig. 

3.11(b) - (d), respectively. The hysteresis curves corresponding to different gate voltage 

sweep ranges clearly demonstrated counterclockwise loops, suggesting the charging and 

discharging in the charge-trapping layers in the memory cells. By comparing the memory 

window of the three devices, the MATATOS and MATOS devices show the larger values 

0 1 2 3 4

0.0

0.1

0.2

0.3

0.4

0.5 MATATOS

-
D
 [

 
A

 ]

-V
D
 [ V ]

-3.4 V

-3.6 V

-3.8 V

-4 V

-3.2 V

V
G

[ V ]

-1 V

(a)

-14 -12 -10 -8 -6 -4 -2 0 2 4
0.00

0.04

0.08

0.12

0.16

0.20

(b)
MATATOS

-
D

S
 [ 
A

 ]

V
GS

 [ V ]

 3 V
 6 V
 9 V
 12 V
 15 V

Backward

Forward

-14 -12 -10 -8 -6 -4 -2 0
0.0

0.2

0.4

0.6

0.8

1.0

1.2

(c)

 3 V
 6 V
 9 V
 12 V
 15 V

Backward

-
D

S
 [ 
A

 ]

V
GS

 [ V ]

MATOS

Forward

-14 -12 -10 -8 -6 -4 -2 0 2
0.0

0.5

1.0

1.5

2.0

(d)

Backward

 3 V
 6 V
 9 V
 12 V
 15 V

MAHOS

-
D

S
 [ 
A

 ]

V
GS

 [ V ]

Forward



63 
 

of 3.8 V and 2.7 V with ±12 V gate voltage scan range, while the MAHOS device shows 

hysteresis memory window of 0.9 V with the same measurement condition.  

 

 

Fig.	3.12	(a)	Programming	and	(b)	erasing	operations	with	accumulated	P/E	time	at	±10	V	gate	
voltage	pulses	on	MATATOS	Flash	memory	device.	
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studying the threshold voltage shift (∆்ܸ ௛ ) under different P/E operations, and are 

illustrated in Fig. 3.12. The ܫ஽ௌ - ܸீ ௌ  curves showed clear ∆்ܸ ௛  under accumulative 

rectangular gate voltage pulses with increasing pulse width. The curves obtained before 

and after the programming or erasing operations have almost the same subthreshold slope 

(ܵ ≈ 300 mV/dec), indicating that the ∆்ܸ ௛  is due to the fixed charges in the charge-

trapping layers, instead of the interface states. By stressing a positive gate voltage, the 

electrons will tunnel through the tunneling oxide from the Si nanowire and get trapped in 

the charge-trapping layers, corresponding to programming operations, which will result 

in a ்ܸ ௛ shift toward the positive direction. The following application of a negative gate 

-5 -4 -3 -2 -1 0 1
10-14

10-13

10-12

10-11

10-10

10-9

10-8

10-7

-
D

S
 [ 

A
 ]

V
GS

 [ V ]

 0
 1 s
 10 s
 100 s
 1 ms
 10 ms
 100 ms

MATATOS

V
Program

= 10 V

(a)

-5 -4 -3 -2 -1 0 1
10-14

10-13

10-12

10-11

10-10

10-9

10-8

10-7

(b)
 0
 1 s
 10 s
 100 s
 1 ms
 10 ms
 100 ms

V
Erase

= -10 V

MATATOS

-
D

S
 [ 

A
 ]

V
GS

 [ V ]



64 
 

voltage will then enable the back tunneling of the pre-trapped electrons from the charge-

trapping layer to the Si nanowire, and the ்ܸ ௛ will be shifted in the opposite direction, 

defined as erasing operations. As discussed in the previous section on the band diagram 

of the dielectric stacks, the conduction band offset of Ta2O5 with respect to Si (1.3 eV) is 

smaller than that of HfO2, resulting in a shorter tunneling distance from Si nanowire to 

the conduction band of the charge storage dielectric due to the modified Fowler-

Nordheim (FN) tunneling mechanism. Furthermore, the 2.7 eV deep trap energy level of 

Ta2O5 is more favorable than that of HfO2 which is about 1.5 eV for the consideration of 

charge storage retention. The 1.9 eV conduction band offset between SiO2 and Ta2O5 

with respect to Si also inhibits the back tunneling of electrons to the nanowire more 

effectively than that between the SiO2 and HfO2. Thick (25 nm) and high quality Al2O3 

deposited by ALD with large barrier height was used as blocking oxide in all of our 

devices. So the back tunneling of hole in programming operations and electron in erasing 

operations from the top gate were not considered in our discussion.  

From Fig. 3.12, MATATOS memory shows significant ∆்ܸ ௛ (0.32 V) with +10 V, 

100 μs rectangular programming pulses; while in the erasing operations, -10 V, 100 μs 

pulses would effectively erase the programmed MATATOS devices, with clear ∆்ܸ ௛ of -

0.19 V, showing fast P/E speed. The ∆்ܸ ௛  along positive and negative directions 

demonstrate the trapping and detrapping of the electrons during the programming and 

erasing operations. 
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Fig.	3.13	(a)	P/E	speed	characterization	of	the	MATATOS	device	with	±8	V	and	±10	V	P/E	voltages	at	
different	P/E	time;	(b)	P/E	speed	characterizations	of	the	MATATOS,	MATOS,	and	MAHOS	devices	at	

different	P/E	time.	The	P/E	gate	voltage	is	±10	V.	
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characterization of the memory cells are summarized in Fig. 3.13. As shown in Fig. 

3.13(a), the MATATOS device shows sufficiently fast P/E speed with ±8 V P/E pulses as 

indicated by ∆்ܸ ௛ vs. P/E time. Fig. 3.13(b) compares the P/E operations among the three 

devices. Both MATATOS and MATOS devices show faster P/E speed than MAHOS 
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than MATATOS device, which is due to the thicker charge-trapping layer in MATOS 

device (20 nm Ta2O5 layer). However, this is not important for fast P/E speed 

applications. It is worth to mention that all the memory devices show ∆்ܸ ௛  without 

saturation under long P/E pulse width up to 1 s at pulse voltage ±10 V, indicating that the 

Ta2O5, TAT stack and HfO2 functioning as storage medium can offer sufficient charge-

trapping density for both electrons and holes.  

 

 

Fig.	3.14	(a)	Retention	characteristics	of	three	Flash	memory	devices.	The	devices	were	initially	
programmed	and	erased	by	±10	V,	1	ms	pulses;	(b)	Endurance	characteristics	of	three	Flash	memory	

devices.	The	P/E	gate	voltage	was	±10	V	with	500	μs	pulse	width.	
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0.28 V, respectively. As compared with the initial value, the charge loss of MATATOS 
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device. The good retention characteristics of MATATOS and MATOS devices could be 

100 101 102 103 104 105 106 107 108 109
-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

 MATATOS
 MATOS
 MAHOS

Program: 10 V, 1 ms

Erase: -10 V, 1 ms

V
T

h 
[ V

 ]

Time [ s ]

10 years

(a)

100 101 102 103 104 105 106 107 108

-0.4

-0.2

0.0

0.2

0.4

0.6

(b)

Program: 10 V, 500 s

Erase: -10 V, 500 s

 MATATOS
 MATOS
 MAHOSV

T
h [ 

V
 ]

Number of P/E cycles



67 
 

attributed to the smaller band gap and deeper trapping level of Ta2O5. The endurance 

characteristics of three devices are shown in Fig. 3.14(b). The P/E voltage pulses were 

±10 V, 500 μs. Very small memory window degradations were observed for all devices 

after 107 P/E cycles. This good endurance behavior arises from the good interface 

between the Si nanowire and the high-k stacks formed in the self-alignment fabrication 

process. 

 

3.3.3 Multi-Bit Storage 

 

 

Fig.	3.15	(a)	∆்ܸ ௛	as	a	function	of	programming	voltage	of	the	MATATOS,	MATOS,	and	MAHOS	
devices.	Two‐step	charging	storage	behavior	was	observed	for	MATATOS	device.	Inset:	∆்ܸ ௛	vs.	

programming	voltage	of	the	MATATOS	device	under	gate	voltage	pulse	with	different	width;	(b)	∆்ܸ ௛	
as	a	function	of	programming	voltage	of	the	MATATOS	device	with	thinner	ATAT	stack.	

 
 

As discussed in previous section, a discrete multiple charge storage memory 

characteristics has been observed for capacitor structure TAT stack memory cell with 

effective cell area of 100 μm×100 μm during the accumulative programming operations. 

These multiple charge storage states can be designed for multi-bit memory applications. 
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However, the operation voltage to achieve both charge storage states was very high for 

applicable electrical characterizations. Using low-dimensional Si nanowire as conducting 

channel to replace the conventional planar Si substrate can be expected to effectively 

reduce the operation voltage due to the enhancement in gate electric field introduced by 

the gate-surrounding structure, and the clean self-alignment fabrication process will 

further improve the device reliability and overall performance. As shown in the plot of 

∆்ܸ ௛ as a function of programming voltage in Fig. 3.15(a), clear staircase characteristics 

have been observed on MATATOS, MATOS, and MAHOS devices. By applying 

accumulative programming voltage at a constant rectangular pulse width (500 ms) with 

increasing pulse height, three devices start to show ்ܸ ௛ shift at around 7 V, with ∆்ܸ ௛ of 

0.4 V, 0.29 V, 0.13 V for MATATOS, MATOS, and MAHOS, respectively, indicating 

electrons tunnel from the nanowire through the tunneling oxide and get trapped in the 

charge-trapping layers. By treating the high-k dielectric as cylindrical capacitors 

connected in series, and a presumed diameter of 20 nm for Si nanowire channel, the 

electric field across the tunneling oxide at the voltage 7 V for MATATOS, MATOS, and 

MAHOS are estimated to be 8.20×106 V/cm, 9.47×106 V/cm, and 9.38×106 V/cm, 

respectively. For the MATOS and MAHOS devices, ∆்ܸ ௛  keeps increasing with 

increasing gate voltage, and get nearly saturated beyond 23 V gate voltage, indicating 

that all the charging centers in the 20 nm Ta2O5 and HfO2 layers have been filled with 

electrons. For the MATATOS device, after the initial stage which is due to the charge 

storage in the first Ta2O5 layer, a step at around 10 V gate voltage was observed, arising 

from the charge storage in the second Ta2O5 layer. The second step was observed at 20 V 
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programming gate voltage at which ∆்ܸ ௛ was saturated (∆்ܸ ௛ ≈ 6.7 V), indicating that 

the charge-trapping centers in both Ta2O5 layers have been filled with electrons. These 

multiple charge storage behavior is due to the 8 nm Al2O3 layer sandwiched between the 

two Ta2O5 layers, which functions as the blocking oxide for the first Ta2O5 layer and 

tunneling oxide for the second Ta2O5 layer. As compared with our previous capacitor 

structure memory cells, the two-step storage states in MATATOS device can be achieved 

by a much lower gate voltage of ~ 20 V. By assuming a uniform trap distribution in the 

Ta2O5 layers, in which case the charge centroid will be about half of the charge-trapping 

layer thickness, the ∆்ܸ ௛  at charge storage steps can be determined by the following 

equations: 
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where ∆்ܸ ௛ଵ and ∆்ܸ ௛ଶ are threshold voltage shift obtained from the two charge storage 

steps; ݍ is the elementary charge; ݊௦ଵ and ݊௦ଶ are charge density in each Ta2O5 layer; ଵܸ 

and ଶܸ are the charge storage volume of two Ta2O5 layers; ்ݐଵ௜௡, ்ݐଶ௢௨௧ ஺ଵ௢௨௧ݐ ,ଶ௜௡்ݐ , , 

 ஺ଶ௜௡ are distances from the center of Si nanowire to the inside and outsideݐ ,஺ଶ௢௨௧ݐ ,஺ଵ௜௡ݐ

surfaces of each high-k layer (ܶ stands for Ta2O5, ܣ stands for Al2O3, 1 and 2 stand for 

the first and second layer of each material); ்ݐଵ  and ்ݐଶ  are the thickness of the two 

Ta2O5 layers; ்ߝ and ߝ஺ are dielectric constant of Ta2O5 and Al2O3, respectively; ܮ is the 
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Si nanowire channel length. With the ∆்ܸ ௛ଵ (1.61 V) and ∆்ܸ ௛ଶ (6.73 V) obtained from 

Fig. 3.15(a), the charge density of the first and second Ta2O5 layers are calculated to be 

1.75×1019 cm-3 and 4.98×1019 cm-3, respectively. It also corresponds to our results from 

the capacitor structure memory cells that the second Ta2O5 layer exhibits larger charging 

density, which is due to fact that the second Ta2O5 layer is more electrically isolated than 

the first Ta2O5 layer. The above results demonstrate that the self-aligned SiNW FET 

based Flash memory with TAT stack as charge-trapping layer can offer sufficient charge 

density, and is very promising to realize the multi-bit memory application in one unit cell. 

The inset in Fig. 3.15(a) shows the ∆்ܸ ௛  of MATATOS device under accumulative 

programming voltage with different pulse width. Comparing with the 500 ms 

programming voltage operations, the 1 s pulse operations lead to the appearance of the 

two charge storage states at a smaller gate voltage, while with 100 ms pulses, the two 

charge storage states are less clear. This is because the large amount of charge trapping 

centers in the first Ta2O5 layer are not totally occupied by the injected electrons before 

the electrons tunneling to the second Ta2O5 layer under shorter programming operations. 

Further engineering of the dielectric stack in MATATOS devices was performed 

afterwards in order to minimize the device size and to obtain smaller P/E voltages. As 

shown in Fig. 3.15(b), the multi-state behavior almost disappears with shrunk ATAT 

stack thickness of 15 nm / 3 nm / 4 nm / 3 nm. Further engineering the structures and 

materials of the multi-layer dielectric stacks will be able to achieve multi-bit memory 

combining low operation voltage, fast P/E speed, and good retention. 
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3.3.4 Summary and Comparison with Capacitor Dielectric Charge-Trapping 

Memory Device 

In summary, SiNW FETs were prepared by self-alignment method for the basis of 

the charge-trapping Flash memory with novel high-k material and dielectric stack for fast 

speed, reliable, and multi-bit memory applications. The MATATOS and MATOS Flash 

memory show excellent P/E speed, and good retention and endurance. The MATATOS 

and MATOS devices exhibit less than 25% charge loss over a projected 10-year period, 

and negligible memory window degradation after 107 P/E cycles. The prominent 

characteristics are due to the intrinsic properties of Ta2O5 material and clean dielectric 

interfaces formed by self-alignment fabrication process.  

Compared to the capacitor charge-trapping memory devices, the SiNW FET 

based Flash memory with same thickness dielectric gate stack exhibits faster speed, better 

endurance, and more remarkable discrete multi-bit memory storage at lower operation 

voltages. The scaling from planar Si to nano-scale SiNW channel effectively enhances 

the top gate electric field due to the gate-surrounding structure, enabling faster speed at 

lower voltage. The device reliability is improved with the clean nanowire surface and 

dielectric interfaces formed by using the self-alignment technique. Such a high-

performance and CMOS compatible Flash memory is very attractive for future multi-bit 

non-volatile memory application. 
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Chapter 4 Molecular Charge-Trapping Non-Volatile Memory 

 

4.1 Introduction 

The continuous CMOS scaling to achieve more powerful central processing unit 

(CPU) is reaching the fundamental limits imposed by heat dissipation and short-channel 

effects. This will finally stop the increase of integration density of transistors in the logic 

circuit of CPU which was predicted by Moore’s Law. In order to increase the ability of 

CPU, extensive motivation and efforts have been stimulated for developing high-

performance non-volatile memory as local CPU memory, replacing the conventional on-

chip cache memory – static random-access memory (SRAM), which is volatile and 

usually occupies a large floor space.  

Molecular technology has been aggressively pursued for their potential impact in 

future nano-scale electronics since early 1970’s due to the inherent scalability and 

intrinsic properties. [147-149] Molecular memory, among all the new emerging 

candidates in recent years, is considered promising, particularly in the aim of reducing 

the size per cell, and enhancing the memory speed, density, and reliability. [150] It has 

been demonstrated that the redox-active molecules attached on Si structures are stable 

and can endure more than 1012 program/erase (P/E) cycles. [65] This excellent 

performance is naturally derived from the intrinsic properties of redox molecules. Such 

molecular electronic devices are typically fabricated by forming a self-assembled 
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monolayer (SAM) or multi-layer on different surfaces with very cheap and simple 

processing methods. Moreover, molecular memory works on the controlling of fewer 

electrons in molecule scale, and therefore has potential for low power and ultra-high 

density memory applications with lower fabrication cost. Typically, applying an 

oxidation voltage will cause electron loss in redox molecules; reversely, under a 

reduction voltage, electrons will be driven back to the molecules. Due to oxidation and 

reduction of the redox centers, these redox molecules can exhibit distinct charged or 

discharged states, which can be deemed as logic On and Off states, at different voltages 

with very fast write and erase speed. These advantageous properties of redox molecules 

make them very promising candidates for future applications on on-chip non-volatile 

memory, such as SRAM and dynamic random-access memory (DRAM). In addition, due 

to the scalability of molecules and the naturally-derived multiple redox states for robust 

charge storage, the molecular memory density can be much higher than the conventional 

memory devices. [63, 66, 151] 

The CMOS-compatible integration of redox-active molecules into a solid-state 

structure is very attractive. [69, 152] This chapter describes the characterizations of 

redox-active molecules attached on Si and SiO2 active surfaces, and explores the memory 

performance of the molecules as charge storage medium in non-volatile memory. Self-

aligned Si nanowire field-effect transistors (SiNW FETs) were also prepared for novel 

molecular Flash memory with molecules attached on the tunneling oxide for charge 

storage. The results demonstrate that molecular Flash memory is very promising for 

future on-chip memory applications due to their fast P/E speed at low P/E voltages and 
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excellent endurance over 109 P/E cycles. Multi-bit storage can be achieved by employing 

redox molecules with multiple redox centers as charge storage medium in a Flash 

memory. 

 

4.2 Redox-Active Molecules toward Non-Volatile Memory Application 

In our work, we have developed a Si-molecular integration process to preserve the 

intrinsic redox properties and studied the charge storage properties of the molecular 

memory capacitor. The devices exhibit high P/E speed and excellent endurance. We 

demonstrate that the hybrid integration of redox-active molecules on a semiconductor 

platform is very attractive for high-performance non-volatile memory applications. 

 

4.2.1 Experimental Details 

 

 

Fig.	4.1	Molecule	structure	of	α‐Ferrocenylethanol	and	schematic	of	MAFOS	capacitor	structure	
 
 

We have fabricated and measured non-volatile memory cells with a metal-Al2O3-

ferrocene-SiO2-silicon (MAFOS) structure incorporating a ferrocene SAM on SiO2. Fig. 
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4.1 shows the structure of the α-Ferrocenylethanol molecule, and a schematic of the 

MAFOS structure. The most important fabrication process steps are the attachment of the 

molecules on SiO2 and the formation of Al2O3 encapsulating the molecules. First, SiO2 

(110 nm) was thermally grown on p-Si substrate followed by the definition of square-

shaped active areas (100 μm wide) using photolithography and wet etching. Next, a thin 

SiO2 (1.5 nm) was grown on Si in the active area by rapid thermal oxidation at 850 oC for 

2 min. The molecules were then self-assembled on the SiO2 by immersing the wafer into 

a solution of 3 mM α-Ferrocenylethanol in dichloromethane (DCM) at 100 oC in a N2 

environment for 20 min. During the attachment process, redox molecules are covalently 

bonded to the SiO2 surface through the –OH linker. [70] After the attachment of 

molecules, DCM was used to rinse the wafer to remove any physisorbed residuals on the 

surface. 

As part of the attached samples were to be characterized by cyclic voltammetry 

(CyV), other device substrates were immediately loaded into the atomic layer deposition 

(ALD) vacuum chamber to deposit 20 nm Al2O3 at 100 oC. The ALD uses trimethyl 

aluminium (TMA) and H2O as precursors. In order to ascertain whether the molecular 

SAM survives the ALD process, some test samples with ALD Al2O3 covering the 

molecular layer were measured by X-ray photoelectron spectroscopy (XPS). In the final 

step, a layer of 80 nm Pd was deposited and patterned on Al2O3 as the top gate. We 

fabricated three additional structures for comparison: Metal/Al2O3/ferrocene/Si (MAFS), 

Metal/Al2O3/SiO2/Si (MAOS), and Metal/Al2O3/Si (MAS). For the fabrication of MAFS 

structure, hydrogen-terminated Si (H-Si) surface is obtained by dipping the wafers into 2% 



76 
 

hydrofluoric acid for 30 s. The molecular attachment on the H-Si surface was achieved 

similarly as on the SiO2 surface. 

 

4.2.2 Molecule Attachment Characterizations 

 

 

Fig.	4.2	CyV	of	the	EMOS	capacitor	at	different	scan	rates.	Inset:	CyV	of	the	EMS	capacitor	at	the	same	
scan	rates.	

 
 

In order to monitor the attachment quality, we used CyV to measure the molecule 

surface density of some device substrates. For CyV measurement, a solution of 1.0-M 

tetrabutylammonium hexafluorophosphate (TBAH) in propylene carbonate (PC) was 

used as the conducting electrolyte. Fig. 4.2 shows the CyV of the electrolyte-molecule-

oxide-Si (EMOS) structure with α-Ferrocenylethanol SAM on SiO2 at various scan rates. 

Oxidation peaks at negative gate voltage (ܸீ ) and reduction peaks at positive ܸீ  are 
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observed in the top and bottom curves, respectively. When oxidation (or reduction) 

voltage is applied, the electrons are removed from (or restored into) the molecular SAM. 

The inset in Fig. 4.2 shows the CyV measurements of the electrolyte-molecule-Si (EMS) 

structure with α-Ferrocenylethanol SAM directly attaching onto Si. Oxidation and 

reduction peaks are also clearly observed, with much smaller peak separation than that of 

the EMOS structure. The peak separation of EMOS structures increases with increasing 

scan rate due to the tunneling barrier (1.5 nm SiO2) and molecular linker between α-

Ferrocenylethanol and SiO2. The redox voltage and peak separation will increase as the 

thickness of tunneling barrier increases. [64, 153] This provides an opportunity to tune 

the operation voltage by adjusting the oxide thickness and molecule linker length. The 

surface coverage of α-Ferrocenylethanol can be calculated from the oxidation peak, and 

the values are found to be 5.23×1013 cm-2 and 3.14×1013 cm-2 for the ferrocene SAM on 

Si and SiO2 surface, respectively.  

 

 

Fig.	4.3	(a)	XPS	of	the	samples	with	ferrocene	attached	on	H‐Si	and	SiO2	surfaces;	(b)	XPS	of	the	
sample	with	ferrocene	attached	on	SiO2	and	then	covered	by	5	nm	Al2O3.	
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XPS measurements were performed on the samples with α-Ferrocenylethanol 

SAM on the SiO2 and Si surfaces, and the sample with thinner ALD Al2O3 (5 nm) 

covering the SAM on SiO2. As shown in Fig. 4.3, Fe 2p peaks were clearly observed in 

all samples. This indicates that the α-Ferrocenylethanol SAM successfully attaches on 

both SiO2 and Si surfaces, and the SAM survives the deposition of Al2O3. This agrees 

with the previously reported results that Al2O3 could be deposited on SAMs with 

hydrophilic end groups by using TMA and H2O vapor as precursors at relatively low 

temperature. [70, 154] As the thickness of Al2O3 increases (to 20 nm), the Fe 2p peak is 

no longer detected at the surface as a result of forming a thick and closed Al2O3 layer. 

 

4.2.3 P/E Operation Characterizations and Discussion 

 

 

Fig.	4.4	ܥ‐ܸ	hysteresis	curves	of	the	MAFOS	device	at	1MHz	with	different	ܸீ 	sweep	ranges:	±1	V,	±3	
V,	±5	V,	±7	V,	and	±9	V.	Counterclockwise	hysteresis	loops	indicated	by	the	arrow	were	clearly	shown.	

Inset:	Hysteresis	of	MAFOS	and	three	control	samples	with	gate	voltage	sweep	ranges	of	±5	V.	
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The behavior of the molecular memory is measured by capacitance-voltage (ܥ-ܸ) 

hysteresis at 1 MHz. As shown in Fig. 4.4, a large memory window (≈ 9 V) was observed 

with the ܸீ  of MAFOS device being swept between 9 V and – 9 V. The memory window 

is defined as the flat-band voltage ( ிܸ஻) difference between oxidation and reduction ܥ-ܸ 

curves. The counterclockwise hysteresis loop is due to the charge storage in the α-

Ferrocenylethanol SAM: electrons tunnel out of the molecules to Si at negative ܸீ  (i.e., 

oxidation) and tunnel back into the molecules at positive ܸீ  (i.e., reduction). The large 

memory window indicates high density of available charge storage centers, which is 

attractive for memory applications. The ܥ -ܸ  hysteresis curves of MAFOS and three 

control structures are compared in the inset in Fig. 4.4, where the difference between the 

samples with and without α-Ferrocenylethanol SAM is clearly observed. 

 

 

Fig.	4.5	∆ ிܸ஻	of	MAFOS	and	three	control	samples	as	a	function	of	P/E	voltage	with	500	μs	pulse	
width	
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Fig. 4.5 shows the flat-band voltage shift (∆ ிܸ஻ ) of the four structures as a 

function of applied P/E voltages (500 μs square pulse). We define positive (or negative) 

∆ ிܸ஻ at positive (or negative) ܸீ  as programming (or erasing) operation, corresponding 

to electron gain (or loss) in α-Ferrocenylethanol SAM, corresponding to reduction and 

oxidation of the molecules, respectively. Usually, the interface traps in the Al2O3 will 

also cause charge storage, inducing a ∆ ிܸ஻. As shown in Fig. 4.5, the ∆ ிܸ஻ of MAOS and 

MAS devices is much smaller than that of MAFOS and MAFS devices, indicating that 

the contribution of interface traps in the Al2O3 is insignificant. MAFOS devices exhibit a 

symmetric, staircase curve of ∆ ிܸ஻  vs. P/E voltage, which is not observed in MAFS 

devices. This is a result of the effective charge separation by SiO2 tunneling barrier. The 

MAFS sample shows a larger ∆ ிܸ஻ during program process due to the higher molecular 

coverage on the Si and thinner tunnel barrier (no SiO2). But for the erase process 

(oxidation), it showed much smaller ∆ ிܸ஻ compared to MAFOS devices, indicating that 

the absence of the SiO2 tunnel barrier increases difficulty of maintaining molecules 

positively charged. The staircase ∆ ிܸ஻ of MAFOS devices is caused by the charging / 

discharging balance in the α-Ferrocenylethanol SAM at this P/E condition (ܸீ  = ± 20 V, 

pulse width = 500 μs). We can calculate the charge density in the SAM at this P/E 

condition by using the following equation: 

∆ ிܸ஻ ൌ
݁ ∙ ݊
ܥ

ൌ ݁ ∙ ݊ ∙ ቆ
஺ܶ௟మைయ

஺௟మைయߝ଴ߝ
ቇ 
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where ݁ is elementary charge, ݊ is the number of stored (or missing) electrons, ஺ܶ௟మைయ and 

஺௟మைయߝ  are thickness and dielectric constant (≈ 9) of Al2O3 layer. We neglect the 

contribution of molecular component (< 0.5 nm) between the redox center and SiO2 as it 

is much shorter than the Al2O3 (20 nm). With ∆ ிܸ஻  = 1.93 V, the effective charge density 

is calculated as 4.82×1012 cm-2. Compared to the surface coverage of molecules obtained 

from the CyV measurements, only 15% of the molecules are positively charged (i.e., 

oxidized). This indicates that effective memory can be realized even with a partial (i.e., 

non-continuous) α-Ferrocenylethanol SAM.  

Fig. 4.6 shows the programming and erasing operations of the MAFOS and 

MAFS device. After applying 10 V pulses with different width, which corresponds to the 

programming operation, ܥ-ܸ curves were subsequently swept from positive to negative 

to study electron injection; while -10 V erasing pulses were applied, followed by 

sweeping ܥ-ܸ curves from negative to positive to study the hole injection. The high-

frequency (1 MHz) ܥ -ܸ  curves in Fig. 4.6 demonstrate that MAFOS device shows 

obvious ∆ ிܸ஻ with 10 V, 10 μs programming pulse and -10 V, 1 μs erasing pulse; MAFS 

device shows fast programming speed but poor erasing behavior. 
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Fig.	4.6	Programming	and	erasing	operations	on	(a)	‐	(b)	MAFOS	and	(c)	‐	(d)	MAFS	devices.	The	P/E	
voltage	pulse	is	±10	V,	with	different	pulse	width.	The	arrows	indicate	sweeping	directions:	for	

programming,	gate	bias	was	swept	from	positive	to	negative;	for	erasing,	gate	bias	was	swept	from	
negative	to	positive.	

 
 

Fig. 4.7 compares the P/E speeds of the MAFOS and MAFS devices. The 

MAFOS memory devices exhibit excellent P/E speed in both program and erase 

operations. Significant ∆ ிܸ஻ can be achieved by a short pulse (1 μs) at ܸீ  = 10 V. For 

comparison, MAFS devices have similarly good program speed but not as good erase 

speed, indicating that it is more difficult for the SAM on Si to stay positively charged 

without the isolation layer (SiO2), in agreement with the above discussion. 
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Fig.	4.7	P/E	speed	characterizations	of	MAFOS	and	MAFS	with	P/E	voltage	=	±10	V	
 
 

4.2.4 Retention and Endurance 

 

 

Fig.	4.8	Retention	of	MAFOS	and	MAFS	devices	at	room	temperature	
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Fig. 4.8 shows the retention characteristics of both MAFOS and MAFS devices at 

room temperature. For retention measurement, the MAFOS devices were 

programmed/erased at ܸீ  = ±10 V for 100 μs; and the MAFS devices were programmed 

at ܸீ  = 10 V for 100 μs, and erased at ܸீ  = -10 V for 10 ms to obtain enough initial 

erasing ∆ ிܸ஻. The projected memory window of MAFOS device for retention time = 106 

s is about 0.32 V, which is still good for non-volatile memory application. Compared to 

the initial memory window (≈ 0.81 V), about 60% charge is lost, mainly due to the thin 

SiO2 layer. The retention of MAFS device is worse. In this work, thin SiO2 layer was 

used in MAFOS devices in order to improve P/E speed and endurance at low ܸீ . 

Although the retention decreases, the non-volatile memory cells will have fast P/E speed 

and much better P/E endurance for on-chip memory application.  

As shown in Fig. 4.9(a), the endurance characteristics of MAFOS and MAFS 

devices were measured and compared with P/E operations at ܸீ  = ±10 V for 500 μs. The 

MAFS devices fail after 107 P/E cycles, while the MAFOS devices show only negligible 

degradation in ∆ ிܸ஻ after 108 P/E cycles, indicating that the SiO2 tunneling barrier plays 

an important role. Fig. 4.9(b) shows the endurance of MAFOS devices at shorter P/E 

pulses. The devices continue to behave well after 109 P/E cycles: the memory window 

remains the same and the ∆ ிܸ஻ of P/E shows a slight up-shift (more positive). This slight 

up-shift is due to the accumulation of electron in deep traps. [139, 155] This problem can 

be solved by eliminating the interface traps via annealing the devices in NH3. [156] For 

comparison, conventional Flash memory devices based on poly-Si endure only 105 P/E 

cycles. Since the only difference between our device and conventional Flash memory is 
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replacing poly-Si with α-Ferrocenylethanol molecules, we can conclude that such 

excellent endurance characteristics are naturally derived from the intrinsic redox 

properties of the α-Ferrocenylethanol molecules. In addition, good gate stack interfaces 

are very important to preserve the intrinsic properties of redox molecules. We have paid a 

great deal of attention on engineering the integration of molecules and dielectrics that 

encapsulate the molecules. The excellent endurance obtained shows that the device 

fabrication successfully protects the redox molecules.  

 

 

Fig.	4.9	(a)	Endurance	characteristics	of	MAFOS	and	MAFS	devices	under	P/E	pulses	of	ܸீ 	=	±10	V	for	
500	μs;	(b)	Endurance	of	MAFOS	under	P/E	voltage	=	±10	V	with	different	pulse	width:	50	µs,	100	µs,	

and	500	µs.	
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next-generation memory application, especially for the application in embedded or stand-

alone memory. 

 

4.2.5 Summary 

In summary, we have fabricated solid-state Si-molecular hybrid structures with α-

Ferrocenylethanol SAM encapsulated in the gate dielectrics for memory application. 

These Si-molecular structures exhibit excellent program and erase characteristics for non-

volatile memory application. The endurance of MAFOS devices is about 10,000 times 

better than that of the conventional floating-gate memory (1×105 P/E cycles). This is a 

significant breakthrough in the quest of charge-storage non-volatile memory and will 

enable the application of Flash-like devices for future on-chip memory application. 

 

4.3 Multiple Redox Center Molecule for Multi-Bit Non-Volatile Memory 

In order to obtain multi-bit storage in molecular non-volatile memory unit cell, a 

redox-active molecule with two or more redox states will be utilized. Fig. 4.10 

demonstrates the structure of the Ru2(ap)4C2C6H4P(O)(OH)2 redox molecule with two Ru 

redox centers. The phosphonic tether on this (Ru)2 redox molecule is designed for the 

attachment on SiO2 surfaces. The two redox centers in this (Ru)2 molecules can exhibit 

stable and distinct charged states at distinct voltage level, enabling multiple-state memory. 
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Fig.	4.10	Molecule	structure	of	Ru2(ap)4C2C6H4P(O)(OH)2	
 

 

4.3.1 Attachment methods 

The same solvent – DCM as that for ferrocene molecule attachment was used to 

dissolve the (Ru)2 redox molecule. The attachment on SiO2 surfaces was carried out in a 

glovebox with inert environment of N2. By dropping droplets of the top clear molecular 

solution on the active areas with each drop being placed for 5 min, a saturated SAM was 

formed with 8 solution droplets. The sample was kept at the temperature of 100 oC during 

the attachment process. 

After the SAM was formed, DCM was used to rinse the attached sample to 

remove any un-bonded residuals on the surface for two to three cycles of sonication with 

1 min each. 

 

4.3.2 Attachment Characterizations 
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Fig.	4.11	CyV	of	the	EMOS	capacitor	with	(Ru)2	redox	molecules	attached	on	SiO2	surfaces	at	different	
scan	rates	

 
 

CyV measurements were performed on the (Ru)2 attached electrolyte-molecule-

SiO2-Si (EMOS) capacitors fabricated on lightly-doped Si (100) wafers. The CyV curves 
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Fig.	4.12	XPS	of	the	sample	with	(Ru)2	molecules	attached	on	SiO2	and	a	SiO2	reference	sample	
 
 

We also performed the XPS measurements on the (Ru)2 attached SiO2 sample. As 

shown in Fig. 4.12, Ru 3p and Ru 3d peaks were clearly observed in the attached sample, 

and from the contrast between the Ru peaks and C 1s peaks, we can confirm that the 
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monolayer. Further XPS characterizations on the (Ru)2 attached samples with a thin layer 

of ALD Al2O3 covering the molecule layer are currently under study, to ensure that the 

attached (Ru)2 molecules can survive the ALD process, and can still function perfectly in 

solid-state molecular memory devices. 

 

4.3.3 In-Progress Molecular Memory Device Fabrication 
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Similarly, the (Ru)2 molecules will be attached on the tunneling oxide and embedded in a 

high-k dielectric (Al2O3 preferred). By the gate voltage control, the two redox centers in 

(Ru)2 molecules can charge and discharge at discrete voltage levels, enabling a multi-bit 

memory storage in a unit cell. Such a molecular non-volatile memory combining the 

advantageous properties of redox molecules and multi-bit memory storage will be very 

attractive for novel non-volatile memory applications with fast speed, low power, high 

density, and excellent reliability. 

 

4.4 SiNW FET Based Ferrocene Molecular Flash Non-Volatile Memory 

Integration of the redox molecules in the semiconductor FET technique to realize 

a solid-state molecular Flash memory will not only enhance the memory performance and 

device reliability but also allow us to use regular electronics characterization metrologies 

to measure the charge storage of redox molecules, compared to the usual way involving 

liquid electrolyte. In our work, we demonstrate a CMOS-compatible self-aligned SiNW 

FET based molecular Flash memory. SAM of ferrocene redox molecules is formed on the 

SiNW with easy and cheap method. Memory behavior of the molecular structure has 

been systematically characterized. Such molecular Flash memory shows fast P/E speed, 

excellent reliability, and can offer sufficient charge trapping density.  

 

4.4.1 Experimental Details 

Our ferrocene-attached SiNW FET molecular Flash memory was built by 

following the self-alignment method described previously. Typically, a 300 nm SiO2 was 
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first grown on a highly doped p-type Si (100) wafer by dry oxidization. Then a thin film 

of Au catalyst (2 nm to 4 nm) was deposited on patterned area pre-defined by 

photolithography. Then the Si nanowires were grown from the Au catalyst in a low-

pressure chemical vapor deposition (LPCVD) furnace at 440 oC for 2 h with an ambient 

SiH4 stream under a pressure of 500 mTorr. The Si nanowires growth followed the vapor-

liquid-solid (VLS) mechanism, with typical length of 20 μm and 20 nm in diameter. 

Immediately after the growth step, the Si nanowires were oxidized at 750 oC for 30 min 

to form a ~ 3 nm SiO2 on which the α-Ferrocenylethanol SAM will be formed 

subsequently. This thin layer of SiO2 was also expected to provide a good interface 

between the SiNW and the Al2O3-based gate dielectric which was completed after the 

SAM was formed. The next step was to pattern the source/drain (S/D) electrodes with 

photolithography. A 2% HF wet etching was applied to remove the oxide from the Si 

nanowire at patterned S/D area immediately before the 5/100 (unit: nm) Ti/Pt was 

deposited by E-beam evaporation and lift-off process to form the Schottky barrier S/D 

contacts. The channel length between the S/D electrodes was controlled to be 5 μm. The 

ferrocene SAM on the SiO2 surface was prepared by placing droplets of a solution of 

dichloromethane (DCM) with 3-mM ferrocene on active areas with each drop being 

placed for 4-5 minutes. The sample was held at 100 oC in an N2 environment during the 

attachment process. A saturated SAM was formed after 8 droplets in about 30 minutes, 

and the redox molecules were linked to the SiO2 surface through the –OH terminal. After 

the self-assembly process, DCM was used to rinse the wafer in order to remove any 

residual molecules that are not bonded to the SiO2 surface. Then, the samples were 
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immediately loaded into the ALD chamber. A layer of 25 nm Al2O3 was deposited with 

TMA and H2O as precursors at 100 oC. Finally, a 100 nm Pd top gate electrode was 

formed with the similar photolithographic and lift-off processes as S/D electrodes. The 

schematic structure of a completed molecular memory device is shown in Fig. 4.13. A 

reference sample without redox molecules was fabricated at the same time for 

comparison. 

 

 

Fig.	4.13	Schematic	of	a	completed	ferrocene‐attached	molecular	Flash	memory	
 
 

The technology to fabricate FETs based on CVD grown nanowires or electronic 

circuits is still under intensive study. The self-alignment fabrication process used in this 

work is attractive compared to regular nanowire harvesting and manipulation processes 

as it effectively limits the fabrication steps in which the nanowires can be contaminated, 

and enables simultaneous batch fabrication of high quality, reproducible, and 

homogeneous nanowire devices at the wafer scale.  
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4.4.2 Memory Performance and P/E operation Characterizations 

In previous section, we have characterized the attachment of ferrocene on SiO2 

surface with CyV and XPS measurements, showing that the molecule coverage density is 

3.14×1013 cm-2, and the molecules can survive in the subsequent Al2O3 deposition 

process. The molecular Flash memory based on SiNW FET with ferrocene molecules 

embedded in Al2O3 dielectric can be expected to inherit the excellent intrinsic properties 

derived from the redox molecules. 

 

 

Fig.	4.14	(a)	Output	characteristics	of	ferrocene	molecular	Flash	memory	with	ܸீ ௌ	varies	from	0.4	V	
to	‐4.2	V,	with	step	of	‐0.2	V;	(b)	Log‐scale	output	characteristics,	with	leakage‐affected	region,	weak,	

moderate,	and	strong	inversion	regions	clearly	shown.	
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obtained. The leakage-affected region, weak, moderate, and strong inversion operation 

regions are clearly shown in Fig. 4.14(b). In the weak inversion region, the drain current 

increases exponentially with ܸீ ௌ and is saturated at 3߶௧ (≈ 78 mV at room temperature), 

where ߶௧  is thermal voltage, indicating the molecular memory device functions as an 

ideal conventional MOSFET.  

 

 

Fig.	4.15	Transfer	characteristics	of	ferrocene	molecular	Flash	memory,	with	clearly	shown	
counterclockwise	hysteresis	loops	corresponding	to	gate	voltage	sweep	ranges	of	±4	V,	±	6	V,	±	8	V,	±	
10	V,	and	±	12	V,	respectively.	The	arrows	indicate	the	directions.	 ஽ܸௌ	was	set	to	‐50	mV.	Inset:	(i)	
transfer	characteristics	of	the	molecular	memory	device	in	log‐scale;	(ii)	ܫ஽ௌ‐ܸீ ௌ	hysteresis	loops	of	

the	reference	sample	with	the	same	gate	voltage	sweep	ranges.	
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the molecules and SiNW channel. The memory window starts to appear at gate voltage as 

low as 4 V. The log-scale of the transfer characteristics of the molecular Flash memory 

are shown in the inset (i) in Fig. 4.15. Clear Off state was observed, and the On/Off ratio 

is as high as ~ 107. The inset (ii) of Fig. 4.15 shows the ܫ஽ௌ-ܸீ ௌ curves of the reference 

sample at the same ܸீ ௌ sweep ranges. Negligible memory window was observed on the 

reference sample, ruling out the doubt of charge storage in Al2O3 layer. This indicates 

that the molecules play a key role in the charge storage of the memory devices. 

 

 

Fig.	4.16	(a)	Programming	and	(b)	erasing	operations	of	the	ferrocene	molecular	Flash	memory	
under	accumulative	rectangular	P/E	gate	voltage	pulses.	The	gate	voltage	was	set	to	±10	V	

respectively	with	increasing	pulse	width.		
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pulses with increasing pulse width. The threshold voltage shows a clear shift toward the 

positive direction, indicating the electrons are injected from the SiNW through the SiO2 

and stored in the redox centers in the ferrocene molecules. Subsequently, ܸீ ௌ = -10 V 

with increasing pulse width was applied, corresponding to the erasing operations, 

followed by ܫ஽ௌ - ܸீ ௌ  sweepings. The back shift of the threshold voltage toward the 

negative direction suggests the hole injection from the SiNW during the erasing 

operations.  

 

 

Fig.	4.17	(a)	P/E	speed	characterization	of	ferrocene	molecular	Flash	memory;	(b)	Schematic	band	
diagram	of	the	p‐Si/SiO2/ferrocene/Al2O3/gate	system.	

 
 

The P/E speed characterizations of the ferrocene molecular Flash memory are 

summarized in Fig. 4.17(a), with ±6 V, ±8 V, and ±10 V P/E gate voltages, respectively. 

This molecular memory shows fast P/E speed, which arises from the intrinsic fast speed 

charging and discharging of ferrocene molecule. As shown in Fig. 4.17(a), the device 

shows a clear ∆்ܸ ௛ with a +10 V, 10 µs programming gate voltage, but for the erasing 
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operation, a -10 V, 10 µs erasing gate voltage shifts the ்ܸ ௛  more significantly. We 

attribute the faster erasing speed, i.e. more favorable hole injection, in the 

Si/SiO2/ferrocene/Al2O3/gate system to the charging at the ferrocene/Al2O3 interface 

states. Apart from the possible Al2O3 dielectric traps which have been ruled out from 

above discussion, the injected electrons and holes can be stored at the redox centers of the 

ferrocene molecule and the possible ferrocene/Al2O3 interface traps, which might be due 

to the natural property of the molecule and dielectric, or might be introduced during the 

SAM forming process. [70, 157] Fig. 4.17(b) shows the schematic band diagram of the 

Si/SiO2/ferrocene/Al2O3/gate structure. The highest occupied molecular orbital (HOMO) 

/ lowest unoccupied molecular orbital (LUMO) for ferrocene are calculated by density 

functional theory (DFT) to be -4.51 eV / -1.72 eV, and the charge neutrality level (CNL) 

of Al2O3 deposited by ALD is -5.2 eV, which can be taken as a local Fermi level of the 

interface states. [158-160] For electron injection, the extra energy for electrons to get 

injected into ferrocene LUMO is ܧ௅௎ெை െ  ஼ is the Si conductionܧ ஼ = 2.28 eV, whereܧ

band edge. The injected electrons will be relaxed into interface states surrounding the 

CNL due to the lower energy level. On the other hand, the extra energy for holes to be 

injected into ferrocene HOMO is ܧ௏ െ ுைெைܧ  = -0.59 eV, where ܧ௏  is the Si valance 

band edge. Therefore, hole injection is more favorable than electron injection from the 

standpoint of storage in the interface states. 

The charge storage in the interface states can also be derived from the transfer 

characteristics in programming and erasing operations. The subthreshold slope (ܵ) of the 
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molecular memory after each programming and erasing operation can be estimated by 

using the following equation:  

ܵ ൌ ݈݊10
݇ܶ
ݍ
൬1 ൅

௖௛ି௚௡ௗܥ ൅ ௜௧ܥ
௢௫ܥ

൰ 

where ܥ௖௛ି௚௡ௗ  is the capacitance between the nanowire channel which is in weak 

inversion region and ground, ܥ௜௧ is the interface state capacitance, ܥ௢௫ is the capacitance 

of the gate dielectric, respectively. [161] Extracted from the ܫ஽ௌ-ܸீ ௌ curves in Fig. 4.16(a) 

and 4.16(b), the ܵ undergoes a slight increasing during the accumulative programming 

process from ≈ 368 mV/dec at fresh state to ≈ 389 mV/dec after a +10 V, 1 s gate voltage 

stressing. The following accumulative erasing operations reversely decreases the ܵ value 

from ≈ 382 mV/dec at programmed state to ≈ 355 mV/dec after the -10 V, 1 s stressing. 

By assuming the change in ܵ is due to the interface state charging of electrons and holes 

during the programming and erasing operations respectively, the ferrocene/Al2O3 

interface trapped charges only introduce very small amount of charge even by a ±10 V, 1 

s voltage stressing as compared with the initial state in the P/E operations. However, this 

injected interface trapped charges would have impact on the P/E speed at low gate 

voltage or short P/E time, in which conditions the chargers cannot have sufficient energy 

or amount to tunnel through barrier formed by the SiO2 underneath the molecules 

together with the linker component part of the molecules. 
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Fig.	4.18	∆்ܸ ௛	of	the	molecular	memory	and	reference	sample	as	a	function	of	P/E	voltage	with	500	
µs	pulse	width	and	increasing	pulse	height.	

 
 

Fig. 4.18 shows the ∆்ܸ ௛  of the ferrocene molecular Flash memory and the 

reference sample as a function of applied P/E voltages. The P/E pulses width was set to 

500 µs. With increasing P/E voltage pulse height, very small ∆்ܸ ௛ was observed for the 

reference sample, which again proves that the negligible charges are stored in the traps of 

the Al2O3 dielectric or the SiO2/Al2O3 interface. For the ferrocene molecular Flash 

memory, large ∆்ܸ ௛ and a clear staircase behavior demonstrating discrete energy levels 

were observed. The hole injection starts to show clear ∆்ܸ ௛  at lower than -6 V gate 

voltage, while the ≈ 8 V gate voltage is required for electron injection to show a clear 

∆்ܸ ௛. This trace difference of ∆்ܸ ௛ at low gate voltage is partly due to the small amount 

but more preferred hole storage than electron at the ferrocene/Al2O3 interface. With 

increasing P/E voltages, the ferrocene molecular memory shows larger ∆்ܸ ௛, indicating 

the charges are injected and stored in the redox centers of ferrocene. ∆்ܸ ௛ gets saturated 
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at around ±24 V gate voltages, suggesting that all the available redox centers in the 

ferrocene SAM attached on the nanowire channel have all been occupied by the chargers. 

With this saturation condition, we can calculate the charging density in the SAM by using 

the following equation: 

∆்ܸ ௛ ൌ ݍ ∙ ܰ ∙ ൬
1
்ܥ

൅
1

௟௜௡௞ܥ
൰ ൌ ݍ ∙ ܰ ∙ ቌ

݈݊ ቀ
௢௨௧்ݐ
௜௡்ݐ

ቁ

ܮ்ߝ଴ߝߨ2
൅
݈݊ ቀ

௟௜௡௞ି௢௨௧ݐ
௟௜௡௞ି௜௡ݐ

ቁ

ܮ௟௜௡௞ߝ଴ߝߨ2
ቍ 

where ݍ is the elementary charge, ܰ is the total charge stored in the redox centers, ்ܥ and 

௟௜௡௞ܥ  are capacitance of the tunnel oxide and the linker part of ferrocene; ்ݐ௢௨௧ ௜௡்ݐ , , 

 ௟௜௡௞ି௜௡ are the distances from the center of SiNW to the outside and insideݐ ௟௜௡௞ି௢௨௧, andݐ

surfaces of the tunnel oxide layer and the ferrocene linker; ்ߝ  and ߝ௟௜௡௞  are dielectric 

constant of SiO2 and the ferrocene linker; ܮ is the channel length. With saturated ∆்ܸ ௛ 

obtained from Fig. 4.18 (≈ 1.69 V) and a presumed ferrocene linker with a length of 0.5 

nm and 2.5 dielectric constant, the charge density of the SAM can be calculated by 

dividing ܰ by the SiO2/ferrocene interface area. The charge density is around 6.96×1012 

cm-2, which is at the same level as the results obtained from the capacitor structure. Such 

a high charge trapping density is very important for fast speed, low power and high 

integration density of a non-volatile memory aiming at on-chip memory applications. 

 

4.4.3 Retention and Endurance 

The room temperature retention properties of the ferrocene molecular Flash 

memory are illustrated in Fig. 4.19(a). The device was initially programmed / erased by 

±10 V gate voltage with 500 µs and 100 µs pulse width, respectively. Good charge 
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retention characteristics were observed, and projected 10-year memory windows with ~ 

20% charge loss were obtained for both states. The good retention is due to the intrinsic 

redox behavior of ferrocene and the high-quality tunneling oxide with clean dielectric 

interface formed by using the self-alignment fabrication process. This also provides 

evidence that the injected charge storage location mainly lies in the redox centers in the 

molecules instead of the ferrocene/Al2O3 interface states, the recovery process of which 

is quite fast leading to a poor retention. 

 

 

Fig.	4.19	(a)	Room	temperature	retention	characteristics	of	ferrocene	molecular	Flash	memory.	The	
device	was	initially	programmed	/	erased	by	±10	V	gate	voltage	pulses	with	500	µs	and	100	µs	width,	

respectively;	(b)	Endurance	property	of	ferrocene	molecular	Flash	memory.	±10	V	gate	voltage	
pulses	with	500	µs	and	100	µs	pulse	width	were	applied.	Negligible	memory	window	degradation	

was	observed	after	109	P/E	cycles.	
 
 

The endurance properties of the molecular memory were characterized by 

applying ±10 V P/E gate voltages with 500 µs and 100 µs pulse width, respectively. Both 

states show excellent endurance characteristics. Negligible memory window degradation 

was observed after 108 P/E cycles by using 500 µs gate voltages. With 100 µs P/E 
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voltages, the device still functions perfectly even after 109 P/E cycles. Such excellent 

endurance characteristics arise from the excellent reliability of the intrinsic redox 

property of ferrocene molecule, which makes such molecular Flash memory very 

attractive for future non-volatile memory technology. 

 

4.4.4 Summary and Comparison with Capacitor Molecular Memory Devices 

In summary, novel ferrocene-attached SiNW FET based molecular Flash memory 

has been fabricated and studied. Excellent memory performance has been obtained: fast 

P/E speed, sufficient memory window, good retention, and excellent endurance. Charge 

storage mechanism has been investigated. The injected chargers are mainly located in the 

redox centers of ferrocene molecules, with trace amount stored in the ferrocene/Al2O3 

interface states. Negligible memory window degradation was observed after 109 P/E 

cycles. These excellent characteristics are inherently resulted from both the good intrinsic 

charging property of redox-active ferrocene molecules and the protection of good device 

structure obtained by the self-alignment fabrication.  

Compared with the capacitor molecular memory with ferrocene SAM as charge 

storage medium, the molecular Flash memory based on self-aligned SiNW FET 

demonstrates better data retention due to the thicker tunneling oxide (~ 3 nm). The high 

quality dielectric and molecule/dielectric interface formed in the self-alignment process is 

very promising with the modern CMOS and Flash memory scaling. Such a high-

performance molecular Flash non-volatile memory is thus very attractive for future on-
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chip non-volatile memory applications, and it will enable a series of fast speed and low 

power mobile electronic devices and systems. 

 

4.5 Comparison between Dielectric and Molecular Non-Volatile Memory 

We have designed, fabricated, and investigated capacitor structure and SiNW FET 

based dielectric and molecular charge-trapping non-volatile memory devices. Both 

dielectric and molecular Flash memory devices were fabricated by integrating the 

dielectric and molecular stack as top gate stack in the self-aligned SiNW FETs, 

maintaining the engineered stack structure and thickness. Thus, it is worth to compare the 

performance between the dielectric and redox-molecule charge-trapping medium, and the 

improvement brought by introducing the high-performance SiNW FET platform with 

nano-scale channel and surrounding gate. Table 4.1 illustrates the memory performance 

of the dielectric and molecular memory devices in both capacitor and Flash device 

architecture, including operation voltage, P/E speed, retention, endurance, and so forth. 

 

Table	4.1	Comparison	between	dielectric	and	molecular	non‐volatile	memory	

 Dielectric 
Capacitor 

Molecular 
Capacitor 

Dielectric 
Flash 

Molecular 
Flash 

Operation voltage High Low Medium Low 
P/E speed Good Excellent Good Excellent 
Retention > 10 years ~ 10 years > 10 years > 10 years 
Endurance > 106 > 109 > 107 > 109 

Charge trapping 
density 

1012 cm-2 1012 cm-2 1012 cm-2 1012 cm-2 

Fabrication 
CMOS 

compatibility 

 
Excellent 

 
Good 

 
Excellent 

 
Good 
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From the above comparison, we can find out that all of the four types of non-

volatile memory show good data retention and sufficient charge trapping density. 

Employing the high-performance SiNW FET as platform for real Flash memory has 

greatly enhanced the memory performance in memory density, P/E operation voltage, 

and device reliability. The self-aligned SiNW FET provides promising approaches to 

realize concepts of future Flash memory with novel engineered gate stack upon clean, 

fast, reliable, and low-cost FETs. It paves the way for the novel Flash memory toward the 

on-chip memory applications. 

By comparing the molecular and the dielectric non-volatile memory, it is obvious 

that the redox-molecule charge-trapping medium is more attractive as they demonstrate 

lower operation voltage, higher P/E speed, and much better endurance. One of the major 

drawbacks of molecular Flash memory for large-scale and on-chip memory application is 

the limited stability in harsh environment such as high temperature and presence of 

oxygen or water. More delicate CMOS fabrication process is required for integrating 

redox molecules in CMOS devices and circuits. Nevertheless, further molecular 

technology will advance both molecular properties with enhanced adaptability to harsh 

environment and molecular device integration processes. We believe that such molecular 

Flash with fast speed, low voltage, high reliability, and simple fabrication is still very 

promising candidate for on-chip non-volatile memory applications. 
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Chapter 5 Topological Insulator Nanowire Field-Effect Transistors 

 

5.1 Introduction 

Topological insulators (TI) are characterized as a new class of materials which 

have insulating band gaps in the bulk but gapless surface states topologically protected by 

time-reversal symmetry. Recently discovered three-dimensional (3D) TI materials, such 

as Bi2Se3, Bi2Te3 and Sb2Te3, have been intensively investigated both theoretically and 

experimentally. [79, 162] The gapless surface states featuring helical Dirac electrons 

have been observed by angle-resolved photoemission spectroscopy (ARPES) and 

scanning tunneling microscopy (STM) techniques. Thin films and nanoribbons of TI 

show anomalous high-field magnetoresistance, coherent surface transport induced by 

Aharonov-Bohm interference, and optoelectronic properties due to the spin-polarized 

surface states. [110, 117, 118] 

Bi2Se3, a well-known thermoelectric material, is a 3D TI with a bulk band gap of 

0.35 eV and a single Dirac cone on the surface. Most current experimental research 

focuses on the surface states of thin film samples grown by molecular beam epitaxy 

(MBE) or mechanically exfoliated from bulk material. A few groups have reported 

modification of the surface conduction of such TI samples by doping, electrical gating or 

polarized light. [109-111, 113, 163] Yet, up to now, no high-performance microelectric 

devices based on TIs such as the analog of metal-oxide-semiconductor field-effect 
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transistors (MOSFETs) have been reported. The MOSFET is the basic building block in 

complementary metal-oxide-semiconductor (CMOS) technology, the fundamental basis 

for digital and analog circuits. For conventional CMOS devices, the surface conduction 

of Si is protected by thermal SiO2 to optimize its inversion properties for good transistor 

performance. This is one of the primary reasons why Si is preferred over other 

semiconductor materials for CMOS technology. For a TI material, the gapless surface 

state is derived from its inherent material properties, and maintains a robust surface 

conduction. Therefore the integration of TI as the active conduction channel in 

MOSFETs is very attractive because it will leverage the advantages afforded by the novel 

TI materials with the vast infrastructure of current semiconductor technology. 

In our work, we fabricated and measured surrounding-gate Bi2Se3 nanowire field-

effect transistors. [164] The nanowires were grown from Au catalyst and integrated by 

using a self-alignment technique. The FET current-voltage (ܫ-ܸ) characteristics were 

measured at different temperatures, exhibiting excellent performance. We have studied 

the separation of surface metallic conduction from bulk semiconductor conduction with 

gate electric field at different temperatures. The activation energy of bulk conduction was 

found to be very close to the band gap of bulk Bi2Se3. We have also studied the effective 

electron mobility and scattering mechanism in the devices. 

 

5.2 Experimental Details 

Bi2Se3 nanowire FETs were built up on the basis of our self-aligned nanowire 

FET architecture. The essential steps are as follows: first, a layer of thermal SiO2 (300 
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nm) was grown by dry oxidation on a Si wafer. On the top of the wafer, the Bi2Se3 

nanowires were grown from Au catalyst deposited by sputtering in pre-defined locations. 

The nanowire growth followed a solid-vapor-solid route. The wafers (with Au) were 

loaded at the downstream end in a horizontal tube furnace while Bi2Se3 source powder 

was located at the heat center of the furnace. Then the furnace is heated to a temperature 

in a range of 500 oC to 550 oC and kept in that temperature for 2 h under a flow of 50 

standard cubic centimeters (sccm) Ar as carrier gas. The as-grown Bi2Se3 nanowires were 

about 20 µm in length and 50 nm to 150 nm in diameter. Then 3 nm / 100 nm Ti/Pt 

source/drain (S/D) electrodes were patterned on the nanowires at the growth location by 

photolithography, forming Pt/Bi2Se3 Schottky junctions at both source and drain. The 

channel length was defined to be 2 μm. A layer of 30 nm HfO2 was then deposited at 250 

oC by atomic layer deposition (ALD) with precursors of 

Tetrakis(ethylmethylamino)hafnium and water covering the nanowire channel and also 

part of S/D electrodes. The last step was the formation of a 100 nm Pd top gate by a lift-

off process. Unlike the traditional nanowire harvesting and alignment methods, our self-

alignment approach not only enables simultaneous batch fabrication of reproducible and 

homogeneous nanowire devices of high quality, but also limits the contamination of the 

nanowire during the fabrication process. 
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Fig.	5.1		(a)	SEM	image	of	Bi2Se3	nanowires;	(b)	HRTEM	image	of	Bi2Se3	nanowires	showing	that	the	
nanowire	growth	direction	is	close	toሾ112ത0ሿ,	the	inset	above	shows	a	magnified	region	of	the	

nanowire;	(c)	Schematic	of	a	Bi2Se3	nanowire	FET	and	(d)	TEM	image	of	the	cross‐section	of	a	Bi2Se3	
nanowire	FET.	

 
 

Fig. 5.1(a) shows a scanning electron microscopy (SEM) image of the as-

synthesized Bi2Se3 nanowires which are about 50 nm to 150 nm wide and 10 µm long. 

Au nanoparticles were found at the top end of each nanowire. This indicates that Bi2Se3 

vapor is first absorbed by Au catalyst to form a Bi2Se3 and Au eutectic; then Bi2Se3 

diffuses through Au to form the single-crystal nanowires. This process is similar to the 

growth of Si nanowires governed by vapor-liquid-solid (VLS) mechanism. Bi2Se3 has a 
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layered rhombohedral crystal structure with five covalently bonded atoms in one unit cell. 

These quintuple layers are linked by van der Waals interactions. The high-resolution 

transmission electron microscopy (HRTEM) image shown in Fig. 5.1(b) demonstrates 

that the Bi2Se3 nanowires are in a well-defined single-crystal rhombohedral phase and the 

growth direction is close to ሾ112ത0ሿ. A schematic of the Bi2Se3 nanowire FET is shown in 

Fig. 5.1(c) and a TEM image of the cross-section in Fig. 5.1(d). The hexagonal nanowire 

core is surrounded first by the insulating HfO2 layer and then by the Omega-shaped top 

gate. 

 

5.3 Electrical Characterizations and Discussion 

5.3.1 Current-Voltage Characteristics 

The electrical characterization was carried out on a probe station inside a vacuum 

chamber. As shown in Fig. 5.2, the transistor has excellent drain current (ܫ஽ௌ) vs. top gate 

voltage (ܸீ ௌ) transfer characteristics: cutoff current close to zero, strong-inversion-like 

on-state current and current On/Off ratio larger than 108 at a ܸீ ௌ swing of 1.0 V. The 

backside Si was grounded during all the measurements. The transistor has unipolar 

current dominated by electron conduction. This is similar to a conventional long-channel 

Schottky-barrier MOSFET with either electron or hole conduction determined by the 

unipolar Schottky junctions at the source and drain. No hysteresis was observed in the 

ீܸ-஽ௌܫ ௌ curves at 77 K. A hysteresis shift was observed at higher temperatures (ܶ > 240 

K), most likely due to the activation of traps in the HfO2. Very similar device 
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characteristics were observed for the drain voltage ( ஽ܸௌ) in the range 0.05 V - 4.0 V used 

in the study. 

 

 

Fig.	5.2	Transfer	characteristics	(ܫ஽ௌ‐ܸீ ௌ)	of	Bi2Se3	nanowire	FET	at	77	K;	inset	is	the	linear‐scale	plot	
showing	 ௧ܸ௛	=	‐3.8	V.	

 
 

As shown in Fig. 5.3, the Bi2Se3 nanowire FET exhibits well-saturated, smooth 

 ஽ௌ vs. ஽ܸௌ curves with negligible contact resistance. The transistor output characteristicsܫ

clearly demonstrate cutoff, weak, moderate and highly conductive regions at different ܸீ ௌ, 

similar to the cutoff (leakage), weak, moderate and strong inversion regions of 

conventional MOSFETs. The ܫ஽ௌ  saturates roughly at ஽ܸௌ ൌ ܸீ ௌ െ ௧ܸ௛	 in the highly 

conductive region but does not saturate at ஽ܸௌ ൎ 3	߶௧ in the weak/moderate conductive 

regions (߶௧ ൌ  ஽ௌ keeps increasing significantly after 3߶௧. This means that theܫ .(ݍ/ܶ݇

Bi2Se3 nanowire FET does not follow the diffusion current model as described for 
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conventional MOSFETs. We believe ܫ஽ௌ in the weak/moderate conductive regions is also 

dominated by drift current.  

 

 

Fig.	5.3	(a)	linear‐scale	and	(b)	log‐scale	ܫ஽ௌ‐ ஽ܸௌ	for	ܸீ ௌ	from	‐4.4	V	to	‐1.4	V	at	77	K.	
 
 

Similar ܫ஽ௌ- ஽ܸௌ characteristics have been obtained at different temperatures. We 

observed that the saturation current ܫ஽௦௔௧ at various ܸீ ௌ does not follow the quadratic law 

which predicts that ܫ஽௦௔௧  varies linearly with ሺܸீ ௌ െ ௧ܸ௛ሻଶ  as it does in conventional 

long-channel MOSFETs. Rather, as shown in Fig. 5.4, ܫ஽௦௔௧ varies linearly with the over-

threshold voltage (ܸீ ௌ െ ௧ܸ௛) at different temperatures for ܸீ ௌ in the range -3.8 V to -1.4 

V.  
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Fig.	5.4	ܫ஽௦௔௧	as	a	function	of	over‐threshold	voltage	(ܸீ ௌ െ ௧ܸ௛)	and	inset:	its	linear	fit	slope	vs.	
temperature.	

 
 

The saturation current can be expressed by the drift current model as a product of 

the number of electrons and their velocity at the source end of the nanowire: 

஽௦௔௧ܫ ൌ ௦ݒ௦݊ݍܣ ൌ
௢௫ܥ
ܮ
ሺܸீ ௌ െ ௧ܸ௛ሻݒ௦ 

where ܣ , ݊௦ ௢௫ܥ, ܮ ,  and ݒ௦  are nanowire cross-section area, electron concentration at 

source end, gate capacitance, channel length and electron velocity at the source end of 

Bi2Se3 nanowire, respectively. Therefore this linear relationship suggests that the 

saturation of ܫ஽ௌ is due to electron velocity saturation at the source end of the channel 

instead of pinch-off at the drain end of the nanowire channel. The slope of each ܫ஽௦௔௧ vs. 

( ܸீ ௌ െ ௧ܸ௛ ) curve is saturation channel conductance (݃ௗ௦௔௧ ); its value at different 

temperatures is extracted from Fig. 5.4 and plotted in the inset, showing that the electron 

velocity at the source end increases linearly with decreasing temperature. The capacitance 

per unit length ܥ௢௫/ܮ  = 1.3×10-9 F/m was given by numerical calculation using a 
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Synopsis TCAD program based on the cross-section size of the TEM image in Fig. 5.1(d). 

The calculated value of ݒ௦ is from 1×106 cm/s to 2×106 cm/s for temperatures from 240 K 

to 77 K, which is of the same order of magnitude as the Fermi velocity of Ti in the source 

and drain contacts. [165] 

 

5.3.2 Electron Transport Effective Mobility and Surface Conduction Separation 

 

 

 

Fig.	5.5	(a)	Electron	effective	mobility	vs.	gate	voltage	at	different	temperatures	in	a	range	77	K	–	240	
K;	(b)	Electron	effective	mobility	as	a	function	of	temperature	in	different	device	operation	regions	

and	the	fits	to	ߤ௘௙௙	~	ܶఈ.	
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Fig. 5.5(a) shows the electron effective mobility (ߤ௘௙௙) of Bi2Se3 nanowire FET 

as a function of applied gate voltage at different temperatures. The field-effect mobility 

extracted from the ܫ஽ௌ-ܸீ ௌ curves shows a similar result. The effective mobility values 

were extracted from the linear region of ܫ஽ௌ- ஽ܸௌ curves by using the following equation: 

஽ௌܫ߲
߲ ஽ܸௌ

ൌ ௘௙௙ߤ
௢௫ܥ
ଶܮ

ሺܸீ ௌ െ ௧ܸ௛ሻ 

The electron effective mobility decreases with increasing gate voltage in the range 

200 cm2/Vs to 1300 cm2/Vs at 77 K. It should be noted that the precision of effective 

mobility estimation can be affected by the numerically calculated gate capacitance due to 

the top and bottom gate coupling. In Fig. 5.5(b), electron effective mobility as a function 

of temperature at different gate voltages is plotted and fitted using ߤ௘௙௙	~	ܶఈ. The value 

of α is about -1.85 at small over-threshold voltage and increases to -1.0 at large over-

threshold voltage. Larger over-threshold voltage will induce higher vertical electric fields. 

These mobility-temperature relationships suggest that electron-phonon scattering is a 

dominating factor in low-field conduction (optical phonon scattering for -2.0 > α > -1.5, 

acoustic phonon scattering for α ≈ -1.5), and as the gate electric field increases, interface 

charge Columbic scattering limits electron mobility in the Bi2Se3 nanowire FETs with α ~ 

-1. [166] 
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Fig.	5.6	(a)	ܫ஽ௌ‐ܸீ ௌ	at	different	temperature	from	77	K	to	295	K	with	 ஽ܸௌ	=	50	mV;	(b)	Data	extracted	
from	(a):	On‐state	and	Off‐state	current	as	a	function	of	temperature.	

 
 

Fig. 5.6(a) compares the transfer characteristics (ܫ஽ௌ-ܸீ ௌ) of a Bi2Se3 nanowire 

FET at different temperatures, all of which show unipolar, n-type, field effect behaviors. 

The ܫ஽ௌ-ܸீ ௌ curves obtained at temperatures lower than 240 K show a clear cutoff region 

ீܸ) in the subthreshold region (஽ௌ ≈ 0ܫ) ௌ ൏ ௧ܸ௛) and a large On/Off current ratio reaching 

108. The Off-state current for temperatures > 240 K flattens and saturates at negative 

voltages much below ௧ܸ௛. The temperature dependence of currents in the On and Off 

states are summarized in Fig. 5.6(b). The Off-state current for temperatures above 240 K 

was taken from the flat region while the On-state current was taken at ܸீ ௌ = 2.0 V. The 

Off state current starts increasing rapidly as the temperature increases above 240 K, while 

the On-state current keeps decreasing as the temperature increases. Such temperature 

dependence indicates metallic conduction in the On state and insulating behavior in the 

Off state.  
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Fig.	5.7	݈݊ሺܫ஽ௌሻ	at	Off	state	vs.	1/݇ܶ	above	240	K	and	its	fit	to	ܫ஽ௌ,ை௙௙ ൌ ଴݁ିாೌܫ ௞்⁄ .	
 
 

Fig. 5.7 shows a fitting of the strongly activated temperature-dependent current to 

஽ௌ,ை௙௙ܫ ൌ ଴݁ିாೌܫ ௞்⁄   where ܧ௔ is the activation energy, ݇ is Boltzmann’s constant, and ܫ଴ 

is a constant prefactor. The fit shows that ܧ௔ is about 0.33 eV which is very close to 

reported bandgap value of bulk Bi2Se3. 

 

5.3.3 Discussion 

These results can be interpreted phenomenologically as follows. In the Off state, 

the gate voltage is large enough to deplete the electrons from the nanowire. The small, 

temperature dependent Off-state current is due to thermal excitations across the energy 

band gap of the bulk of Bi2Se3. It also indicates that the electric field generated by the 

gate voltage below the threshold is likely to be strong enough to modify the spectrum of 

the nanowire and destroy the surface conduction channels. Numerical simulation has 
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phase transition to become a trivial band insulator. [167] In contrast to conventional 

semiconductor nanowires, the saturated current in the On-state is linear in gate voltage, 

indicating metallic conduction, and is most likely flowing at the surface of the nanowire. 

This interpretation is also consistent with the temperature dependence of the saturated 

conductance. These two regimes, the surface metallic conduction and the insulating 

switch-off, can be controlled by a surprisingly small gate voltage (a few Volts). Our data 

cannot unambiguously confirm or rule out the presence of Helical Dirac fermions. Future 

spectroscopic experiments and theoretical simulations on the spectrum and transport 

properties of Bi2Se3 nanowire FETs will shed more light on the phenomena reported here. 

 

 

Fig.	5.8	Subthreshold	slope	as	a	function	of	temperature,	its	fit	to	ܵ ൌ ݈݊10
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The switching performance of a FET is characterized by its subthreshold swing (ܵ) 

which is defined as the ܸீ ௌ swing to achieve 10 time increase of ܫ஽ௌ in the subthreshold 

region. While these Bi2Se3 nanowire FETs have a larger ܵ  value than the ideal 

thermodynamic limit, it is still much smaller than those often reported for nanowire-FETs 

based on conventional semiconductors. Fig. 5.8 shows the subthreshold swing of the 

Bi2Se3 nanowire FET at different temperatures and its fit to: 

ܵ ൌ ݈݊10
݇ܶ
ݍ
݊ ൌ ݈݊10

݇ܶ
ݍ
ሺ1 ൅

௖௛ି௚௡ௗܥ
௢௫ܥ

൅
௜௧ܥ
௢௫ܥ

ሻ 

where ܥ௖௛ି௚௡ௗ  is the capacitance between the nanowire surface and ground, and ܥ௜௧ is 

interface state capacitance. [161] It should be noted that the effect of dielectric interface 

states is negligible at low temperature because ܫ஽ௌ-ܸீ ௌ has almost zero hysteresis. From 

the fitting which assumes ܥ௖௛ି௚௡ௗ ⁄௢௫ܥ  has no temperature dependence, ܥ௖௛ି௚௡ௗ is about 

 .௢௫ or 7.3×10-10 F/m for the Bi2Se3 nanowireܥ0.56

 

5.4 Magnetotransport Measurements and Discussion 

Up to now, more and deeper research have been carried out on the topological 

surface states with the help of emerging advanced devices based on topological insulator 

nanostructure materials, which have large surface-to-volume ratio and can therefore 

manifest the surface effects. Transport measurements have been proved to be a 

straightforward approach to study the properties of low-dimensional electronic states.  

Magnetotransport study on topological insulator nanostructures to identify the 

surface states through the observation of quantum oscillations such as Shubnikov-de 
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Haas (SdH) oscillation and Aharonov-Bohm (AB) oscillation will be an effective 

approach for understanding the quantum phenomena in these materials. By applying 

magnetic field along the length of the quasi-1D nanostructures, the quantum interference 

effects will be observed when the electrons on the topological insulator surface states 

propagate in complete closed trajectories encircling a certain amount of magnetic flux 

(multiple of 
ଵ

ଶ
Φ଴ ൌ ݄/2݁). With the presence of strong surface disorder, even multiples 

of  
ଵ

ଶ
Φ଴ flux can lead to a fully localized state while odd multiples of 

ଵ

ଶ
Φ଴ flux will lead 

to a π AB phase resulting in a metallic state, demonstrated by conductance maxima in the 

݄/݁  oscillations. [168, 169] Recent transport measurements on topological insulator 

nanoribbons reported the AB interference with ݄/݁ oscillations. [117, 118] However, the 

conductance has been found to be minima instead of maxima at the predicted locations in 

the ݄/݁ flux period AB oscillations in these experiments. Such primary ݄/݁ oscillations 

as well as the secondary ݄/2݁  oscillations are most likely arising from the weakly 

disordered regime, resembling the ݄/݁ and ݄/2݁ AB oscillations in individual normal-

metal rings.  

In our work, we demonstrate the first experimental observation of the anomalous 

AB effect with strong disorder on the surface in high performance gate-surrounding 

Bi2Se3 nanowire FETs. We believe that the pronounced oscillations are due to the strong 

surface disorder introduced by tuning chemical potential through the surrounding top gate.  

The magnetotransport measurements of the Bi2Se3 nanowire FETs were carried 

out in a cryostat with magnetic field up to 9 T and temperature as low as 1.5 K (Fig. 

5.9(a)). As shown in Fig. 5.9(b), by turning On the Bi2Se3 nanowire FET through gate 
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biasing, pronounced oscillations in magnetoresistance have been observed by sweeping 

the magnetic field in the direction along the length of nanowire channel. The oscillations 

in channel resistance obtained at different gate voltage demonstrate an average oscillation 

period of ~ 1.92 T. For the ݄/݁ AB interference effect, such period corresponds to a cross 

section area of 2.15×10-15 m2 (~ 52 nm in diameter by assuming a cylindrical nanowire 

channel). This diameter is to be confirmed by further TEM measurements. In addition, a 

sharp localization peak was observed at zero-field, different from the antilocalization 

features demonstrated in Ref. [117] and [118]. This is probably due to different physics 

observed in these two experiments, more likely based on weak surface disorder, 

analogous to the AB oscillations in normal metal rings. [168] Further measurements and 

analysis would be necessary to confirm the origin of this phenomenon. 

 

   

Fig.	5.9	(a)	Schematic	diagram	of	a	Bi2Se3	nanowire	FET	in	magnetic	field	along	the	length	of	
nanowire	channel;	(b)	Magnetoresistance	vs.	magnetic	field	under	different	gate	voltage	at	4	K	and	

1.5	K.	
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We also characterized the AB oscillations when the Bi2Se3 nanowire FET was 

tuned to work in different regions by gate biases. But no periodic behavior was observed 

for the Off state, and diminished oscillations with only clear zero-field localization peak 

was observed for the subthreshold region. Enhanced AB oscillations were obtained only 

at gate biases in a small range around 3 V. It is also interesting to find out that when the 

gate voltage was biased below or beyond the range around 3 V while remaining the FET 

On state, the oscillation behavior faded to some extent, and there was a small shift in the 

location of the conductance maxima as well as the oscillation period. Similar trend was 

observed at T = 1.5 K, as shown in Fig. 5.9(b). This is probably due to the chemical 

potential’s position in the bulk gap tuned by the gate voltage. With varying chemical 

potential of the surface states, the conductance maxima will be shifted, corresponding to 

the fluctuation of the oscillation period. The oscillation amplitude would also show a 

dependence on the chemical potential and disorder strength which needs to be further 

confirmed. Nevertheless, these results might provide an effective approach to tune the 

AB oscillation through gate modulation. We believe that the magnetotransport properties 

of the topological insulator nanostructure involved in such a high performance 

semiconductor FET is very attractive for future applications in spintronics and sensing 

devices. 

 

5.5 Summary 

In summary, we have fabricated Bi2Se3 nanowire field-effect transistors by using 

a self-alignment technique and observed excellent device characteristics. The FETs show 



122 
 

unipolar, n-type behavior with a clear cutoff in the Off state with only thermally activated 

conduction at relatively high temperatures, and a well-saturated output current indicating 

surface metallic conduction. The effective mobility extracted for different gate voltages 

and temperatures indicates phonon scattering at low electric fields and surface Columbic 

scattering at larger electric fields. The achievement of sharp switching from cutoff to 

surface conduction and saturation current by a gate voltage of a few volts is neither 

expected nor has been previously reported. The different scaling behavior of the 

saturation current versus gate voltage in these devices relative to most conventional 

semiconductor nanowire FETs may lead to novel circuit applications.  The 

magnetotransport properties of the Bi2Se3 nanowire FETs have been studied and 

experimental observation of the anomalous AB oscillation has been demonstrated. AB 

interference under strong surface disorder has been observed, different from the recently 

reported results which are more likely to be observed in weak disorder region. Gate 

voltage dependence of the AB oscillation in the surrounding-gate FET is probably due to 

the changing in chemical potential of surface states. Our results in the electrical and 

magnetotransport characteristics of the Bi2Se3 nanomaterials will open up the possibility 

of electric manipulation of spin current and transport properties using gate voltage. 
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Chapter 6 Summary and Prospects for Future Work 

 

6.1 Concluding Remarks for the Dissertation 

My research has been focused on novel non-volatile memory and topological 

insulator nanowire FETs. First, dielectric stack engineering including multiple dielectric 

layers and redox-active molecules for charge storage have been designed, fabricated and 

fully characterized. Second, high-performance topological insulator nanowire FETs have 

been fabricated and characterized for understanding the principles and mechanism of the 

material and applications for future devices. The major findings of this dissertation are 

summarized in the following: 

1) The dielectric stacks in SONOS-like structure charge-trapping non-volatile 

memory have been engineered with prominent charge trapping materials and multiple 

stacks. Good memory behaviors including fast operation speed, good reliability, and 

sufficient charge storage density have been obtained. Multi-bit memory has been 

achieved through using novel dielectric stack with multiple charge-trapping layers. 

2) Hybrid silicon/molecular Flash memory have been fabricated and studied for 

high-performance non-volatile memory application. Redox molecule attachments have 

been characterized by CyV and XPS measurements. The molecular memory has 

demonstrated excellent P/E speed and endurance properties, making it very promising for 

on-chip memory applications. Multi-bit memory can also be achieved by utilizing 
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molecules with multiple redox centers, the attachment of which has been confirmed to be 

successful on Si structures. 

3) High-performance SiNW FETs have been fabricated. They exhibit excellent 

performance: high On/Off current ratio, small subthreshold slope and small leakage 

current. These self-aligned SiNW FETs provide good platform to realize real dielectric 

charge-trapping and molecular Flash memories in our research. 

4) Multiple dielectric stacks and redox-active molecules have been integrated into 

the gate stacks in Flash memory devices based on self-aligned SiNW FETs. Due to the 

scaling from the planar Si channel to SiNW, enhanced memory performance has been 

achieved in Flash memory devices. Multi-bit storage has been obtained in the dielectric 

Flash memory, and the molecular Flash memory demonstrates excellent endurance. 

5) Novel topological insulator Bi2Se3 nanowire FETs have been fabricated by 

using the self-alignment technique. Excellent device performance has been observed. 

Physics and mechanism of the material and electrical behavior have been analyzed. The 

separation of surface conduction from the bulk and the carrier scattering mechanism have 

been studied. 

6) Magnetotransport measurements of Bi2Se3 nanowire FETs have been carried 

out. First experimental observation of anomalous Aharonov-Bohm oscillation related to 

strong surface disorder has been demonstrated. Carrier propagation on the surface has 

been studied. Quantum mechanisms of the carrier transport and magnetoresistance 

oscillation have been preliminarily analyzed. 
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6.2 Prospects for Future Work 

There are a few areas that need further investigations and improvements in our 

research. First, new materials and device structures are keys for the future development 

of CMOS devices and Flash-like non-volatile memory. Gate stacks and charge storage 

materials need to be further engineered for better performance and distinct multi-bit 

memory. Second, integration of molecules with multiple redox centers on SiNW FETs 

for multi-bit Flash memory applications will further improve the memory density in 

molecular memory cells. Third, we will study the integration of the molecular Flash 

memory cells into programmable circuit arrays for microprocessors. Fourth, we need to 

develop further understanding of the fundamental principles behind the electrical 

characteristics shown in the topological insulator materials and devices in our 

experiments. For this task, we may need to analyze the topological insulator nanowire 

FETs by using other measurement methods, such as optical measurement, SdH 

oscillations and more AB interference studies. 
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