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Abstract 

It is no doubt that our society has been strongly supported by the remarkable progress of 

Si-based electronic devices. On the contrary, the emergence of new kinds of applications 

such as neuromorphic computing, and the predicted arrival of geometrical and economical 

limit of the device scaling have required the alternative strategy for future fertile society. 

In this context, two-dimensional (2D) materials have been increasing their prominence as 

a candidate for next-generation electronic material. As well as its field-effect-transistor 

(FET) applications, its non-volatile memory (NVM) applications have been aggressively 

studied. With the help of dry transfer technique, NVM devices based on 2D van der Waals 

heterostructures (2D heterostructured NVM devices) have been realized, and considered 

as promising candidates of next-generation NVM, since its dangling-bond free interfaces 

have potential to realize the interface trapped charge free NVM devices. In 2D 

heterostructured NVM devices, typically, transition metal dichalcogenides (TMDCs) are 

often used as channel materials, while hexagonal boron nitride (h-BN) and graphite or 

graphene are used as a tunneling barrier and floating gate (FG), respectively. In addition, 

because of the increasing attention of 2D materials-based FETs, future material 

compatibility can also be expected for 2D heterostructured NVM device. However, even 

though a lot of progress has been achieved from graphene channel device with non-2D 

materials to 2D heterostructured device, it has not been sufficiently supported by the 

understandings of their operation mechanisms, preventing further improvement and 

control of their performances as desired. The lack of understandings also leads to the 

invalid evaluation of their performances, that is, intrinsic performances of them are still 

unclear. Therefore, the objective of this study is to reveal the comprehensive operation 

mechanisms and their intrinsic performances. The study is conducted in bottom-up 

approach as follows. 

 First of all, new measurement technique called floating gate voltage (VFG) 

measurement is proposed, for unveiling the operation mechanisms behind standard 
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current–voltage (I–V) round sweep curves. Since VFG measurement can be performed by 

just adding another electrode onto the FG, it is applicable to any 2D heterostructured NVM 

devices. Measured VFG during I–V round sweep called VFG trajectory can be explained by 

two regions, which are capacitive coupling region with tilted VFG and feedback region with 

pinned VFG. The principle has been confirmed by experimental results. 

 Next, for reasonable performance evaluation, the validity of memory window 

extraction method is investigated since there are two different extraction methods which 

strongly depend on the research field. While I–V round sweep is widely used in 2D research 

field, I–V single sweep after program and erase (P/E) operation is used in Si research field. 

Consequently, VFG trajectory-based analysis has revealed that the memory window 

extracted by I–V round sweep is often overestimated. The criterion for the overestimation 

by I–V round sweep is also derived, and it is found that the criterion is easy to be satisfied. 

Therefore, as well as Si research field, I–V single sweep should be used for the extraction 

of memory window even in 2D research field. 

 Then, the VFG measurement is applied for three kinds of 2D heterostructured NVM 

devices. Since bandgap of 2D channel material and metal/2D interface are considered as 

the keys of device operation, three different materials (MoS2, WSe2, MoTe2) are used as 

the channels. On the other hand, all three devices have h-BN tunneling barrier and graphite 

FG. Interestingly, each device has inherent VFG trajectory while their I–V round sweep 

curves are very similar as well as previous studies. By analyzing the trajectories, 

comprehensive understandings of their operation mechanism can be revealed, in terms of 

three tunneling current limiting paths. Moreover, the validity of understandings is 

confirmed by experimental controls of VFG trajectory where the temperature, device 

structure, and sweeping rate are varied. Tunneling between source/drain (S/D) metal 

electrode and FG are experimentally proved for the first time, while previous studies have 

claimed that the 2D heterostructure was tunneling path. 

 Finally, intrinsic performances of 2D heterostructured NVM device is reasonably 

investigated as mainly focused on the P/E speed. Remarkably, 50 ns ultra-fast P/E 
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operation can be achieved by appropriately designed devices. To minimize the size of FG 

pad is the key for preventing the large tunneling current during fast P/E operation, which 

leads the h-BN breakdown. Although the superior 2D/2D interface seems to be the key, the 

controlled experiment revealed it is not the key. On the other hand, as compared with 

conventional SiO2, h-BN possesses stronger breakdown strength under high-speed voltage 

pulse stress, suggesting that the larger tunneling current can be allowed for h-BN. 

Importantly, the ultra-fast nature of 2D heterostructured NVM device is in the range of 

storage class memory, which is now strongly desired. Retention and endurance 

characteristics are also investigated, and 105 s retention and 5×104 P/E cycles endurance 

can be achieved for the MoS2 device with access region. Since the MoS2 device has large 

FG pad for VFG and tunneling current measurements, h-BN may be severely degraded due 

to large tunneling current as well as the speed test, suggesting that further improvement 

can be expected by the device with appropriately designed FG pad. 

 As the conclusion of this study, 2D heterostructured NVM device with graphite 

contact is proposed as a promising device structure. Although 2D/2D interface is not the 

key for the ultra-fast operation, it will be the key of great reliability. 
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Chapter 1 

Introduction 

 

1.1 Non-volatile Memory Technology 

Non-volatile memory (NVM) is one of the most important technologies in our society. 

Today, people use a smartphone, personal computer (PC), tablet etc. in their daily life. 

These computing systems must employ a non-volatile memory to store the huge amount 

of data without power supply. Thanks to its non-volatility, we can save the data and shut 

down our PC whenever we want, and we do not have to worry about our smartphone 

running out of battery with data loss. In addition, the popularization of internet and great 

progress of hardware technologies have resulted in the data driven society. As shown in 

Fig. 1-1, International Data Corporation reported the exponential expansion of global data 

in 20181. This means that, the importance of NVM technology will continue to increase in 

the future. 

 

At the beginning of information and communication technology (ICT) era, hard 

disk drive (HDD) had played an important role. Due to its huge capacity, HDD is often 

treated as a storage rather than a memory. In case of an HDD, ferromagnetic materials are 

significant to store the binary data “0” and “1” which correspond to poles of magnet. 

Magnetization of these materials can be electrically controlled2, and has an immunity 

against an environment, resulting in non-volatility of HDD. In other words, spin of electron 

Fig. 1-1 Exponential expansion of global data1. 
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is a key property for non-volatility. 

In 1984, F. Masuoka et al. has developed epoch-making non-volatile memory 

device called flash memory3. Schematic of flash memory is shown in Fig. 1-2. Charge 

trapping layer called floating gate (FG) is inserted between a control gate (CG) and channel. 

By applying the large positive (negative) voltage to the CG, electrons can be injected to 

(ejected from) the FG. Depending on a state of FG, that is, whether filled by electrons or 

empty, the device has two threshold voltages, corresponding to binary “0” and “1”, 

respectively. In addition, NAND type array configuration has realized the large-capacity 

semiconductor non-volatile memory, whereas NOR type array configuration has been used 

as an instruction storage memory for a processing unit. Both array configurations are 

Fig. 1-2 Schematic of a flash memory cell with (a) empty FG and (b) filled FG. 

p-well

n+ n+

Control gate (CG)

Floating gate (FG)

(a)

p-well

n+ n+

(b)

electron

Bit Line
Word Line

Source Line Source Line

NOR NAND

Word Line

Unit Cell

Unit Cell

Fig. 1-3 NOR and NAND array configuration of flash memory cells4. 
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illustrated in Fig. 1-34. Thanks to the large capacity of NAND flash memory, it has created 

new market such as USB drive and MP3 player instead of tape media5. Over the past 40 

years, NAND flash memory technology has been drastically updated. The details of these 

improvement and challenges are presented in next section. For the flash memory 

technology, charge of electron is a key property for non-volatility. 

Of course, volatile memories such as static random access memory (SRAM) and 

dynamic RAM (DRAM) have also played an important role in computing system. Since 

the volatile memories have lower capacity but higher speed than HDD and flash memory, 

these are used as a cache memory or working memory. At the early stage of ICT era, as 

illustrated in Fig. 1-4, non-volatile memories (NAND flash, HDD) and volatile memories 

(SRAM, DRAM) had well cooperated for an efficient computing. However, drastic 

improvements of each technology have resulted in the huge speed and capacity gap 

between memories. In addition, scaling of the metal-oxide-semiconductor field effect 

transistor (MOSFET) have led unexpected performance degradations called short channel 

effects (SCEs)6. One of SCEs is the increase of leakage current of MOSFET, which 

increases static power of SRAM and DRAM since MOSFET is a key component of them. 

For the purpose of filling the gap and achieving energy efficient computing, novel non-

volatile memory technologies have been emerged recently. At this stage, not only spin and 

SRAM

Core

HDD, NAND

DRAM

Speed

Capacity

Speed

Capacity Core

SRAM

DRAM

HDD, NAND

(a) (b)

≤ 1 ns

~10 ns

100 ms
~ 1 ms

Volatile memory

Non-volatile memoryGAP

Fig. 1-4 Memory hierarchy in computing system at (a) early stage of ICT era,  

and (b) current. 
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charge of electron, but also any physics can be a key component of non-volatility. For 

example, phase change RAM (PCRAM) utilizes the phase change between amorphous 

phase and crystal phase of the material7, and resistive RAM (ReRAM) often utilizes the 

soft breakdown of the metal-insulator-metal structure which can be controlled by applying 

voltage8. Especially, the ReRAM whose filament is formed by metal ion is often referred 

to as conductive bridge RAM (CBRAM). Whereas spin-transfer-torque magnetic RAM 

(STT-MRAM) utilizes the spin of electron as a key physics as well as HDD, it is 

manipulated in a different way. The new storage device called magnetic tunnel junction 

(MTJ) is employed, and spin-transfer-torque by spin polarized current changes the state of 

MTJ9,10. In addition, ferroelectric RAM utilize the ferroelectricity of the material11. Typical 

performances of them are summarized in Table 1-112. Although some of emerging 

memories are in the market, flash memory still maintains its dominant position as solid-

state drives (SSDs) or embedded storage in mobile applications4. Important point is that, 

to fill the gap with non-volatility. We can take any option to achieve it. No one knows what 

will be an essential non-volatile technology. 
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For the future, expansion of the territory of non-volatile memory is easy to be 

predicted, since many exciting applications have been emerged beyond the classical PCs. 

One interesting application is the neuromorphic computing. In 2012, great success of deep 

learning was announced in terms of object recognition13, which had been strongly 

supported by the progresses of hardware including memory devices, and the popularization 

of internet. Deep learning utilizes the neural network which mimic the human brain. 

Typical neural network and its conceptual hardware implantation is illustrated in Fig. 1-

514 where a neuron corresponds to a node, and synapse which is a connection point between 

neurons, corresponds to the weighted edge. As shown in the figure, NVM devices are 

required to store the weight. The purpose of their non-volatility is to save energy in 

neuromorphic computing. Here, each node performs the product-sum calculation as 

follows: 

𝑦𝑖 = 𝑤1𝑥1 + 𝑤2𝑥2 +⋯+𝑤𝑛𝑥𝑛, (1.1) 

where, yi is a calculated result of i-th node in current layer, xn represents the input from n-

N1

Nn

M1

Mm

Pp

P1

O1

Oo

Node

N1

N2

Nn

M1 Mm

Conductance 
pairs

+ - + -

Synaptic 
weight

Transistor
NVM

Fig. 1-5 Schematic of typical neural network and its hardware implementation by using 

non-volatile memory devices14. 
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th node in previous layer, and wn represents the synaptic weight. Therefore, neural network 

can be implemented by the NVM array since it can perform following calculation: 

𝐼𝑖 = 𝐺1𝑉1 + 𝐺2𝑉2 +⋯+ 𝐺𝑛𝑉𝑛, (1.2) 

where, Ii is current as a calculated result of i-th node, Gn represents the conductance of 

each NVM device as a synaptic weight, and Vn represents the voltage as a input from 

previous layer. Since machine learning technique including deep learning has versatility, it 

has been utilized everywhere, and its application will be further expanded, requiring the 

further improvement of non-volatile memory devices. 
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1.2 Si-based Flash Memory 

In this section, Si-based flash memory technology is overviewed by focusing on a memory 

cell. Flash memory, which is most popular semiconductor non-volatile memory, has 

changed the world as mentioned above. Tremendous efforts had been devoted to 

miniaturize the planer cell for realizing a low bit cost memory chip. Although planer cell 

finally reached the scaling limit, three dimensional (3D) NAND array which pave the 

alternative way for lowering the bit cost was proposed15. Although 3D NAND is in the 

mainstream of the recent market, its several challenges have been pointed out16. 

 

1.2.1 Planer Cell 

Since NAND flash memory was on the market in 1992, planer cell had been utilized as a 

memory cell for a long time. Comprehensive scaling roadmap of NAND flash memory 

technology by S. Aritome is shown in Fig. 1-65. According to the figure, planer cell 

Fig. 1-6 Comprehensive roadmap of NAND flash technology5. 
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technology had been used until the middle of 2010s. In this excellent miniaturization for 

low bit cost, there are two important requirements. One is the isolation between 

neighboring cells, and the other is to ensure the capacitive coupling ratio between FG and 

CG.  

Since flash memory cell is operated in a memory array, isolation between 

neighboring cells is very important. Whereas local oxidation of silicon (LOCOS) was used 

for isolation at the early stage of production (LOCOS cell in Fig. 1-6), shallow trench 

isolation (STI) replaced the role of LOCOS at the end of 1990s (SA-STI cell in Fig. 1-6 

where SA stands for self-aligned). 

Capacitive coupling ratio is related to the program and erase (P/E) operation. As 

schematically shown in Fig. 1-7(a), typical planer cell has FG FET structure, where poly-

Si is usually used as CG and FG. Here, insulator between FG and channel is called 

tunneling barrier or tunneling oxide, while the insulator between CG and FG is usually 

called interpoly dielectric (IPD). Therefore, as shown in Fig. 1-7(b), gate stack of planer 

cell equivalently represented by the serial connection of these capacitances, where CIPD 

and Ctun are the capacitance of IPD and tunneling barrier, respectively. When VCG is applied 

to the CG and p-well is grounded (Vwell = 0 V), potential of FG (VFG) can be determined 

by following equation: 

𝑉FG =
𝐶IPD

𝐶IPD + 𝐶tun
𝑉CG. (1.3) 

Since large VFG is required for tunneling between the FG and channel, large capacitive 

p-well

n+ n+

CG (poly-Si)

FG (poly-Si)

Tunneling barrier

Interpoly dielectric (IPD) 

(a)

Vwell

(b)
VCG

VCG

Vwell

CIPD

Ctun

Fig. 1-7 (a) Typical planer cell structure and (b) its equivalent circuit. 



Chapter 1. Introduction 

10 

 

coupling ratio is helpful for low voltage operation. Its typical value is 0.617. For this 

purpose, as shown in Fig. 1-8(a), FG is capped by IPD and CG for SA-STI cell with FG-

wing. Due to the requirement for further miniaturization, it was updated to SA-STI cell 

without FG-wing as shown in Fig. 1-8(b). The active area of Cpoly, highlighted by blue is 

larger than that of Ctun, highlighted by red, to ensure the coupling ratio. 

 

 Although low bit cost is a first priority of memory, single cell-level performance 

should also be focused on. One important metric is a memory window defined by the 

difference of threshold voltages. For the further reduction of bit cost, multi-level cell 

(MLC) technology, i.e., more than one bit are represented by one cell, has been developed. 

Actually, the word multi-level cell often represents the 2 bits/cell, while triple-level cell 

(TLC), quad-level cell (QLC), and penta-level cell (PLC) represent 3 bits/cell, 4 bits/cell 

and 5 bits/cell, respectively. Fig. 1-9 shows one example of Vth distributions of multi-level 

cell18. It is clear that the large memory window is required for multi-level cell technology 

to ensure the appropriate margin between the states. 

  

FG FG

STISTI STI

CG

Channel

CG

FG FG

STI STI STI

(a) (b)FG wing

Fig. 1-8 Cross-sectional view of SA-STI cell (a) with and (b) without FG wing5. 
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P/E speed is also important because it determines the range of applications. Since 

NAND flash memory has a large capacity while its speed is low (100 ms ~ 1 ms), it is used 

as a storage rather than working memory. Retention and endurance are related to the 

reliability of flash memory cell. Retention characteristic represents how robust the Vths of 

the device against time. Generally, non-volatile memory is required to keep the data for 10 

years without power supply. Since 10 years are too long to test, thermal accelerated test is 

often used for the evaluation19,20. Endurance characteristic represents how robust the Vths 

of the device against P/E cycles. According to the Table 1-1, typical value is 102~105 

cycles12 while it strongly depends on the product. 

  

(a) (b)

Fig. 1-9 One example of Vth distribution of multilevel cell.  

(a) Designed and (b) measured18. 
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1.2.2 Scaling Limit of Planer Cell 

As well as MOSFET, there are various scaling limitations for planer cell as shown in Fig. 

1-1016. According to the literature, most important issue is that cell-to-cell interference 

(CTCI). Since the distance between cells is shortened with scaling, neighboring FGs are 

coupled via parasitic capacitance. Thus, when the FG potential of selected cell is changed 

by electron injection or ejection, that of neighboring cell is also changed undesirably. As 

long as the capacitive coupling ratio can be ensured, reducing the FG thickness is one 

simple solution for CTCI21. 

  

Fig. 1-10 Scaling limitations in planer cell. The number indicates the seriousness. Smaller 

value means more serious16. 

Fig. 1-11 (a) Endurance and ECC bits trends22. Corresponding to the degradation of 

endurance, more ECC bits are required. (b) Conceptual illustration of severe effect by the 

interface trapped charges in a scaled cell. 

Future
0 1

Scaling

Interface trapped charge (×) become 
serious issue with scaling.

(a) (b)
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On the contrary, cell-level reliability issue should also be focused on. As shown 

in Fig. 1-11(a)22, endurance is predicted to be degraded with scaling. The degradation is 

more severe for multi-level cell. In addition, as shown in Fig. 1-11(b), the effect of single 

trapped charge on the Vth distribution become severe with the scaling, since the number of 

charges stored in the FG is decreased. Roughly speaking, the FG is scaled three-

dimensionally while the interface is scaled two-dimensionally, resulting in the severe 

condition for the scaled device. Due to this, “0” and “1” may no longer be distinguished. 

These cell-level reliability issues have been masked with advanced system-level techniques 

such as an error correction by error correction code (ECC) bits and a wear leveling, which 

is a technique to average the P/E cycles of each cell. Probably, in order to increase the 

presence of their product on the market, some cell-level reliability issues have been 

sacrificed instead of lowering bit cost. Although the severe reliability issues shown in Fig. 

1-11(a) is well known, multi-level scheme is often accepted. Needless to say, however, if 

the cell-level reliability issues are overcome, the system-level technique can be much 

simpler. Alternatively, if the system-level techniques are remained, more advanced cell 

such as TLC, QLC, and PLC cell can be realized.  

In case of planer cell, the conflict between the scaling and performance 

degradation finally reached the insurmountable phase. 
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1.2.3 Three-dimensional Cell 

Paradigm shift was occurred in 2007 by 3D NAND cell array15,23 shown in Fig. 

1-12. In 3D NAND flash memory, its capacity can be increased by stacking cell layers, 

that is, the density of cells can be increased free from lateral scaling. Therefore, design rule 

can be relaxed, and the space between neighboring cells is easy to be assured. Consequently, 

various scaling penalty of planer cell could be overcome. One example shown in Fig. 1-

13 which is reported at 2017 IEEE International Memory Workshop (IMW)24. In addition, 

charge trap (CT) type cell25 is coming into use instead of FG type cell26, since vertical CT 

type cells are easy to be fabricated as compared with vertical FG type cell. Typical cross-

sectional views of them are shown in Fig. 1-1427. Nowadays, 3D NAND is in the 

mainstream, and whether to use CT type or FG type strongly depends on the strategy of 

each company. 

 

(a)

(b)

(c) (d)

(e)

Fig. 1-12 (a) Birds-eye view and (b) top-down view of the 3D flash memory. (c) Enlarged 

view of the memory string, and (d) cross-sectional SEM image of the 3D flash memory 

array. (e) Equivalent circuit of the 3D flash memory23. 
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Fig. 1-14 Cross-sectional images of (a) CT type and (b) FG type 3D NAND flash 

memory27. CT type is sometimes employed for 3D NAND due to its structural simplicity. 

(a) (b)

Fig. 1-13 Performance comparison between planer NAND cell and 3D NAND cell24. 
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1.2.4 Challenges in Three-dimensional Cell 

Although some issues which planer cell encountered was temporally overcome, the glory 

of 3D cell will not last forever. The number of stacking layers has been increased28, and at 

present, it has reached 176 layers29. However, it must have a limitation. In addition, while 

lateral scaling (× 1/) could increase the density within a fixed area by the square (× 2), 

vertical stacking (× ) could increase the density only by the same amount of the 

multiplication (× ), where  and  are the constants larger than one.  

One possible solution is that the scaling of layer thickness. However, decreasing 

thickness of each layer makes neighboring cells closer, that is, same scaling limitations in 

planer cell shown in Figs. 1-10 and 1-11 reappear. If the charge trap layer is cylindrically 

covered the channel pillar, charge spreading become a serious issue as shown in Fig. 1-

1530. Moreover, poly-Si channel of 3D NAND is often problematic due to its grain 

boundary. For example, instability of read current has been reported due to the grain 

boundary31,32. 

  

Fig. 1-15 Simulation study of charge spreading in CT type 3D NAND flash memory for 

(a) neutral side cells and (b) programmed side cells30. 
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 Above discussions are summarized in Fig. 1-16. Previously, planer cell was in a 

mainstream of NAND flash memory product. For achieving low bit cost, tremendous 

efforts, including the change of cell structure, had been devoted to shrink the cell size in 

lateral dimension. However, many issues including poor reliability (cell-level) and CTCI 

(array-level) became severe issues with the scaling, and finally reached the scaling limit. 

Currently, even though the appearance of 3D NAND technology could solve the issues 

related to the lateral scaling, temporally, other issues resulted from its 3D structure and 

poly-Si channel have appeared. In addition, other efforts related to vertical direction have 

been required. In near future, consequently, same problems will be emerged again. 

Therefore, beyond the conventional Si technology, alternative strategy such as other 

material systems should be considered. 

  

Fig. 1-16 Brief summary of efforts and issues for Si-based flash memories. Although 

breakthrough was achieved by 3D NAND technology, the glory will not last forever. 
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1.3 2D Materials 

2D materials are composed of atomic layers which are bonded by weak van der Waals 

(vdW) force. Within each layer, strong covalent bonds are formed between neighboring 

atoms. In 2004, K. S. Novoselov and A. K. Geim et al. reported the experimental 

characterization of atomically thin graphene flake33. The innovative point is that they 

showed that atomically thin graphene can easily be isolated from bulk crystal by using 

scotch tape. For this achievement, they won the Nobel Prize in Physics in 2010, being the 

trigger for the abundant studies of 2D materials. Around 2010 is also a period when the 

limitation of planer technology was seriously claimed, and new strategy was aggressively 

explored. Therefore, it is quite natural that the graphene, which has ultra-high carrier 

mobility (e.g., ~15,000 cm2 V-1s-1 at room temperature for multilayer graphene33), was 

started to be studied as a promising candidate of next generation electronic devices. 

Although graphene as a channel for MOSFETs has lost researcher’s attention due to its 

zero-bandgap nature, 2D materials such as insulating hexagonal boron nitride (h-BN) and 

semiconducting transition metal dichalcogenides (TMDCs) have attracted much attention 

as candidates for new electronic/optical devices, since they have unique properties which 

are not limited to high mobility. Of course, graphene does not lose its importance as a 2D 

material. There are lots of researches for its novel properties and applications. 

 In this section, before discussing the 2D materials-based flash memory devices, 

basic properties and applications of 2D materials are overviewed. In addition, its 

heterostructure is also discussed. 
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1.3.1 Graphene 

 

Graphene is the most popular 2D materials in the world. As shown in Fig. 1-17, monolayer 

graphene shows a honeycomb structure. 2s, 2px and 2py orbitals of each carbon atom are 

hybridized to form three sp2 orbitals, resulting in strong interatomic bonds called  bond, 

while remained 2pz orbitals result in weak interatomic bonds called  bond. Since electrons 

in the 2pz orbitals ( electrons) does not contribute to the covalent  bond, it can contribute 

to the electrical conductivity of graphene. Based on the tight-binding approach, the 

electronic band structure for  electrons in graphene is derived as follows34: 

𝐸(𝑘𝑥, 𝑘𝑦) = ±𝛾0√1 + 4 cos (
𝑎𝑘𝑥
2
) cos (

√3𝑎𝑘𝑦

2
) + 4 cos2 (

𝑎𝑘𝑥
2
) , (1.4) 

where, E, 𝛾0 , and a are the energy of  electrons, transfer integral between nearest-

neighbor carbon atoms, and lattice constant of graphene (0.246 nm), respectively. In 

addition, k = (kx, ky) is the wave vector. The band structure is illustrated in Fig. 1-1834,35. 

Here, the point where two cones face each other is called Dirac point. Since Fermi level 

(EF) of graphene is located at Dirac point, linear E-k dispersion and corresponding density 

of states (DOS) shown in Fig. 1-1935 play an important role for possessing many interesting 

properties. 

  

(a) (b)C

Fig. 1-17 Atomic structure of graphene. (a) Top view and (b) side view. 
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In terms of FET applications, quantum capacitance (CQ) is one example of unique 

property of graphene. Strictly speaking, since CQ is resulted from low DOS of 2D materials, 

it is not limited for the graphene but for any 2D materials. When graphene is on the gate 

stack such as an SiO2/n
+-Si substrate, the conductivity of graphene can be modulated via 

the n+-Si back gate (BG). However, in contrast to 3D materials, graphene cannot screen 

the electric field from the BG completely due to its low DOS. At this time, EF of graphene 

is further modulated to serve sufficient charges in the graphene for screening the electric 

field, that is, the voltage is dropped across SiO2 and graphene itself. This can be modeled 

as the serial connection of two capacitances, Cox for the SiO2 and CQ for the graphene. CQ 

of graphene has been experimentally investigated36,37. 

(a) (b)

Fig. 1-18 Band structure for  electrons in graphene. (a) Three-dimensional view in k-

space35 and (b) 2D view along the lines with high-symmetry k-points34.  

Fig. 1-19 Density of states of graphene as a function of energy of electron when next 

nearest-neighbor hopping is not considered (t’ = 0). Energy term is normalized by nearest-

neighbor hopping energy t. The details are in the litelature35. 
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At the early stage of 2D research, graphene was treated as a channel material for 

next generation transistor due to its ultra-high carrier mobility33,38. However, since 

graphene has no bandgap, ON/OFF ratio is not large enough for the channel material. 

Although the role of graphene was superseded by semiconducting TMDCs as explained 

below, graphene and graphite are still attracted much attention from many viewpoints such 

as Cu diffusion barrier39, vdW contact to TMDC FETs40, charge trapping layer of memory 

devices41–44, and so on. 
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1.3.2 h-BN 

 

h-BN is the most popular 2D insulator with 5.97 eV of band gap45. High-quality h-BN has 

been grown by a temperature-gradient method under a high-pressure and high-temperature 

atmosphere45. Crystal structure is very similar to that of the graphene, that is honeycomb 

structure as shown in Fig. 1-20. Because the strong B-N bonding, h-BN has a great thermal 

tolerance up to 850°C46. This stable property of h-BN allows to be used as an atomically 

flat substrate47 and/or passivation film48. For example, Fig. 1-21 clearly shows that the 

ultimate flatness of h-BN results in the uniform charge distribution of graphene47. More 

importantly, since h-BN has a SiO2 comparable dielectric breakdown strength (~12 MV/cm, 

parallel to c-axis49), it is used as a gate dielectric with 2 ~ 4 of relative permittivity50 for 

2D heterostructured electronic devices. 

(a) (b)B N

Fig. 1-20 Atomic structure of h-BN. (a) Top view and (b) side view. 

 

Fig. 1-21 Height and charge density profile of graphene on h-BN and on SiO2 
47. 
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1.3.3 Transition Metal Dichalcogenides 

TMDCs are the famous semiconducting 2D materials. Its generic formula is MX2, where 

M represents a transition metal such as molybdenum (Mo) and tungsten (W), and X 

represents a chalcogen such as sulfur (S), selenium (Se), and tellurium (Te).  

 

In TMDC crystal, each transition metal atom is covalently bonded with six 

chalcogen atoms. Representative three phases of TMDC crystal are shown in Fig. 1-2251, 

where 2H phase is generally used as a semiconductor with 1~2 eV of bandgap52. Here, s, 

p, d-orbitals of transition metal are hybridized to from six-fold coordinate, and each sp3 

hybridized orbital of chalcogen is bonded to them. Interestingly, lone-pair electrons of 

chalcogen atom plays an important role in the bonding. Although standard covalent bond 

is formed when two atoms provide one electron per bond, for the covalent bond in TMDC 

crystals, vacant hybrid orbital of a transition metal is filled by lone-pair electrons in sp3 

hybridized orbital of chalcogen. Hereinafter, compositional formulas such as MoS2 or 

WSe2 represents the 2H phase of them for simplicity. 

  

Fig. 1-22 Representative three phases of TMDC crystal51. 
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One interesting property of TMDCs is that, layer number dependent electronic 

band structure. Fig. 1-23 shows the calculated band structures in first Brillouin zone of 

MoS2, MoSe2, WS2, and WSe2
53. As indicated by red arrows in Fig. 1-23(a), monolayer of 

them show the direct bandgap, while bilayer and bulk of them show the indirect bandgap 

as indicated by blue arrows in Figs. 1-23(b) and (c). Interlayer interaction is decreased 

with decreasing the layer number, resulting in the transition. This is sometimes referred as 

indirect-to-direct gap transition51. 

 

  

2L-MoS2

2L-WS2 2L-WSe2

2L-MoSe21L-MoS2

1L-WS2 1L-WSe2

1L-MoSe2

(a) (b)

Bulk-MoS2

Bulk-WS2

Bulk-MoSe2

Bulk-WSe2

(c)

(i) (ii)

(iii) (iv)

(i) (ii)

(iii) (iv)

(i) (ii)

(iii) (iv)

Fig. 1-23 Calculated electronic band structure of (a) monolayer, (b) bilayer, and (c) bulk 

MoS2, MoSe2, WS2 and WSe2 
53. 
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Fig. 1-24 summarizes the calculated bandgaps of TMDCs54. A wide variety of 

TMDCs provides us the tunability of bandgap by changing the material or layer number. 

This is one of the advantages of 2D material system which Si technology does not have. 

In addition, some high-quality TMDC crystals can be grown by a chemical vapor transport 

(CVT) technique or a physical vapor transport (PVT) technique55. These growth techniques 

enable the experimental study of various TMDCs. 

 

Among TMDCs, MoS2 illustrated in Fig. 1-25 is a popular semiconducting 

material due to its air stability. Its Brillouin zone is shown in Fig. 1-26(a), and calculated 

bandgaps and position of the band edge as a function of the number of layers are shown in 

Figs. 1-26(b) and (c), respectively56. Here, min point in Fig. 1-26 is same as Q point in 

Fig. 1-25 Atomic structure of MoS2. (a) Top view and (b) side view. 

(a) (b)Mo S

Fig. 1-24 Calculated bandgaps of bulk and monolayer (ML) TMDCs 54. 
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Fig. 1-23. As well as other TMDCs, the bandgap of MoS2 is increased with decreasing the 

number of layers. As shown in Fig. 1-26(c), conduction band (CB) edge at K point (CB(K)) 

and valence band (VB) edge at K point (VB(K)) are insensitive against the number of 

layers, while CB edge at min point (CB(min)) and VB edge at  point (VB()) are 

sensitive, resulting in different evolutions of bandgap shown in Fig. 1-26(b). This can be 

explained by different contribution from orbitals of the atoms. Roughly speaking, layer 

number insensitive edges (CB(K) and VB(K)) are mainly composed of in-plane orbitals of 

S and Mo atoms, whereas layer number sensitive edges (CB(min) and VB()) are mainly 

composed of out-of-plane orbitals of S and Mo atoms. Especially, according to their 

calculations, VB() is mainly composed of pz of S and 𝑑𝑧2 of Mo, which are sensitive to 

the interlayer interaction, while VB(K) is mainly composed of px and py of S, and dxy and 

𝑑𝑥2−𝑦2 of Mo, which are insensitive to the interlayer interaction. As a result, valence band 

maximum point is changed from VB(K) to VB(). More detailed calculation can be found 

in the reference56. It is noted that, as shown in the reference56, the difference of the layer 

number sensitivity cannot be fully understood by above explanations. 

  

(a)

(b) (c)

Fig. 1-26 (a) Brillouin zone of MoS2 with high-symmetry k-points. (b) Bandgaps and (c) 

position of band edge as a function of the number of layers. Energy value is indicated with 

respect to the vacuum level56. 
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In terms of FET application, MoS2 has been considered as one of promising 

candidate for channel material57 due to its strong immunity for the short channel effects. 

One surprising demonstration in 2016 from Ali Javey group (UC Berkley in US) is shown 

in Fig. 1-2758. They have demonstrated the 1D2D-FET schematically illustrated in Fig. 1-

27(a), which composed of MoS2 channel and single-walled carbon nanotube (SWCNT) 

gate with ZrO2 gate insulator. Although the gate length is only one nanometer (Fig. 1-

27(b)), as shown in Fig. 1-27(c), 65 mV/decade of subthreshold swing and ~106 of on/off 

ratio can be achieved with ~10-12 A/mm of off current. It should be noted that the effective 

channel length is about 3.9 nm, based on their simulations. Generally, operation 

mechanism of 2D FET is understood based of the Schottky barrier FET (SB-FET) model 

which well describes the ambipolar nature of 2D FET. Representative works for the MoS2 

FET by J. Appenzeller group (Purdue Univ. in US) is shown in Fig. 1-2859. If MoS2 and 

metals are isolated, the band alignment between them is determined as illustrated in Fig. 

1-28(a), suggesting that electron injection seems to be dominant for Sc or Ti contact while 

hole injection seems to be dominant for Ni or Pt contact. However, as shown in Fig. 1-

(a)

(b)

(c)

Fig. 1-27 (a) Schematic, (b) cross-sectional TEM image, and (c) transfer characteristics 

of 1D2D-FET58. 
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28(b), n-type behavior of MoS2 FET was obtained for all metals. According to their 

discussions, it is due to strong Fermi level pinning (FLP) at the metal/MoS2 interface. Fig. 

1-28(c) shows the relationship between Schottky barrier height at the interface (SB) as a 

function of work function of the metal (M). The slope dSB/dM is around 0.1, indicating 

that the situation is far from Schottky-Mott limit (slope = 1). Similarly, other TMDC FETs 

such as WSe2 FET60 and MoTe2 FET61 have been investigated based on the SB-FET model. 

On the contrary, N. Fang et al. have demonstrated the accumulation mode 2D FET (ACCU-

FET), where partial top gate (TG) can effectively modulate the conductance of 2D channel 

(Fig. 1-29)62. ACCU-FET model was originally proposed for silicon-on-insulator 

MOSFET63,64, where accumulated carriers (majority carriers) contribute the current flow. 

This is different from MOSFET in which inversion carriers (minority carriers) do so. Based 

on the fact, the operation mechanism of 2D FET should be understood by the combination 

of SB-FET and ACCU-FET model. 

  

(a)

(b) (c)

Fig. 1-28 Demonstration of SB-FET. (a) Band alignment between MoS2 and metals when 

they are isolated. (b) Experimental transfer curves. Inset shows the sketch of actual band 

alignment. (c) Extracted Schottky barrier height (SB) as a function of metal work function 

(M). Poor slope suggests the strong Fermi level pinning at the MoS2/metal interface59. 
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(a) (b) (c)

Fig. 1-29 Demonstration of ACCU-FET. (a) Conceptual illustration of ACCU-FET model 

as compared with SB-FET. (b) Photo of fabricated device. The margin between TG and 

S/D electrodes is called access region. (c) Transfer curves of MoS2 FETs. Partial TG 

effectively modulates the conductivity especially below 16 nm of thickness62. 
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1.3.4 2D Heterostructures 

Although interesting properties of 2D materials have been predicted and demonstrated as 

mentioned above, for unveiling the intrinsic property of them, it was necessary to wait for 

the emergence and development of 2D hetero-stacking technique. In other words, gate 

stack for 2D FETs is the key to access their intrinsic properties. 

 In conventional 3D material system, Si/SiO2 is a popular gate stack. Generally, 

the Si/SiO2 system is fabricated by thermal oxidation of Si65, and the improvement of 

Si/SiO2 interface quality is one driving force of development of integrated circuits (ICs), 

since channel of MOSFET is formed underneath the SiO2. However, volume expansion 

occurs during the oxidation, resulting in dangling bonds and strained region at the 

interface66. This is the origin of interface states in the bandgap of Si, which degrades the 

FET performances such as subthreshold swing (SS). 

 In this context, 2D materials have been attracted much attention since they are 

ideally free from dangling bonds on their surface. However, since the 2D FET had been 

fabricated on conventional 3D gate stack such as Si/SiO2, they were suffered from surface 

morphology and charged impurity in the 3D insulator, still preventing us to access their 

intrinsic properties. For example, according to the theoretical study of graphene, DOS and 

carrier density must be zero at the Dirac point, while current flow has been observed in 

graphene FET fabricated on a SiO2/Si substrate. The carrier density which contribute the 

current flow at the Dirac point is referred as residual carrier density (n*). At the early stage 

of graphene research, residual carrier density had been studied, and the origin has been 

considered to be the charged impurities on/in SiO2 
36. For TMDCs, situation is same. Y. H. 

Lee group (SKKU in Korea) reported the bandgap fluctuation of monolayer MoS2 as 

shown in Fig. 1-3067. Since 2D materials can partially follow the surface morphology due 

to its strong strain tolerance, local strain causes the local change of band structure, resulting 

in the fluctuation. 
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Therefore, it is inevitable that 2D hetero-stacking technique would emerge to 

obtain dangling bond free and atomically sharp interface in the gate stack. One of the 

advantages of 2D materials is that, the heterostructure is free from lattice mismatch issue 

due to their layered nature. Moreover, fortunately, there is a stable insulating 2D material, 

h-BN, which can act as an atomically flat substrate by masking the surface morphology 

and the effect from charged impurity on/in 3D insulators. 

  

The conceptual illustration of 2D heterostructure is shown in Fig. 1-3168. To 

realize the heterostructure, polymer assisted dry transfer technique has been developed69–

72. As expected, the gate stack with 2D/2D interface(s) enables us to access their intrinsic 

(a) (b) (c)

Fig. 1-30 Bandgap fluctuation in monolayer MoS2. (a) Line profiles along the dotted arrow 

in (b) where the value of bandgap is mapped. (c) Map of direct and indirect bandgaps in 

same region of (b)67. 

Fig. 1-31 Conceptual illustration of 2D heterostructure68. 
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properties. The good example is shown in Fig. 1-3273, where the evolution of graphene 

FET is summarized. Sharper resistivity peak, which represents the intrinsic property of 

graphene, is achieved with improving the interface quality by 2D hetero-stacking 

technique. In addition, all 2D heterostructured bilayer graphene FET (graphite TG/h-

BN/bilayer graphene channel/h-BN/graphite BG) has achieved quite sharp ambipolar 

behavior with less than 0.1 pA of off current74. Moreover, 2D heterostructured tunnel FET 

(TFET) shows less than 60 mV/decade of subthreshold swing due to atomically short pn 

junction at 2D hetero-interface75. More recently, moiré superlattice of 2D materials has 

been attracted much attention because non-trivial properties can be expected due to new 

and long periodicity of the superlattice76. For example, twisted bilayer graphene with about 

1.1° of twist angle shows the superconductivity near 0 K77. 

  

(a)

(b)

Fig. 1-32 Evolution of (a) fabrication technique and (b) corresponding electrical 

characteristics of graphene FET from generation 1 to 4. Sharper peak of normalized 

resistivity can be obtained with the evolution of generation73. 



Chapter 1. Introduction 

33 

 

1.3.5 Defects in 2D Materials 

As mentioned above, whereas 2D materials and their interfaces are often regarded as ideal 

one, that is, dangling bond free, the theory of thermodynamics requires the existence of 

defects in their crystals. This perspective is quite important for practical applications since 

it may be the key of the performance degradation. To understand the defects in 2D crystals 

leads to the further control and improvement of the performance. In this section, therefore, 

the defects in 2D materials are discussed from the thermodynamic point of view. Main 

focus is the defects in MoS2 since it has been well studied. 

 

According to the thermodynamics, when the reaction occurs spontaneously under 

constant pressure condition, following equation should be satisfied: 

Δ𝐺 = 𝐺f − 𝐺i < 0, (1.5) 

where Gf and Gi are the Gibbs free energy of final state and initial state, respectively. Here, 

the theory is utilized to estimate the number of point defects under thermal equilibrium. 

Consider a perfect crystal without any defects consists of N atoms per unit volume. When 

n point defects per unit volume are induced in the crystal, possible configuration of the 

system, W can be described as follows: 

𝑊 = 𝐶𝑛𝑁 =
𝑁!

𝑛! (𝑁 − 𝑛)!
. (1.6) 

Since the Gibbs free energy can be divided into enthalpy term and entropy term, G can 

be described regarding to defect formation as follows: 

Δ𝐺 = 𝑛𝐺𝑓 − 𝑇𝑘B ln
𝑁!

𝑛! (𝑁 − 𝑛)!
, (1.7) 

where, Gf, T and kB are the Gibbs’ free energy for one defect formation, temperature, and 

Boltzmann’s constant, respectively. The Gf is often referred as defect formation energy. 

The G and its first and second terms are illustrated in Fig. 1-33 as a function of n. While 

first term is increased with increasing the number of point defects since this is a penalty to 

form the defect, second term is decreased since increasing entropy is favorable for systems. 

According to the figure, it is clear that point defects should be induced in the crystal system 
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for thermodynamic stability. Under thermal equilibrium condition (G = 0), the number of 

point defects neq can be described as follows: 

𝑛eq = 𝑁exp(−
𝐺𝑓

𝑘𝐵𝑇
) . (1.8) 

Here, N >> n is assumed. Strictly speaking, pre-factor N should be multiplied Nc which is 

the number of inequivalent configurations. According to the equation, it is clear that the 

smaller the value of Gf, the more defects exist under thermal equilibrium. Here, Gf can be 

described as follows78: 

𝐺𝑓 = 𝐹(𝑑𝑒𝑓) − 𝐹(ℎ𝑜𝑠𝑡) + 𝑝𝑉𝑓 −∑𝑛𝑖𝜇𝑖
𝑖

+ 𝑞𝐸F + 𝐸corr, (1.9) 

where, F(def) and F(host) are the Helmholtz free energies of the system with and without 

the defect, respectively, and p and V f are the pressure and formation volume of the defect, 

respectively. The number of required atoms to form the defect is represented by ni, and its 

chemical potential per atom is represented by mi. Positive ni means adding the atom and 

vice versa. The subscript i of ni and mi represents a kind of adding/removing atom such as 

sulfur. The required charge to form the defect is represented by q. If one electron is required 

to form the defect, q = –1. Additionally, EF is the Fermi level position with respect to the 

vacuum level, and Ecorr is the correction term for reasonable calculation. 

From the equation, Gf can be considered as a function of chemical potential mi and 

Fermi level EF. Two calculation results for point defects in bulk MoS2 are shown in Fig. 1-

3478, where V f in Eq. 1.9 is assumed to be zero. Fig. 1-34(a) shows a (defect) formation 

energy (Gf) as a function of chemical potential of sulfur (ms). Since neutral charge state (q 

−𝑇𝑘𝐵 ln
𝑁!

𝑛! 𝑁 − 𝑛 !

n

ΔG

En
er

gy

0
neq

Fig. 1-33 Sketch of the G and its first and second term as a function of n. 
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= 0) is considered, formation energies for various defects are simply the functions of ms. 

Fig. 1-34(b) shows a formation energy as a function of EF, where Mo-rich limit (ms = –

1.25 eV) is considered. While various charge states e.g., q = 0, +1, –1, can be calculated, 

only most stable state is shown in the figure. Important point of this figure is that, the 

monosulfur vacancy (Vs), which often referred to simply as sulfur vacancy, has the lowest 

formation energy for wide range of ms and whole range of EF, suggesting that the sulfur 

vacancy is most popular point defect in MoS2. Although the situation is a little different 

for monolayer case or S-rich limit, this is consistent with experimental studies. 

Fig. 1-35(a)79 shows the histogram of point defects in various MoS2 monolayers, 

where ME, PVD and CVD represent mechanical exfoliation, physical vapor deposition, 

and chemical vapor deposition, respectively. As predicted by previous calculations, Vs is 

most popular point defect for ME and CVD MoS2 monolayers while MoS2 (antisite defect 

where one Mo atom substitutes two sulfur atoms aligned in column) is most for PVD MoS2 

monolayer. According to the figure, ME MoS2 monolayer has the fewest defects, and this 

is the reason why many researches use the ME 2D flakes instead of grown ones. The 
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Fig. 1-34 Calculated defect formation energies in bulk MoS2 as a function of (a) chemical 

potential of sulfur and (b) Fermi level78. 
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density of VS in ME is around 1013 cm-2, and its typical range is 5×1012–5×1013 cm-2 which 

has been reported by the litetature80.Fig. 1-35(b)81 shows the various point defects of CVD 

grown monolayer MoS2 observed by annular dark field (ADF) imaging on scanning 

transmission electron microscope (STEM). Various defects including VS are clearly 

observed experimentally. On the other hand, Kish graphite and h-BN are well known to be 

high-quality, as compared with MoS2. Defect density of Kish graphite is negligibly small82, 

and that of h-BN grown by Taniguchi group (NIMS in Japan) is about 109–1010 cm-2 

according to the litelature83. 

 

  

(a) (b)

Fig. 1-35 (a) Histogram of various point defects in MoS2 monolayers79. (b) STEM-ADF 

image of various point defects in CVD grown monolayer MoS2 
81. 
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1.4 2D Materials-based Flash Memory 

As described above, the period from the middle of 2000s to the early 2010s was a turning 

point for the electronics in terms of NVM, materials and applications, as follows. 

 

 Emerging NVM technologies has come to be regarded as promising candidates for 

filling the performance gap in the memory hierarchy. 

 In 2007, 3D NAND technology was presented15,23. 

 In 2010, K. S. Novoselov and A. K. Geim were awarded Novel Prize in Physics for 

their groundbreaking work regarding graphene33. 

 In 2012, deep learning achieved the great success in terms of object recognition13. 

 

As of 2021, each technology has been energetically promoted, and researches are 

becoming more interdisciplinary. In this context, 2D materials are increasing their 

prominence as for next-generation electronic devices84 due to their high crystallinity and 

interface quality. According to the International Roadmap for Devices and SystemsTM 

(IRDSTM) 2020, 2D materials are considered as one of key for beyond-CMOS 

(Complementary MOS) technology for the end of 2020s and beyond85. Moreover, in recent 

IEEE International Electron Devices Meeting (IEDM), ultra-scaled 2D FETs have been 

demonstrated as shown in Fig. 1-3686,87, and its promising future has been depicted88,89. 
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Therefore, as well as FET applications, it is inevitable that flash memory 

application of 2D materials has been aggressively studied. Considering the above-

mentioned circumstances, future material compatibility can be expected for 2D materials-

based flash memories. In addition, atomically sharp and dangling-bond free interface of 

2D heterostructure can be expected to improve the memory performance such as fast P/E 

speed, long retention, and tough endurance. Although single cell-level investigation is a 

mainstream due to the lack of high-quality and large area production method for 2D 

materials, there has already been a lot of studies. 

In analogy with the evolution of graphene FETs shown in Fig. 1-32, the evolution 

of 2D materials-based flash memory can be summarized as shown in Table 1-2, where 

typical back-gated device structures are also illustrated. 

At the early stage of research, generation 1, graphene had played a principal role 

mainly as a channel, while other materials which compose the gate stack still be 3D or zero 

(a)

(b)

(c)

(d)

Fig. 1-36 Recent demonstrations of ultra-scaled 2D materials-based MOSFETs. (a) Cross-

sectional TEM image of double gated WS2 FET with about 40 nm of channel length. Scale 

bar represents 10 nm. (b) Output characteristics of the WS2 FET. Overdrive voltage Vov is 

defined as Vgs–Vth 
86. (c) Cross-sectional TEM image of three monolayer MoS2 channel 

FET and (d) its transfer curves under various channel length conditions87. 
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dimensional (0D) materials. In generation 2, TMDC or BP superseded the role of graphene 

since they have semiconducting nature. Nevertheless, 3D and 0D materials were used for 

other parts. As the emergence of 2D hetero-stacking technique, 2D heterostructured NVM 

devices have been energetically studied. Currently, the research phase is in 3rd generation. 

Atomically sharp and flat, ideally dangling bond free, and lattice mismatch free 2D/2D 

interface as mentioned in section 1.3.4 have been expected in terms of not only 

performance improvements but also the expansion of the application. In this section, 

previous studies of 1st and 2nd generations are overviewed in sections 1.4.1 and 1.4.2, 

respectively. Previous studies of 3rd generation are separately overviewed in sections 1.4.3 

and 1.4.4 for standard memory device and advanced functional devices, respectively. 

Noted that, all of them are not CT type but FG type. Finally, the issues in recent 2D 

heterostructured NVM device is discussed. 

  

Table 1-2. Evolution of 2D materials-based flash memory devices. 

 

1st generation 2nd generation 3rd generation

Channel Graphene TMDC, BP TMDC, BP

Tunneling 
barrier

3D Insulator 3D Insulator h-BN

FG 3D, 0D material 3D, 0D material
Graphene, Graphite, 

TMDC

S/D 
electrodes

Metal Metal Metal

Si

SiO2

3D or 0D FG
3D barrier

Gra.

Si

SiO2

3D or 0D FG
3D barrier

TMDC, BP

Si

SiO2

Gra.
h-BN

TMDC, BP

Metal
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1.4.1 Graphene Channel Devices with Non-2D Materials 

 

As shown in Fig. 1-37, N. Zhan et al. have reported the graphene channel FET with 

HfO2/Ni nanocrystal/HfO2 stack, where Ni nanocrystal acts as a charge trapping layer90. 

In that study, over 20 V of memory window when sweep range is ±40 V, and 10 ms 

operation has been demonstrated. S. A. Imam et al. have also demonstrated the large 

hysteresis of graphene due to the Si3N4 charge trapping layer91. In addition, the paper 

entitled Graphene Flash Memory was published on ACS Nano by A. J. Hong et al. where 

large hysteresis of multi-layer graphene inserted MOS capacitor has been demonstrated in 

the capacitance-voltage curves92. 

Above three reports were published in 2011, just one year after the 

groundbreaking research of graphene was awarded the Novel Prize. Although they used 

graphene, conventional non-2D materials still be used. 

  

(a) (b) (c)

Fig. 1-37 Schematic of typical graphene channel device and its results. (a) Device structure 

of graphene channel device with Ni nanocrystal charge trapping layer. (b) I–V Round 

sweep curves with large hysteresis and (c) memory window trend against Vbg sweep 

range90.  
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1.4.2 Semiconducting 2D Channel Devices with Non-2D Materials 

 

Zero-bandgap nature of graphene is critical to the flash memory application, since the two 

stable states are difficult to be distinguished due to low on/off ratio. To overcome the issue, 

TMDCs and other semiconducting 2D materials have inherited the role of channel from 

graphene. For example, as shown in Figs. 1-38(a) and (b), H. Tian et al. have demonstrated 

the memory operation of black phosphorus (BP) channel FET with Al2O3 charge trapping 

layer93. Not only 3D materials, but also 0D materials were used as a charge trapping layer. 

As shown in Figs. 1-38(c) and (d), J. Wang et al. have demonstrated the memory device 

Fig. 1-38 Schematics of typical semiconducting 2D channel devices and their results.  

(a) Black phosphorus (BP) channel device with Al2O3 charge trapping layer and (b) its I–

V round sweep curves93. (c) Monolayer MoS2 channel device with metallic nanocrystal 

charge trapping layer and (d) its I–V round sweep curves94. (e) Operation mode switchable   

device with MoS2 channel, and its (f) three-terminal and (g) two-terminal operations95. 

(a) (b)

(c) (d)

(e) (f) (g)
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with monolayer MoS2 channel and metal nanocrystal charge trapping layer94. They have 

claimed that the memory window can be increased with increasing the work function of 

the metal nanocrystal. They have also demonstrated over 106 of on/off ratio, 10 ms P/E 

operation, and 2,000 s of retention characteristic. X. Hou et al. have proposed the operation 

mode switchable memory device95. As shown in Fig. 1-38(e), they used MoS2 and Al2O3 

encapsulated HfO2 as a channel and charge trapping layer, respectively. They have 

demonstrated not only three-terminal operation by BG pulse, but also two-terminal 

operation by drain pulse (Figs. 1-38(g) and (h)).  

 By using TMDCs and other semiconducting 2D materials as a channel, on/off 

ratio can be drastically increased. However, non-2D materials still be used in their 

device96,97. 
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1.4.3 2D Heterostructured Devices 

 

With the help of the development of dry transfer technique, 2D heterostructured devices 

have been aggressively studied since 2D/2D interface can be exploited. 

One of the pioneer works was given by M. S. Choi et al. in 2013, which. 

Schematic of their device and representative results are shown in Figs. 1-39(a)–(c)41. They 

have demonstrated two kinds of devices. One is the graphene/h-BN/MoS2 heterostructured 

device where graphene, h-BN, and MoS2 were used as a channel, tunneling barrier, and 

FG, respectively. The other is the MoS2/h-BN/graphene heterostructured device where 

MoS2 and graphene were used as a channel and FG respectively, while the role of h-BN 

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Fig. 1-39 Schematics of typical 2D heterostructured devices and their results. 

(a) Schematic of graphene channel/h-BN tunneling barrier/MoS2 FG heterostructured 

device and (b) its I–V round sweep curves. (c) I–V round sweep curves of reversely stacked 

device41. (d) WS2 channel/h-BN tunneling barrier/multi-layer graphene FG 

heterostructured device and (e) its I–V round sweep curves and (f) retention 

characteristics42. (g) Schematic of two-terminal tunneling RAM, and its (h) retention and 

(i) endurance characteristics43. 
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was maintained. In addition to the large on/off ratio, good retention characteristic can be 

obtained by MoS2/h-BN/graphene device as compared with the reverse stacked device. As 

shown in Figs. 1-39(d)–(f), D. Qiu et al. have designed the 2D heterostructure for 

negligible charge loss42. As a result of considering the band alignment of 2D 

heterostructure during retention period, they have claimed that the WS2/h-BN/multi-layer 

graphene is good stack in terms of non-volatility. Indeed, they have demonstrated only 

~13% charge loss after 10 years by extrapolation of the data at room temperature. It is 

worth noting that, they have also measured the tunneling current between the FG and 

channel, which is the key of device operation. As shown in Fig. 1-40, they fabricated 

another 2D heterostructure for the measurements, and tunneling current from WS2 channel 

to multi-layer graphene via h-BN has been measured and analyzed by Fowler-Nordheim 

(FN) plot. Other TMDCs such as MoTe2
98 and MoSe2

99 have been also used as a channel 

of 2D heterostructured devices. 

In addition, Q. A. Vu et al. have demonstrated excellent performances of MoS2/h-

BN/ graphene heterostructured device, while they claimed that this is not flash memory 

but tunneling RAM (TRAM) since it can be operated by two terminals (only source and 

drain)43. Schematic of the device and its typical results are shown in Figs. 1-39(g)–(i). 

Long time retention of 10,000 s, 105 of endurance, thermal stability at 510 K, and nearly 

20 % of strain tolerance have been demonstrated.  

(a) (b) (c)

Fig. 1-40 Tunneling current analysis in WS2/h-BN/multi-layer graphene heterostructure. 

(a) Device photo and measurement setup. The scale bar is 10 mm. (b) Measured tunneling 

current density and (c) its FN plot42. 
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1.4.4 Advanced Functional Devices 

 

Beyond that, the functionality of 2D heterostructured devices has been expanded. One 

important functionality is an artificial synaptic behavior. As mentioned above, neural 

network is composed of the weighted edge and node. Since the weight should be 

continuously controlled, precise control of the device conductivity is desired. As shown in 

Figs. 1-41(a) and (b), excellent controllability of device conductivity by the number of 

Channel MoS2

Upper h-BN

Underlying MoS2

Lower h-BN

Floating material
(Au, Al, Pd)

(a)

(c)

(e)

(b)

(d)

(f)

Fig. 1-41 Schematics of typical advanced functional devices and their results. 

(a) Double FG device and (b) its artificial synaptic behavior. By continuous application of 

voltage pulse, device conductance almost linearly modulated100. (c) Artificial synapse 

based on 2D heterostructure and (d) its artificial synaptic behavior101. (e) Optoelectronic 

memory device based on PtS2/h-BN/graphene heterostructure and (f) its optical 

controllability of the device conductance assisted by gate voltage pulse102. 
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pulse has been demonstrated by MoS2/h-BN/MoS2/h-BN/Au heterostructured device100. 

Fig. 1-41(c) also shows the artificial synaptic device based on 2D heterostructure. 

Although h-BN encapsulated MoS2 and graphene heterostructure was used, tunneling was 

occurred between external FG on the 2D heterostructure and drain electrode. In addition 

to a good conductance controllability shown in Fig. 1-41(d), conductance change by 50 ns 

ultra-fast pulse has been demonstrated101. 

On the other hand, optoelectronic memory devices have also been demonstrated. 

For example, Y. Chen et al. fabricated the PtS2/h-BN/graphene heterostructure as an 

optoelectronic memory device as shown in Fig. 1-41(e)102. They have claimed that the 

asymmetric barrier height at PtS2/h-BN interface enables to separate the generated electron 

hole pairs under light illumination, resulting in an optical controllability of memory states. 

Similarly, both electrical and optical controllability for the device conductance has been 

demonstrated by MoS2/h-BN/graphene heterostructure103. 
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However, above mentioned evolutions have not been sufficiently supported by the 

understandings of operation mechanisms. At present, proof-of-concept works have taken 

precedence over the understandings, weakening the foundations of 2D materials-based 

flash memory technology. Specifically, three issues shown in Fig. 1-42 should be solved. 

1) memory window, which is most basic and important metric for memory performance 

evaluation, is extracted by unusual way, and 2) the effect of the bandgap of 2D materials 

and metal/2D contact on the memory operation is still unclear. In addition, as exemplified 

in Fig. 1-4341,102,104, since the source and drain (S/D) metal electrodes have been 

overlapped on the FG, poor metal/2D interface cannot be excluded from the possible 

tunneling paths. One simple solution to restrict the tunneling path in 2D heterostructure is 

to make the access region as shown in Fig. 1-44. However, as summarized in Table 1-3, 

(a) (b) (c)

Fig. 1-43 Examples of S/D electrodes overlapping on the FG. (a) MoS2/h-BN/graphene 

heterostructure41, (b) BP/h-BN/MoS2 heterostructure104, and (c) PtS2/h-BN/graphene 

heterostructure102. 

Fig. 1-42 Three issues to be solved for recent 2D heterostructured NVM devices. 
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most of previous studies in 2nd and 3rd generations did not make the access region. 

Therefore, their claim that “the 2D heterostructure is the tunneling path” must be 

reconsidered. This is quite risky situation because the validity of above results has not been 

supported. This is also wasteful situation because the fertile variety of 2D materials cannot 

be utilized effectively. Due to this, 3) the intrinsic performances are still unknown. 

Therefore, the operation mechanisms should be comprehensively supported as soon as 

possible, and after that, the intrinsic performances should be investigated. 

 

 

  

2D Channel

2D FG

2D tunneling barrier

Metal S/D

Si

SiO2

Si

SiO2

Access region

Possible tunneling path

w/o access region w/ access region

Fig. 1-44 Possible tunneling paths in the device with and without access region. 
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Table 1-3. Summary of the previous studies. Materials, structure and characteristics. 

QDs in this table represent quantum dots and black phosphorus, respectively. 
* The device has both top gate and back gate, and FG exists only in top gate side. 
† Columns “Id (drain current) plateau” and “ohmic contact” will be discussed in chapter 4. 

  

No. Channel Tunneling 
barrier 

FG Access 
region 

Id plateau† 
(scale) 

Ohmic 
contact† 

Ref. 

1 MoS2 h-BN 
multi-layer 
graphene 

No Yes (log)  105 

2 ReS2 h-BN Graphene No Yes (linear) Confirmed 106 

3 MoS2 h-BN graphene No Yes (linear)  107 

4 PtS2 h-BN graphene No Yes (log) Confirmed 102 

5 MoTe2 h-BN graphene No Yes (linear)  98 

6 MoS2 h-BN graphene No Yes (linear)  108 

7 MoS2 h-BN metal No No Confirmed 109 

8 MoS2 h-BN MoS2 & 
metal 

No Yes (linear)  100 

9 MoSe2 h-BN graphene No Yes (log) Confirmed 99 

10 BP/graphene 
hetero-stack 

h-BN graphene No Yes (log) Confirmed 110 

11 WS2 h-BN 
multi-layer 
graphene 

No Yes (linear) Confirmed 42 

12 BP h-BN MoS2 No Yes (linear) Confirmed 104 

13 MoS2 h-BN graphene No Yes (linear)  41 

14 BP h-BN graphene No Yes (log) Confirmed 111 

15 WSe2 Al2O3 CdSe QDs No No Confirmed 96 

16 MoS2 HfO2 
metallic 
nanocrystal No Yes (log) Confirmed 94 

17 MoS2 HfO2 
few-layer 
graphene No No Confirmed 97 

18 MoS2 Al2O3 HfO2 No No Confirmed 112 

19 MoS2 h-BN graphene Yes* No*  113 

20 BP h-BN graphene Yes No Confirmed 111 
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1.5 Objectives and Organizations of the Thesis 

The objective of this study is to reveal the comprehensive operation mechanisms and 

intrinsic performances of 2D heterostructured non-volatile memory devices. For the 

purpose, this study was conducted by following four steps. 

 

Step 1: New measurement called floating gate voltage (VFG) measurement is proposed. 

Step 2: The validity of the memory window extraction method is discussed. 

Step 3: Comprehensive understandings of memory operation are provided. 

Step 4: Performances are reasonably investigated based on above understandings. 

 

 In chapter 2, VFG measurement is proposed to unveil the operation mechanisms 

behind the standard I–V round sweep transfer curves. Starting from the device fabrication 

procedure, characterization of the fabricated devices by atomically force microscopy, 

Raman spectroscopy and transmission electron microscopy are explained. Following the 

conceptual explanation of the principle of VFG measurement and its result called VFG 

trajectory, that is experimentally confirmed. VFG trajectory can be described by two regions, 

i.e., capacitive coupling region with tilted VFG and feedback by tunneling region with 

pinned VFG. Additionally, the effect of quantum capacitance of graphene FG on the VFG 

trajectory is discussed. 

 In chapter 3, the validity of memory window extraction method is discussed 

based on the VFG trajectory. The importance of memory window as a fundamental metrics 

is emphasized first, two different methods to extract the memory window, which depend 

on the research fields, are explained. Next, the memory window of fabricated MoTe2 

channel memory device is experimentally extracted by the two methods. Difference of 

obtained two memory windows are discussed based on the VFG trajectory, and it finally be 

concluded that the memory window extracted by I–V round sweep transfer curves are 

generally overestimated. To expand the generality of the discussion, criterion for memory 

window overestimation is derived. 
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 In chapter 4, operation mechanisms are comprehensively revealed. Proposed VFG 

measurement is applied for fabricated three devices, i.e., MoS2, WSe2 and MoTe2 channel 

devices. Inherent VFG trajectories are resulted from each device whereas the standard I–V 

round sweep transfer curves are very similar. By analyzing the VFG trajectories in detail, 

the operation mechanisms are understood in terms of three current limiting paths. 

Moreover, based on the understandings, VFG trajectory can be controlled as expected, 

which further supports the validity of the understandings. Tunneling between S/D electrode 

and FG is experimentally proved for the first time, suggesting that the tunneling path 

claimed in most of previous study is invalid. Interestingly, the origin of drain current (Id) 

plateau in round sweep transfer curves, which is often observed in previous study, can also 

be explained by the VFG trajectory. 

 In chapter 5, performances of 2D heterostructured non-volatile memory is 

reasonably investigated as mainly focused on the P/E speed. Surprisingly, 50 ns P/E 

operation can be achieved by appropriately designed device, which is comparable to the 

operation speed of storage class memory. Although superior 2D/2D interface seems to be 

the key, control experiment reveals that it is not the key. Breakdown test by using the pulse 

generator suggest the strong breakdown strength of h-BN under fast voltage pulse stress is 

the key. In addition, retention and endurance of the MoS2 channel device are also 

investigated. There are 105 s and 5×104 P/E cycles, respectively. They are comparable to 

previous studies. 

 In chapter 6, above findings are summarized. For future development of 2D 

heterostructured non-volatile memory technology, some outlooks are discussed. 

 

It is noted that, while 2D heterostructured non-volatile memory devices (2D 

materials-based FG type flash memory cells, 3rd generation and beyond) are focused on 

throughout this thesis, most of the findings can be extended to previous generations as well. 
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Chapter 2 

VFG Measurement for 2D Materials-based Flash 

Memory 

 

Different from conventional Si technology, a wide variety of 2D materials is a great 

advantage for designing memory devices. Especially, there are infinite combinations for 

constructing 2D heterostructured non-volatile memory (NVM) devices. In general, semi-

metallic graphene or graphite is used as a floating gate (FG), h-BN is used as a tunneling 

barrier, and semiconducting 2D material such as transition metal dichalcogenides 

(TMDCs) and black phosphorus (BP) is used as a channel. In order to demonstrate its 

memory operation, drain current (Id)–gate voltage (Vg) round sweep measurement is 

always employed, which may be resulted from the history of hysteresis analysis in 2D 

research field. However, the information obtained from Id–Vg round sweep measurement 

is quite limited, e.g., channel polarity, subthreshold swing, on/off ratio and threshold 

voltages (Vths). Moreover, most of 2D materials-based flash memory device, including 2D 

heterostructured NVM device, have shown similar Id–Vg round sweep curves even though 

stacking materials are different. This obscures us to obtain a clear insight of their operation. 

In other words, the wide variety of 2D materials has not been properly exploited yet. 

Therefore, new measurement technique which gives us the clear insight has been strongly 

demanded. 

 In this chapter, floating gate voltage (VFG) measurement for 2D materials based-

flash memory device is proposed. Since VFG governs the tunneling between the FG and 

channel, the result called VFG trajectory is expected to unveil the operation mechanisms 

behind Id–Vg round sweep transfer curves. Starting from the device fabrication procedure, 

the principle of the VFG measurement and expected VFG trajectory are explained. Following 

the experimental proof of the principle, effect of quantum capacitance of graphene FG is 

discussed, since monolayer graphene is often used as an FG. 
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2.1 Device Fabrication and Characterization 

 

2.1.1 Device Structure 

 

Figs. 2-1(a) and (b) illustrates the schematics of 2D heterostructured NVM device. The 

heterostructure was fabricated on the 90 nm SiO2/n
+-Si substrate which acts as a gate 

insulator and global back gate, respectively. Graphite and h-BN were used as an FG and a 

tunneling barrier, respectively, and TMDC was used as a channel material. The electrodes 

are composed of thermally evaporated Ni/Au stack. Since this is a standard heterostructure 

for 2D heterostructured memory, it can be expected that the advantage of proposed VFG 

measurement over the conventional Id–Vg measurement will be highlighted. Not only 

source and drain (S/D) electrodes, but also FG electrode was attached, which enables us to 

measure the VFG and tunneling current between the FG and channel. As shown in Fig. 2-

1(b), the margin between graphite FG and S/D electrodes called access regions were 

Fig. 2-1 Schematics and photos of 2D heterostructured NVM device. (a) Birds eye view 

and (b) cross-sectional view of the device. (c)–(e) Photos of fabricated MoTe2, WSe2, 

MoS2 channel devices, respectively. The scale bars represent 5.0 mm. 
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designed in order to restrict the tunnel path in the 2D heterostructure. The channel region 

over the FG is denoted as FG region in this study, to distinguish it from access region. 

The photos of fabricated devices are shown in Figs. 2-1(c)–(e). In this study, three 

different TMDCs, MoS2, WSe2 and MoTe2 were used as a channel. The thickness of each 

2D materials measured by atomic force microscope (AFM) are summarized in Table 2-1. 

Since 2D interface is a focus point of this study, thickness of the flakes is not crucial point, 

that is, monolayer TMDCs or graphene is not necessarily required. The values of thickness 

are interpreted that they have bulk properties. 

 

Table 2-1. Thickness of each 2D material measured by AFM. 

Device Channel Tunneling barrier FG 

MoTe2 channel device 8.3 nm (MoTe2) 15.0 nm (h-BN) 6.9 nm (Graphite) 

WSe2 channel device 4.5 nm (WSe2) 9.6 nm (h-BN) 9.2 nm (Graphite) 

MoS2 channel device 3.2 nm (MoS2) 10.6 nm (h-BN) 2.5 nm (Graphite) 

 

Here, important properties of these TMDCs are summarized in Table 2-254. 

According to the table, bulk bandgaps (Egs) and polarity for Ni contact are different for 

each TMDC channels, that is, the effect of Eg and polarity of the channel on the device 

operation will be elucidated based on the appropriate comparison and analysis of the results. 

This is the reason why these TMDCs are selected as channel materials in this study. 
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Table 2-2. Important properties of TMDCs used for the channel54. 

 Bulk Eg
 Polarity for Ni contact 

MoTe2 1.01 eV Ambipolar 

WSe2 1.33 eV Ambipolar 

MoS2 1.35 eV n-type 

 

 

2.1.2 Fabrication Procedure 

 

Next, fabrication procedure is explained in detail. The dry transfer system shown in Fig. 

2-2(a) was employed to fabricate the 2D heterostructures. Fig. 2-2(b) shows the schematic 

of micromanipulator alignment system highlighted by yellow in (a). Before the stacking, 

each 2D material was mechanically exfoliated by a scotch tape and transferred onto the 

polydimethylsiloxane (PDMS) film. The 90 nm SiO2/n
+-Si substrate was pre-heated on a 

hot plate at 200°C for 2 minutes to eliminate the water molecules adsorbed on the surface. 

Fig. 2-2 (a) Photo of the dry transfer system and (b) schematic of the micromanipulator 

alignment system highlighted by yellow in (a)70. 
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After that, graphite FG, h-BN tunneling barrier and TMDC channel were subsequently 

transferred from PDMS to the substrate. As shown in Fig. 2-2(b), an aluminum slope with 

~3° of tilt was used to suppress the bubbles at hetero-interfaces71 . In addition, substrate 

was heated up by Peltier element for 110–120°C for graphite and h-BN transfer, and for 

50–70°C for TMDCs transfer, respectively. The DC supply shown in Fig. 2-2(a) is 

connected to the Peltier element and used for increasing its temperature. 

 

Photos after each process of WSe2 channel device are shown in Figs. 2-3(a)–(d). 

Following the 2D dry transfer, standard electron-beam lithography was carried out to 

define the position of electrodes. For measuring the VFG, not only S/D electrodes, but also 

FG electrode was designed. Then, Ni and Au were subsequently deposited by vacuum 

thermal evaporation system with 5×10-5–1×10-4 Pa. 

  

Fig. 2-3 Photos after each process. After (a) graphite transfer, (b) h-BN transfer, (c) 

WSe2 transfer, and (d) electrodes fabrication. 
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2.1.3 Characterization by Raman Spectroscopy 

 

Fig. 2-4 (a) Wide range of Raman spectra of the WSe2 device. Point 1–4 correspond to 

each point shown in the inset. (b) and (c) Enlarged spectra of the WSe2 at point 1 and h-

BN at point 4. (d) and (e) Raman spectra of MoTe2 and MoS2 used in the devices. 
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To characterize the crystallinity of each 2D material used in the 2D heterostructured NVM 

devices, Raman measurement was carried out. Fig. 2-4(a) shows the wide range of Raman 

spectra of the WSe2 channel device. A position of each point is shown in the inset. The 

spectrum at each point well represents the stacking materials. Figs. 2-4(b) and (c) show 

the enlarged spectra of WSe2 at point 1 and h-BN at point 4. Although 𝐸2  peak of h-BN 

is not observed at point 1 and point 2 since there is a WSe2 flake over the h-BN, it is clearly 

seen in the Fig. 2-4(c). Figs. 2-4(d) and (e) show the enlarged spectra of MoTe2 and MoS2. 

These peak positions are well consistent with previous studies114–118, and their sharpness 

represents the good crystallinity of each 2D material used in this study. Measurement 

condition is as follows. Laser powers are 0.38 mW for points 3 and 4 in Figs. 2-4(a) and 

(c), and 0.06 mW for others, respectively. Laser spot size and wave length are ~1 mm and 

488 nm, respectively.  
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2.1.4 Characterization by AFM and TEM 

Next, quality of the 2D heterostructure was confirmed by AFM and transmission electron 

microscopy (TEM). s. 2-5 shows the AFM result of the WSe2 device. Thanks to the dry 

transfer technique as explained in the section 2.1.2, clean 2D/2D interfaces can be achieved. 

 

 

Fig. 2-5 AFM image of the WSe2 device. Clean 2D/2D interfaces can be achieved by 

the dry transfer technique explained in section 2.1.2. 

Fig. 2-6 Cross-sectional TEM image of typical MoS2/h-BN/graphite heterostructure on 

SiO2/n
+-Si substrate fabricated by the dry transfer technique. 
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Fig. 2-6 shows the cross-sectional TEM image of typical MoS2/h-BN/graphite 

heterostructure fabricated by using the transfer system. Atomically sharp interfaces are 

clearly observed. Therefore, it can be said that the dry transfer technique can fabricate a 

high-quality 2D heterostructure. 

 

 

2.2 Principle of VFG Measurement 

 

2.2.1 Measurement Setup 

Next, the principle of VFG measurement is explained. Fig. 2-7 shows the setup for VFG 

measurement. The probe is contacted to the FG electrode and it is set to be voltage 

measurement mode by using the semiconductor parameter analyzer (Keysight B1500). 

Since the probe is set to be zero-current condition, no charge flow between the probe and 

FG during the measurement can be ensured. Thus, VFG and Id can be measured 

simultaneously during back gate voltage (VBG) round sweep. Standard round sweep in this 

study is that, VBG is swept from –30V to +30 V first (positive sweep), and swept from +30 

V to –30 V next (negative sweep). 

  

Fig. 2-7 Schematic of the setup for VFG measurement. 

VBG round sweep (±30 V)

• Voltage measurement mode
• Zero-current condition 100 mV

No charge flow

✕
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2.2.2 Expected VFG Trajectory 

In order to understand the novel result called VFG trajectory, expected one is considered 

first with band diagrams. Fig. 2-8(a) schematically illustrates the cross section of the 

device and expected VFG trajectory superimposed on typical Id–VBG transfer curves. Fig. 2-

8(b) shows the band diagrams along the line A–B shown in (a). The band diagrams are 

divided into six parts and they correspond to the important points of the trajectory labeled 

in (a). In this explanation, tunneling carrier is assumed to be hole since hole tunneling is 

experimentally confirmed as discussed in chapter 4. However, electron tunneling is also 

applicable since electron tunneling from channel to FG is equivalent to hole tunneling from 

FG to channel, in terms of FG potential modulation. 

 At first, VBG is swept from Vstart to Vturn as shown in Fig. 2-8(a). Point 1 is the 

Fig. 2-8 The principle of VFG trajectory. (a) Schematic of cross section of the device and 

expected VFG trajectory superimposed on a sketch of typical Id–VBG transfer curves. (b) 

Band diagrams along the 2D heterostructure (A–B) shown in (a). Six points correspond 

to each point of VFG trajectory labeled in (a). 
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starting point of VBG positive sweep. Just after the application of Vstart (<0 V) to the BG, 

VFG is strongly decreased to negative value due to capacitive coupling between FG and BG, 

resulting in a hole tunneling from the channel to FG. Since accumulated holes in the FG 

increase the VFG, hole tunneling is stopped when VFG reaches the negative side of tunnel 

starting voltage (𝑉tun
(−)

). Therefore, VFG trajectory is started from 𝑉tun
(−)

. At the initial stage 

of VBG positive sweep, VFG is linearly increased with increasing VBG due to the capacitive 

coupling. This is labeled as point 2, and called capacitive coupling (CC) region in this 

study. In this region, the slope of VFG can be written by following equation17: 

d𝑉FG
d𝑉BG

=
𝐶ox

𝐶ox + 𝐶BN
, (2.1) 

where, Cox and CBN are the capacitance of SiO2 between the FG and BG, and the 

capacitance of h-BN between the channel and FG, respectively. Although Eq. 2.1 is valid 

when relatively thick graphite is used as an FG since the graphite can completely screen 

the electric field from BG, monolayer graphene has been often used as an FG (see table 4-

1). In that case, the role of quantum capacitance become important as discussed in the 

Fig. 2-9 Photo of typical FG electrode. The MoTe2 device is used as an example. Huge 

FG electrode results in a condition of Cox >> CBN. 

MoTe2

500 mm

S/D

FG electrode

S/D

FG
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section 2.4. Additionally, as shown in the Fig. 2-9, the area of FG electrode (>100 mm × 

100 mm) is much larger than that of the channel and FG overlap area (~2.0 mm × 2.0 mm), 

resulting in a condition of Cox >> CBN. Therefore, the slope of VFG against VBG is almost 

one. Beyond the point 2, hole tunneling from graphite FG to the channel is occurred when 

the VFG reaches the positive side of tunnel starting voltage (𝑉tun
( )

). As illustrated in point 3 

of Fig. 2-8(b), just after the increment of VBG (VBG), VFG is also increased due to 

capacitive coupling. However, the hole tunneling returns VFG to 𝑉tun
( )

, resulting in a flat 

trend of VFG pinned at 𝑉tun
( )

 . This plateau region is called feedback by tunneling (FT) 

region in this study. Even at the end of positive sweep, point 4, VFG is remained at 𝑉tun
( )

. 

Therefore, when sweep direction is switched back at VBG = Vturn, VFG is immediately 

decreased with VBG as illustrated in point 5 of Fig. 2-8(b). Since this is also the capacitive 

coupling region, the slope, dVFG/dVBG, is same as that at the point 2. Finally, VFG reaches 

𝑉tun
(−)

  and the hole tunneling from the channel to FG leads to the flat trend of VFG as 

illustrated in point 6 of Fig. 2-8(b). In short, the increase/decrease trend of the VFG is due 

to capacitive coupling between the FG and BG, whereas flat trend of VFG is due to the 

feedback mechanism, in which the hole tunneling cancel the VFG modulation. Although the 

capacitive coupling ratio less than one is a common situation since some devices do not 

have an FG electrode, above mentioned principle of VFG trajectory is maintained. 
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2.3 Experimental Result of VFG Measurement 

In this section, experimental investigation of the principle is explained. Measured VFG 

trajectory of the MoTe2 device superimposed on its Id–VBG transfer curves is shown in Fig. 

2-10(a). The parallelogram shape trajectory can be obtained as expected in section 2.2. To 

confirm the consistency of tunnel starting voltages 𝑉tun
( )

 and 𝑉tun
(−)

, the tunneling current 

between the FG and channel was measured by manually sweeping the VFG, with grounded 

source electrode. Figs. 2-10(b) and (c) show the measured tunneling currents from the FG 

to channel, and from the channel to FG, respectively. It is clear that +11.5 V of 𝑉tun
( )

 and 

–9.2 V of 𝑉tun
(−)

  shown in Fig. 2-10(a) are consistent with the tunnel starting voltages 

shown in Figs. 2-10(b) and (c). These experimental data support the principle mentioned 

in previous section. In addition, negligible effect of VFG measurement for Id–VBG round 

sweep transfer curves was confirmed as shown in Fig. 2-11. 

  

Fig. 2-10 (a) Measured VFG trajectory of MoTe2 device superimposed on corresponding 

Id–VBG transfer curves. (b), (c) Measured tunneling currents between the FG and channel 

with grounded source electrode. To measure the current, VFG was manually swept. 
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2.4 Effect of Quantum Capacitance of Graphene FG 

Finally, the effect of quantum capacitance of monolayer graphene FG is discussed since it 

has been commonly used in previous studies (see table 4-1). 

 

2.4.1 Capacitive Coupling Region 

Fig. 2-12 shows the schematic and equivalent circuit of the 2D heterostructured NVM 

device with monolayer graphene FG. When FG electrode is considered, the capacitance 

between FG and BG (Cox) can be divided into two parts. One is 𝐶ox
metal which denotes the 

capacitance between FG electrode and BG, and the other is 𝐶ox
 ra

  which denotes the 

capacitance between monolayer graphene FG and BG. Therefore, Cox can be written as 

follows: 

𝐶ox = 𝐶ox
metal + 𝐶ox

 ra
. (2.2) 

In addition, 𝐶Q
 ra

 shown in Fig. 2-12 is the quantum capacitance of monolayer graphene 

FG. Each capacitance and its active area are indicated by color in the figure. Here, 𝐶′ is 

defined as follows: 

𝐶′ =
𝐶BN𝐶Q

 ra

𝐶BN + 𝐶Q
 ra . (2.3) 

Fig. 2-11 Id–VBG transfer curves with and without VFG measurement in (a) linear scale 

and (b) semi-log scale. Negligible effect of VFG measurement on Id–VBG measurement 

was confirmed. 
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Therefore, Eq. 2.1 can be rewritten as follows: 

𝑑𝑉FG
𝑑𝑉BG

=
𝐶ox

𝐶ox + 𝐶′
. (2.4) 

Depending on the Fermi level position of the monolayer graphene, two limiting 

cases can be considered. One is 𝐶BN ≫ 𝐶Q
 ra

 when the Fermi level is located near the 

Dirac point, and the other is 𝐶BN ≪ 𝐶Q
 ra

 otherwise. The former leads to 𝐶′ ≈ 𝐶Q
 ra

, and 

the latter leads to 𝐶′ ≈ 𝐶𝐵𝑁. However, in both cases, Cox is much larger than 𝐶′ because 

of the existence of large FG electrode. Therefore, when large FG electrode is formed as 

shown in Fig. 2-9, there is no influence from the quantum capacitance of monolayer 

graphene on the capacitive coupling region. 

 Of course, FG electrode is not always required, even though it can be used for 

measuring not only VFG trajectory but also tunneling current between the FG and channel. 

When FG electrode is not fabricated, Cox equals to 𝐶ox
 ra

. As an example, typical situation 

is considered as follows. A gate dielectric and a tunneling barrier are assumed to be 90 nm 

SiO2 with 3.9 of r and 10 nm h-BN with 3.0 of r, respectively. Here, r is relative 

permittivity. Since r of h-BN has been reported as 2–450, r of h-BN is assumed to be 3.0 

for following calculations. In addition, active area for Cox and 𝐶Q
 ra

  is assumed to be 

Fig. 2-12 Cross-sectional view of the device with monolayer graphene FG and its 

equivalent circuit. Each capacitance and its active area are indicated by color. 
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5.0 mm × 10.0 mm, and it for CBN is assumed to be 5.0 mm × 5.0 mm. The former and the 

latter are indicated by orange and blue in Fig. 2-12, respectively. Here, 𝐶Q
 ra

  can be 

calculated as follows: 

𝐶Q
 ra
= 𝑞2𝐷𝑜𝑆 ra(𝐸𝐹

 ra
), (2.5) 

where, q is a charge of electron and 𝐷𝑜𝑆 ra(𝐸F
 ra
) is a density of states of graphene as a 

function of Fermi level of graphene (𝐸F
 ra

). Density of states of graphene can be calculated 

as follows119: 

𝐷𝑜𝑆 ra(𝐸F
 ra
) =

2|𝐸F
 ra
− 𝐸DP|

𝜋(ℏ𝑣F)2
, (2.6) 

where, EDP, ℏ and vF are the energy at Dirac point of graphene, reduced Plank’s constant 

and Fermi velocity of electrons in graphene. Fig. 2-13(a) shows the calculated 𝐶Q
 ra

 and 

𝐶′  against 𝐸F
 ra
− 𝐸DP . It is obvious that, 𝐶′  is deviated from CBN only when 𝐸F

 ra
−

𝐸DP is in the energy range of ±0.05 eV, that is, the effect of 𝐶Q
 ra

 is negligible except 

when 𝐸F
 ra

  is near EDP. VFG can be calculated as a function of VBG by using above 

equations and the relationship 𝐸F
 ra
− 𝐸DP = 𝑞𝑉FG. The calculation result is shown in Fig. 

Fig. 2-13 (a) Calculated capacitances and (b) VFG as a function of VBG in CC region. 
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2-13(b), where 𝐸F
 ra
= 𝐸DP  when VBG = 0 V is assumed for simplicity. Since typical 

situation is assumed for the calculation, small influence of 𝐶Q
 ra

 on the VFG trajectory in 

the capacitive coupling region is elucidated even when the device has no FG electrode. 

 

2.4.2 Feedback by Tunneling Region 

FT region is considered next. It is quite helpful to start from the discussion of tunneling in 

the metal/h-BN/graphene heterostructure on SiO2/Si substrate shown in Fig. 2-14(a), 

which has been investigated by the previous study120. The literature has experimentally 

proved that the barrier height for holes can be modulated by the electric field from BG, 

when holes are tunneled from the graphene to metal. The band diagram of this system and 

measured tunneling currents are shown in Figs. 2-14(b) and (c), respectively. The 

application of positive voltage to the BG leads to an increase of Fermi level of the graphene, 

resulting in higher barrier height for holes, and vice versa. This is clearly observed in left 

side of Fig. 2-14(c). On the other hand, when holes are tunneled from the metal to graphene, 

Fermi level of the metal is not modulated by the electric field from BG due to its large 

density of states. Thus, measured tunneling currents shown in right side of Fig. 2-14(c) 

does not depend on the VBG. 

 

Hole tunneling

Graphene to metal
Hole tunneling

Metal to graphene
(a)

(b)

(c)

Fig. 2-14 (a) Schematic and (b) band diagram of metal/h-BN/graphene heterostructure on 

SiO2/Si substrate. (c) Measured tunneling current in this system120. 
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 Considering the results mentioned above, the asymmetric FT region can be 

expected as illustrated in Fig. 2-14. In this figure, the simplest case is assumed. The 

deviation from the principle will be discussed in chapter 4. During VBG positive sweep, 

since holes in graphene FG are tunneled to the channel, VFG in FT region is not absolutely 

flattened but slightly increased with increasing VBG due to Fermi level modulation of the 

graphene FG. On the contrary, during VBG negative sweep, the VFG is absolutely flattened 

because holes are tunneled from the channel or metal S/D electrode, whose quantum 

capacitance can be neglected due to their large density of states, to the FG. 

In other words, higher VFG is required when a program operation is conducted 

with +30 V of VBG, as compared with the case of graphite FG. Since it may negatively 

affect the performances such as low program speed or low reliability due to higher required 

electric field, graphite is used as an FG in this study, instead of monolayer graphene. 

 

2.5 Summary 

In this chapter, VFG measurement technique was proposed, and its principle was 

experimentally demonstrated by measuring the MoTe2 device with an FG electrode. This 

simple technique plays an important role throughout this study since VFG trajectory unveils 

the device characteristics behind the Id–Vg curves. 

Fig. 2-15 Comparison of the expected VFG trajectory between bulk graphite FG case and 

monolayer graphene FG case. Asymmetric FT region can be expected due to Fermi level 

modulation of monolayer graphene when it is used as an FG. 
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Chapter 3 

Memory Window Overestimation 

 

There are many performance metrics for evaluating memory devices, e.g., program and 

erase (P/E) speed, retention and endurance. Since there is a long history for Si based-flash 

memory research, the evaluating methods have been developed for them. This means that, 

when we start to evaluate new devices, 2D materials based-flash memory devices, the 

validity of the methods should be checked. To understand the current situation, each 

research history is looked back. Around 2010, intrinsic property of graphene was eagerly 

explored. For quantitative evaluation of some imperfectness, the hysteresis in I–V round 

sweep was often evaluated. This made the hysteresis measurement popular in 2D research. 

As a result, the hysteresis measurement has still been employed for the study of 2D 

materials based-flash memory, and more importantly, measured hysteresis has been 

interpreted as a memory window. On the contrary, for Si-based flash memory research, 

nearly 40 years have passed since 1984 when F. Masuoka proposed the flash memory3. In 

this research field, memory window is extracted from single sweep I–V curves. Although 

hysteresis measurement is sometimes employed, it is for the study of charge trapping31,121, 

not for the memory window. Consequently, there is a huge gap in terms of the memory 

window extraction, resulting in the lack of fair comparison of them. 

In this chapter, the importance of memory window is highlighted first, and then, 

the gap is explained with experimental results. After that, floating gate voltage (VFG) 

measurement proposed in this study is exploited to discuss the origin of the gap. Memory 

window overestimation by I–V round sweep is finally revealed. Moreover, the criterion of 

the memory window overestimation is discussed for expanding the generality. 
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3.1 Memory Window as a Fundamental Metric 

 

 

As shown in Fig. 3-1, the difference between threshold voltages (Vths) is defined as a 

memory window (Vth). This implies that how clearly “0” and “1” can be distinguished.  

 

 

 

Some basic performance metrics such as P/E speed, retention and endurance are 

described in term of memory window. In case of P/E speed evaluation, as shown in Fig. 3-

2, the Vths after P/E operation are plotted against P/E pulse width23,122. This plot is quite 

useful for designing the memory, because if the required memory window is determined 

by the requirement of peripheral circuit, and/or allowable variability of cells, acceptable 

P/E speed is determined, and vice versa. In case of endurance and retention, the Vths are 

Fig. 3-1 The definition of memory window. 

Fig. 3-2 Typical (a) program and (b) erase characteristics of planer NAND flash 

memory122. (c) Typical P/E characteristics of 3D NAND flash memory23. 
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plotted against P/E cycles and data retention time, respectively. Typical characteristics of 

Si-based flash memory cell are shown in Fig. 3-320. The direction of Vth shift 

(increase/decrease) suggests the polarity of discharged or trapped charge, and the amount 

of Vth shift indicates how many charges are trapped or detrapped, that is, these plots enable 

us to discuss the origin of the degradation. Since the origin is very important for further 

improvement, memory window should be discussed in terms of Vth. Noted that, the 

difference of drain current (Id) at gate voltage (Vg) = 0 V is sometimes considered as a 

window, since the current is used to distinguish the high resistance state and low resistance 

state in practical read operation. Of course, the origin cannot be discussed by the current 

difference. Moreover, the feasibility of the multi-level cell is also evaluated by the memory 

window. Recently, its application has been expanded towards the artificial synaptic device 

in which the precise control of channel conductivity is required100,101,108,113. Therefore, it is 

obvious that the memory window is the most fundamental metric. 

However, there are two different memory window extraction methods depending 

on the research field. There is no discussion which method should be used for 2D materials 

based-flash memory devices. This is quite serious because the validity of other reported 

values including retention and endurance have not been ensured. 

  

Fig. 3-3 Typical (a) endurance and (b) retention characteristics of  

planer NAND flash memory20. 

(a) (b)



Chapter 3 Memory Window Overestimation 

73 

 

3.2 Memory Window Extraction Methods 

 

3.2.1 I–V Round Sweep in 2D Research Field 

 

Fig. 3-4 shows the typical Id–Vg round sweep curves of 2D heterostructured non-volatile 

memory (NVM) device106,109. The memory window has been defined as the margin of Vths 

extracted from positive and negative sweep curves. Although this is the same as hysteresis 

measurement, it is commonly used in 2D research field. Interestingly, the Id–Vg round 

sweep curves have often resulted in relatively large window. For example, D. Qiu et al. 

have reported the over 20 V of memory window with only ±25 V of Vg sweep range42. 

They measured the WS2/h-BN/multi-layer graphene heterostructured NVM device on 280 

nm SiO2/Si substrate. R. Cheng et al. have reported that over 140 V of quite large memory 

window can be achieved when Vg sweep range is ±90 V with MoSe2/h-BN/graphene 

heterostructured NVM device on 300 nm SiO2/Si substrate99. In addition, linear 

relationship between memory window and Vg sweep range has often been reported in 

previous reports98,99,106,109. However, the origin of these huge memory windows has not 

been revealed yet. 

  

Fig. 3-4 Typical Id–Vg round sweep curves of 2D heterostructured NVM devices. (a) 

ReS2/h-BN/graphene heterostructured device106, and (b) h-BN/MoS2/h-BN 

heterostructured device with metal floating gate109. 

(a) (b)
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3.2.2 I–V Single Sweep in Si Research Field 

Different from the 2D research field, I–V single sweep is a standard method to extract the 

memory window in Si research field. At first, program operation is carried out by applying 

relatively high gate voltage to the control gate (typically, 16–20 V17). After the program 

operation, Id–Vg single sweep is carried out with small Vg range to prevent the additional 

program. Consequently, Vth after program operation can be extracted. Similarly, Vth after 

erase operation can be extracted. After measuring both Vths, memory window can be 

calculated by the difference of them. 

 

Fig. 3-5 shows the typical Id–Vg single sweep curves after P/E operation123. 

Although +16 V and –16 V were used for P/E operation respectively, memory window is 

about 2 V, which is quite smaller than that of 2D materials based-flash memory device. 

 

  

Fig. 3-5 Typical Id–Vg singe sweep curves of Si based-flash memory cell after P/E 

operation123. 
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3.3 Analysis by VFG Trajectory 

 

3.3.1 Extracted Memory Windows of the MoTe2 Channel Device 

In this section, difference between these two memory windows and its origin are 

experimentally investigated. As the test device, fabricated MoTe2 channel device was 

employed. Since the hole tunneling in metal/h-BN/graphene heterostructure has been 

reported120, that can also be expected for the fabricated devices with graphite floating gate 

(FG). Although the MoS2 is a popular 2D semiconductor in 2D research field, it has been 

reported that strong Fermi level pinning at the metal/MoS2 interface prevents the hole 

injection from metal to MoS2
59. This may obscure the focus point. On the contrary, 

ambipolar nature of MoTe2 is quite helpful to focus on the memory window, since the hole 

injection from metal to MoTe2 is available. At first, memory window of the MoTe2 device 

was extracted by above mentioned two methods. Fig. 3-6 shows the three kinds of Id–back 

gate voltage (VBG) curves, in which the round sweep curves are represented by black, and 

single sweep curves after P/E operation are represented by red and blue, respectively. The 

P/E operation was conducted by applying ±30 V to the BG for 10 s to completely charge 

Fig. 3-6 Round sweep and single sweep Id–VBG curves of the MoTe2 device. Open and 

fill symbols indicate the start and end points of the sweep. 
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or discharge the FG. 

 

In the round sweep curves, ambipolar nature of MoTe2 and large memory window 

(~30 V) are clearly observed, whereas the set of single sweep curves results in +11.6 V of 

small memory window. Moreover, in the case of round sweep, the slope of negative sweep 

is steeper than that of positive sweep. This is strange, because the both slopes should be 

the same if the charges stored in the FG shift the Id-VBG curve horizontally. It can be 

considered that there is another mechanism to change the slope. Of course, a negligible 

hysteresis due to interface trapped charges or adsorbed water molecules124, has been 

confirmed as shown in Fig. 3-7, where Id–VBG round sweep curves with grounded FG are 

shown. Negligible hysteresis means that the large memory window shown in Fig. 3-6 is 

attributed to the charges stored in the FG. 

 

  

Fig. 3-7 Id–VBG round sweep curves with grounded FG. 
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3.3.2 I–V Round Sweep Case 

Next, the VFG trajectory is employed to elucidate the origin of round sweep based-window. 

Measured VFG trajectory of the MoTe2 device shown in Fig. 2-10(a) is again shown as Fig. 

3-8. This figure also illustrates the operation of the device at each important point. 

1) At the starting point of the round sweep (indicated by the open symbol), holes 

are tunneled from the MoTe2 channel to the FG, resulting in a negative side of tunnel 

starting voltage (𝑉tun
(−)

) of VFG. Holes are initially stored in the FG. 2) At the initial stage of 

positive sweep, holes are kept in the FG since the tunneling does not occur between the 

FG and channel in capacitive coupling (CC) region of VFG trajectory. 3) However, before 

VBG reaches the 0 V, VFG reaches the positive side of tunnel starting voltage (𝑉tun
( )

), resulting 

in a hole loss from the FG to channel. In other words, feedback by tunneling (FT) region 

is started. 

Interestingly, the VFG trajectory has also revealed the origin of the difference in 

slopes between positive and negative sweeps. As illustrated in Fig. 3-9, the channel 

conductance can be divided into two parts, i.e., the conductance of access region (Gaccess) 

Fig. 3-8 Hole loss during Id–VBG round sweep. Initially stored holes are kept in FG in 

CC region, while they are tunneled from the FG to channel in FT region. 
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and that of the FG region (GFG). While Gaccess is modulated by the BG, GFG is modulated 

by the FG. In addition, the access region is far from the BG since 15.0 nm h-BN and 90 

nm SiO2 are inserted between the channel and BG, whereas the FG region is close to the 

BG since only 15.0 nm h-BN is inserted between the channel and FG. Large FG electrode 

attached to the device results in the condition of dVFG/dVBG ≈  1 (see section 2.2.2). 

Therefore, the FG has more controllability than the BG during VBG round sweep. As 

illustrated in Fig. 3-9, GFG is rapidly increased with increasing VBG (magenta) as compared 

with Gaccess (black). Since total channel conductance is determined by the smaller of Gaccess 

and GFG, the Id–VBG curve can be drawn as the blue curve. In other words, Id is gradually 

increased/decreased with VBG if the total channel conductance is mainly controlled by the 

BG, while Id is rapidly increased/decreased with VBG if the conductance is mainly 

controlled by the FG. As labeled in Fig. 3-9, the former is called BG controlled mode and 

the latter is called FG controlled mode in this study. 

In the case of positive sweep, Id is gradually increased with increasing VBG, and 

corresponding VFG is high enough to make FG region strong n-type. Therefore, the Id–VBG 

curve is in BG controlled mode. On the other hand, in the case of negative sweep, Id is 

Fig. 3-9 Schematic of FG controlled mode and BG controlled mode. Dotted lines 

schematically represent the conductance of FG region and access region. Total channel 

conductance is determined by the smaller of Gaccess and GFG. 
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rapidly decreased with decreasing VBG, and corresponding VFG is also decreased by the 

same amount as VBG. Therefore, the Id–VBG curve is in FG controlled mode. In other words, 

for the negative sweep, the channel is immediately turned off by the FG. This is quite 

artificial, and Id–VBG curve in negative sweep can be shifted as desired regardless of the 

number of charges stored in the FG. VFG trajectories with various VBG sweeping range 

shown in Fig. 3-10 obviously represents the artificiality in negative sweep. The amount of 

VBG sweeping range shift coincide with the shift of Id–VBG curve in negative sweep. This 

consistency may be resulted from the high-quality 2D heterostructure (MoTe2/h-

BN/graphite), and supports the above-mentioned discussion. Although the existence of the 

2D/3D interface (h-BN/SiO2) may leads a little inconsistency in positive sweep (they 

should be overlapped each other because of BG controlled mode), gradual slope of the BG 

controlled mode is observed in all three Id–VBG curves. 

  

Fig. 3-10 VFG trajectories with various VBG sweeping range superimposed on 

corresponding Id–VBG round sweep curves.  

-15

-10

-5

0

5

10

15

1.0E-12

1.0E-11

1.0E-10

1.0E-09

1.0E-08

1.0E-07

1.0E-06

-30 -20 -10 0 10 20 30

±30 V

Id VFG

±25 V

±20 V

VBG

VBG (V)

1

2

10-6

10-7

10-8

10-9

10-10

10-11

10-12

I d
(A

)

V
F

G
(V

)

VDS = 100 mV



Chapter 3 Memory Window Overestimation 

80 

 

3.3.3 I–V Single Sweep Case 

Unfortunately, a VFG trajectory cannot be measured with Id–VBG single sweep curve after 

P/E operation. Since the measurement mode is manually switched from P/E operation 

mode to DC measurement mode, charges stored in the FG are moved to the probe 

connected to the FG electrode during the interval, resulting in a 0 V of VFG before Id–VBG 

single sweep measurement. However, fortunately, the VFG trajectory during Id–VBG single 

sweep can be easily expected based on above discussions. 

 

The expected VFG trajectories are shown in Fig. 3-11, where VFG trajectory in 

round sweep is also illustrated for comparison. As illustrated in Fig. 3-11(a), after +30 V 

program, VFG reaches the point A when without power supply. (No voltage is applied to the 

device.) When the VBG is swept from 0 V to positive direction, VFG is increased from point 

A to A’. This means that, the Id–VBG curve measured in this way is determined by the 

number of charges stored in the FG at VBG = 0 V. Similarly, after –30 V erase, VFG reaches 

the point B when without power supply as illustrated in Fig. 3-11(b). When the VBG is 

swept from 0 V to negative direction, VFG is decreased from point B to B’. The Id–VBG 

Fig. 3-11 Expected VFG trajectories which correspond to Id–VBG single sweep curves. 
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curve measured in this way is also determined by the number of charges stored in the FG 

at VBG = 0 V. Therefore, the memory window extracted from the set of Id–VBG single sweep 

curves represents the difference of the number of charges stored in the FG at VBG = 0 V.  

 

3.3.4 Memory Window Overestimation by I–V Round Sweep 

Finally, appropriate method for extracting the memory window of 2D materials based-flash 

memory devices is discussed. Since flash memory is a non-volatile memory, the number 

of charges stored in FG at VBG = 0 V should be focused on, instead of initially stored 

charges in the FG at the starting point of VBG round sweep. Therefore, according to above 

mentioned discussions, it can be concluded that the memory window extracted from Id–

VBG round sweep is overestimated. The Id-VBG curve in positive sweep (from –30 V to +30 

V) corresponds to the device with initially stored holes. These holes are lost before VBG 

reaches 0 V, that is, the number of holes exceeds the capacity of the device. Here, capacity 

refers to the number of charges which the device can store in the FG without power supply. 

On the contrary, the single sweep-based window is exactly resulted from the difference of 

the number of charges stored in the FG at VBG = 0 V. 

  

Fig. 3-12 The generality of memory window overestimation. (a) Comparison of both 

memory windows with various voltage conditions. (b) and (c) Id–VBG round sweep 

curves (black) and the set of Id–VBG single sweep curves (red and blue) for the WSe2 and 

MoS2 devices, respectively. Open and filled symbols represent the start and end points 

of the sweep, respectively. 
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Fig. 3-12(a) shows the comparison of both memory windows under various 

voltage conditions. Horizontal axis indicates the maximum VBG for round sweep or P/E 

voltage for single sweep. Memory window overestimation is clearly observed in the range 

of 20 V to 30 V. Interestingly, as some previous studies have claimed98,99,106,109, linear trend 

of memory window against the maximum VBG is observed when round sweep is used. This 

can be roughly understood by the FG controlled Id–VBG curves, which is shifted by the 

same amount as the increase of VBG sweep range (see Fig. 3-10). Probably, the situation 

has been the same in the previous studies. Indeed, memory window overestimation is also 

observed for the fabricated WSe2 and MoS2 device as shown in Figs. 3-12(b) and (c), 

suggesting that the memory window overestimation is not unique for the MoTe2 device but 

common for any 2D materials based-flash memory devices. 

Noted that, according to above discussions, the value of Id when VBG is 0 V should 

be the same for round sweep and single sweep. However, the Id-VBG curves of the MoTe2 

device shown in Fig. 3-6 and that of the MoS2 device shown in Fig. 3-12(c) are not 

consistent, while that of the WSe2 device shown in Fig. 3-12(b) seems to be reasonable. 

This suggests the short-term retention characteristic is poor, that is, some stored charges 

are lost before the single sweep measurements. It is about 10 s from the end of P/E 

operation to the start of the single sweep. 
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3.4 Criterion for Memory Window Overestimation 

 

Since some parameters are different among studies, more generalized explanation for 

overestimation is required. In this context, the criterion for the overestimation is derived 

in this section. The conclusion is that, the memory window overestimation by Id–Vg round 

sweep is not always but commonly encountered. 

As discussed in previous section, the critical situation for the overestimation is 

that, the loss of initially stored charges before VBG reaches 0 V. In other words, memory 

window is not overestimated by Id–VBG round sweep if initially stored charges are kept 

until VBG reaches 0 V. Both situations are illustrated in Fig. 3-13, where symmetrical VBG 

sweeping range is assumed. In this figure, band diagrams are also shown to illustrate the 

Fig. 3-13 Schematics of generalized (a) overestimation case and (b) consistent case. 

Band diagrams show the initial hole injection from the channel to FG and initially stored 

holes in the FG. The critical situation for the overestimation is that, the loss of the 

initially stored charges before VBG reaches 0 V. 
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initial hole injection and initially stored holes in the FG. According to the figure, the 

memory window is overestimated when following equation is satisfied: 

𝐶ox
𝐶ox + 𝐶BN

 𝑉BGmax  𝑉tun
( ) − 𝑉tun

(−), (3.1) 

where, Cox, CBN and VBGmax are the capacitance of SiO2, that of h-BN, and the maximum 

VBG in round sweep, respectively. The criterion is composed of three parameters, i.e., 

tunnel starting voltages (𝑉tun
( )

 , 𝑉tun
(−)

 ), VBG sweeping range (±VBGmax), and capacitive 

coupling ratio ( Cox/(Cox + CBN) ). In Fig. 3-13, high and low capacitive coupling ratio is 

assumed for the overestimation and consistent case, respectively. Although the VFG at 

starting point of round sweep is the same, the number of initially stored holes is different 

due to the difference of capacitive coupling ratio. Indeed, low capacitive coupling ratio 

seems to be one solution for the overestimation issue. 

However, as overviewed in section 1.2, increasing the capacitive coupling ratio is 

standard strategy for Si-based flash memory cell to achieve the effective P/E operation. In 

Si-based flash memory cell, typical value is 0.617. Assuming the value of VBGmax, 𝑉tun
( )

 

and 𝑉tun
(−)

 are +30 V, +7 V and –7 V, respectively, 0.6 of capacitive coupling ratio can 

satisfy the Eq. 3.1. Since assumed values are typical, and 0.6 of capacitive coupling ration 

is also easy to be achieved by 2D materials-based flash memory devices, Eq. 3.1 can easily 

be satisfied. Therefore, Id–Vg single sweep must be used for extracting the memory window 

of 2D materials based-flash memory devices. 
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3.5 Summary 

In this chapter, the memory window overestimation by Id–Vg round sweep measurement 

was clarified by the analysis of VFG trajectory. The key point is that, initially stored holes 

are lost before Vg reaches the 0 V during round sweep. The number of stored charges at Vg 

= 0 V (i.e., without power supply) is important to guarantee the non-volatility of NVM 

devices. According to the derived criterion for the overestimation, to decrease the 

capacitive coupling ratio is one solution to avoid the overestimation issue by round sweep. 

However, it is not realistic, since to increase the ratio is standard strategy for flash memory. 

Therefore, Id–Vg single sweep measurement must be used to extract the memory window 

of 2D materials based-flash memory devices, as well as Si based-flash memory cells. This 

understanding enables the fair comparison of their memory windows. 

In this chapter, the power of VFG measurement has been clarified in terms of the 

validity check of the memory window extraction method. In next chapter, its appearance 

will be expanded to the operation mechanisms. 
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Chapter 4 

Operation Mechanisms 

 

As mentioned in previous chapters, a rich variety is an advantage of 2D materials. 

Especially for 2D heterostructured non-volatile memory (NVM) devices, infinite number 

of combinations can be accessed by the stacking technique. Therefore, many 2D 

heterostructured NVM devices have been demonstrated as summarized in Table 4-1. This 

is same as Table 1-3, shown again. More importantly, the scope of 2D materials based-

flash memory device is now expanding toward more advanced functional devices. 

However, these progresses have not been sufficiently supported by the understandings of 

their operation mechanisms. The key issues are listed below. 

 

1. The effect of metal/2D contact on their operation is still unclear. 

Metal/ 2D contact is one of hottest topics in 2D field-effect-transistor (FET) research, 

since it governs the performance of 2D FET. However, there is a lack of discussion for 

NVM applications. 

 

2. The effect of the bandgap (Eg) of 2D channel on their operation is still unclear. 

Each semiconducting 2D material has inherent Eg, and which generally depends on 

the layer number in atomically thin regime (see section 1.3.3). It is better for us to 

utilize the variety for NVM device design. 

 

3. Metal to 2D tunneling path has NOT been excluded. 

2D heterostructure, which includes the superior 2D/2D interfaces, has often been 

claimed as a tunneling path. However, due to the lack of access region (see Table 4-

1), poor metal/2D interface has not been excluded from the tunneling path. 
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 Thus, there is a lack of device design policy. For the future development, the 

comprehensive understanding of the operation mechanisms is strongly required. 

In this chapter, floating gate voltage (VFG) trajectory is employed again to 

elucidate the operation mechanisms. First, the limited information from I–V transfer curves 

is briefly explained, and the inherent VFG trajectories are highlighted. Interestingly, some 

trajectories are deviated from the principle explained in chapter 2, enabling us to access 

the operation mechanisms behind I-V transfer curves. The operation mechanisms can be 

clarified in terms of the three current limiting path. Next, the trajectory control based on 

the understandings is demonstrated. It further supports the validity of the understandings. 

Temperature dependences of all three VFG trajectories are also discussed. Finally, the origin 

of drain current (Id) plateau, which is often observed in previous studies as shown in Table 

4-1, is revealed. 
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Table 4-1. Summary of the previous studies. Materials, structure and characteristics. 

No. Channel Tunneling 
barrier 

FG Access 
region 

Id plateau 
(scale) 

Ohmic 
contact 

Ref. 

1 MoS2 h-BN 
multi-layer 
graphene No Yes (log)  105 

2 ReS2 h-BN Graphene No Yes (linear) Confirmed 106 

3 MoS2 h-BN graphene No Yes (linear)  107 

4 PtS2 h-BN graphene No Yes (log) Confirmed 102 

5 MoTe2 h-BN graphene No Yes (linear)  98 

6 MoS2 h-BN graphene No Yes (linear)  108 

7 MoS2 h-BN metal No No Confirmed 109 

8 MoS2 h-BN 
MoS2 & 
metal 

No Yes (linear)  100 

9 MoSe2 h-BN graphene No Yes (log) Confirmed 99 

10 
BP/graphene 
hetero-stack 

h-BN graphene No Yes (log) Confirmed 110 

11 WS2 h-BN 
multi-layer 
graphene 

No Yes (linear) Confirmed 42 

12 BP h-BN MoS2 No Yes (linear) Confirmed 104 

13 MoS2 h-BN graphene No Yes (linear)  41 

14 BP h-BN graphene No Yes (log) Confirmed 111 

15 WSe2 Al2O3 CdSe QDs No No Confirmed 96 

16 MoS2 HfO2 
metallic 
nanocrystal 

No Yes (log) Confirmed 94 

17 MoS2 HfO2 
few-layer 
graphene 

No No Confirmed 97 

18 MoS2 Al2O3 HfO2 No No Confirmed 112 

19 MoS2 h-BN graphene Yes* No*  113 

20 BP h-BN graphene Yes No Confirmed 111 

QDs and BP in this table represent quantum dots and black phosphorus, respectively. 

* The device has both top gate and back gate, and FG exists only in top gate side. 
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4.1 Limited Information from I–V Transfer Curves 

 

As mentioned in chapter 2, three devices were fabricated in this study, i.e., MoTe2, WSe2 

and MoS2 channel devices. Their Id–back gate voltage (VBG) round sweep curves are shown 

in Fig. 4-1 with each VFG trajectory. Although channel materials are different for each 

device, very similar curves are observed with large hysteresis. Since MoTe2 and WSe2 have 

an ambipolar nature (see. Table 2-2), p-branch is observed, while only n-branch is 

observed for the MoS2 device. This is consistent with previous studies59–61. Although some 

metrics related to FET performance, e.g., subthreshold swing and on/off ratio can be 

extracted from the Id–VBG curves, how the channel material affects the memory operation 

is impossible to extract. 

 

4.2 Inherent VFG Trajectories 

However, each device has its own VFG trajectory as shown in Fig. 4-1. Interestingly, except 

the MoTe2 device, measured VFG trajectories are deviated from the principle explained in 

chapter 2. The deviation is observed only in negative sweep. In the case of WSe2 device,  

capacitive coupling (CC) region is the same as the principle while the VFG further decreases 

Fig. 4-1 Measured VFG trajectories superimposed on Id–VBG round sweep transfer curves 

for the (a) MoTe2 device, (b) WSe2 device, and (c) MoS2 device. Highlighted regions, 

i.e., region A, B, and C are the focused regions discussed in section 4.3. The open and 

filled circles represent the start and end points of the VFG trajectory, respectively. The 

drain-source voltage (Vds) is 100 mV for all measurements. 
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even after it reaches the negative side of tunnel starting voltage (𝑉tun
(−)

). At the starting point 

of p-branch, VFG goes back to the 𝑉tun
(−)

 and keeps its value, which is the feedback by 

tunneling (FT) region. In the case of MoS2 device, the trend in CC region is also the same 

as the principle and it is fixed at 𝑉tun
(−)

. However, VFG is decreased again when VBG is further 

decreased to –30 V. For better understandings, “CC” and “FT” are placed on the 

corresponding regions as shown in Fig. 4-1. Noted that, the slopes of VFG in the deviated 

regions are not as steep as that in CC region, suggesting that the insufficient feedback by 

relatively low tunneling current. When VBG sweeping rate is decreased to ensure the 

feedback, as show in Fig. 4-2 where VFG trajectories of the MoS2 device are shown, the 

moderate slope become flattened. This means that, there is a gradation between pure FT 

mode and pure CC mode as shown in the inset of Fig. 4-2. In this study, all measurements 

were carried out with standard sweep rate of 0.86 V/s except the measurement shown in 

Fig. 4-2. Since VFG determines the tunneling between the FG and channel, the inherent VFG 

trajectories may represent the character of each channel material. The correspondence of 

tunnel starting voltages was experimentally confirmed as shown in Fig. 4-3. Noted that, 

for the MoTe2 device, Id–VBG, VFG trajectory and tunneling current is not exactly same as 

previous chapters. This is due to the difference of measurement date. However, of course, 

the difference is negligible for the discussions in the study. The discussions in this chapter 

is based on the results shown in this chapter. To obtain more insight about the operation 

mechanisms, three regions in which the difference is noticeable were focused as indicated 

in Fig. 4-1. In region A where VBG = +20 V and VFG equals to positive side of tunnel starting 

voltage (𝑉tun
( )

), all three VFG trajectories are in the FT region, that is, tunneling between the 

channel and FG is occurred for all devices in this region. In region B with VBG = 0 V, only 

WSe2 device shows the moderate slope of VFG trajectory while other two are in the FT 

region. In region C with VBG = –30 V, only MoS2 device shows the deviated trajectory. 
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Fig. 4-2 VFG trajectories of the MoS2 device with various VBG sweeping rates. Since the 

feedback mechanism is ensured with decreasing the sweeping rate, VFG trajectory 

become flattened. All DC measurements in this study, except this measurement, are 

carried out with standard sweeping rate, 0.86 V/s. 

Fig. 4-3 The correspondence of the VFGs in FT region and measured tunnel starting 

voltages. The insets show the rough sketch of each VFG trajectory. (a)–(c) The measured 

tunneling currents from graphite FG to MoTe2, WSe2, and MoS2 channel, respectively. 

(d)–(f) The measured tunneling currents from MoTe2, WSe2, and MoS2 channel to 

graphite FG, respectively. 
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In addition, tunneling path in 2D heterostructured NVM device should be 

carefully considered for the understanding of the operation, since the device has no 

substrate electrode which Si based-flash memory device has17,125. Fig. 4-4 shows the three 

kinds of tunneling paths in 2D heterostructured NVM device. Path 1 is the Fowler-

Nordheim (FN) tunneling across h-BN tunneling barrier, where previous studies have 

generally considered. Since the access region is fabricated to utilize the 2D heterostructure 

as a tunneling path, path 2, that is the communication between access region and FG region, 

should be considered. This path is important when pn junction is formed in the channel 

under certain combinations of VBG and VFG. Path 3 is the carrier injection from metal to the 

2D channel. Since the important role of metal/2D contact on the 2D-FET is well known59–

61, path 3 should also be focused on in terms of memory operation. The important point is 

that, not only path 1, but all paths should be open for flowing the tunneling current. 

  

Fig. 4-4 Three tunneling paths in 2D heterostructured NVM device with access region. 

Not only path 1, but also all paths should be open for flowing tunneling current between 

the FG and channel. 
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4.3 Three Current Limiting Paths 

 

4.3.1 Path 1: FN Tunneling across h-BN 

 

Here, the operation mechanisms in each region are discussed in terms of current limiting 

path, which limits the total tunneling current. Schematics of operation mechanism and 

Fig. 4-5 Schematics of operation mechanism and important results in region A. (a) 

Schematic of channel polarity (n-type), tunneling current direction (white arrow), and the 

carrier flow in region A. Red arrow indicates the carrier flow which limits the total 

tunneling current (FN tunneling across h-BN). (b) Measured tunneling current and (c) its 

FN plot for each device. (d) Band diagrams along the A–A’ (lateral direction in the 

channel) and B–B’ (vertical direction in the 2D heterostructure) in (a). 
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important results in region A are summarized in Fig. 4-5. As indicated by a white arrow, 

the tunneling current flows from the FG to channel. In this region, voltage conditions (VBG 

= +20 V and VFG = 𝑉tun
( )

) result in whole n-type channel for all three devices as illustrated 

in Fig. 4-5(a). Therefore, path 2 is no need to consider as a current limiting path. In addition, 

the effect of path 3 is negligible since electron injection from Ni to these three transition 

Fig. 4-6 The ohmic conduction of each device. (a), (b) Linear and semi-log plot of Id–

Vds for the MoTe2 device. (c), (d) Linear and semi-log plot of Id–Vds for the WSe2 

device. (e), (f) Linear and semi-log plot of Id–Vds for the MoS2 device. The step of VBG 

is 10 V. 
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metal dichalcogenides (TMDCs) is quite easy59–61. Ohmic contact of the devices were 

experimentally confirmed as shown in Fig. 4-6. Here, tunneling current from the FG to 

channel was measured by sweeping VFG with grounded source. The absolute value of 

measured tunneling current (|Itun|) is plotted as a function of the electric field across h-BN 

(EBN) in Fig. 4-5(b). Here, EBN is calculated by dividing the VFG by the thickness of h-BN 

(tBN). Since ohmic contact has been confirmed and no pn junction is formed in the channel, 

almost all of VFG should be applied across the h-BN. The observation of tunneling current 

for all devices is consistent with the flat trend of VFG trajectories in region A. An amount 

of tunneling current is large enough to ensure the feedback mechanism. Fig. 4-5(b) can be 

replotted as an FN plot, as shown in Fig. 4-5(c). Since FN tunneling current density (Jtun) 

is described by following equation, linear relationship in FN plot means that the current is 

FN tunneling current. 

 tun ∝ 𝐸BN
2 exp(−

4√2𝑚∗ΦB
3 2 

3𝑞ℏ
 
1

𝐸BN
) , (4.1) 

where, m*, B, q and ℏ are the effective mass of the tunneling carrier in h-BN, barrier 

height for the tunneling carrier, the charge of electron and reduced Plank’s constant, 

respectively. In Fig. 4-5(c), the slope of FN plot calculated by using the barrier height for 

holes (B = 3.27 eV45,126,127) and hole effective mass in the h-BN (mh = 0.47m0
128, where 

m0 is free electron mass) is also shown. The agreement of the slope and measurement 

results represents that hole is a tunneling carrier for all three devices. 

According to Eq. 4.1, FN tunneling current should not have temperature 

dependence ideally. Therefore, the tunneling current was measured under various 

temperature as shown in Fig. 4-7. For the WSe2 and MoS2 devices, almost no temperature 

dependence is clearly observed in the range of 10 K to 300 K, while the dependence is 

observed for the MoTe2 device only below 125 K. This may be attributed to the effect of 

Schottky barrier at the metal/2D contact, and will be discussed in section 4.5. The 

temperature dependence of tunneling currents shown in Fig. 4-7 further supports the 

tunneling current in region A is FN tunneling current. 
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 Additionally, the validity of the calculations for FN plot is discussed in detail. For 

the FN plot, JFN was calculated by dividing Itun by the whole area of FG region (SFG) as 

shown in Fig. 4-8(a). This assumes the maximum area for the tunneling current. On the 

other hand, as shown in Fig. 4-8(b), there are two possible conduction modes. One is the 

partial conduction mode where the tunneling current flow in the part of FG region, and the 

other is the edge conduction mode where the tunneling current flow at the edge of FG 

region. However, as discussed below, the variation of the conduction area does not matter 

as long as the slope of FN plot is considered. Eq. 4.1 can be rewritten as follows, 

ln (
 tun

𝐸BN
2 ) = −

4√2𝑚∗ΦB
3 2 

3𝑞ℏ
 
1

𝐸BN
+ 𝐶, (4.2) 

where C is a constant. Since Jtun = Itun/SFG, following equation can be derived. 

ln (
𝐼tun

𝐸BN
2 ) − ln(𝑆FG) = −

4√2𝑚∗ΦB
3 2 

3𝑞ℏ
 
1

𝐸BN
+ 𝐶. (4.3) 

  

Fig. 4-7 Temperature dependence of tunneling currents in region A for (a) the MoTe2 

device, (b) the WSe2 device, and (c) the MoS2 device. 
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Therefore, regardless of the value of SFG, the slope of the plot does not change. Moreover, 

we could reproduce the experimentally obtained slope of FN plot by using Eq. 4.1. There 

are two possible situations for the tunneling. One is the hole tunneling from graphite FG 

to TMDC channel, and the other is the electron tunneling from TMDC channel to graphite 

FG. According to the band alignment shown in Fig. 4-8(c)45,54,126,127, barrier heights for 

each case can be calculated. Here, hole effective mass (mh = 0.47m0) and electron effective 

mass (me = 0.26m0) in h-BN128 were used for hole and electron tunneling current 

calculations, respectively. Two calculation results are shown in Fig. 4-8(d), where MoS2 

was assumed as a channel for the electron tunneling. It is noted that calculated results are 

vertically shifted for the ease of viewing the slope. For the comparison, experimental 

results are shown again. The slope of the hole tunneling case well agrees the experimental 

Fig. 4-8 The discussions for the validity of the calculations for FN plot. (a) Assumed 

tunneling area for tunneling current density (Jtun) calculation. (b) Two possible 

conduction modes of tunneling: partial conduction and edge conduction. (c) Band 

alignment of the 2D materials45,54,126,127. (d) Calculated slopes by assuming hole or 

electron tunneling. Experimental results shown in Fig. 4-5(c) are also shown for 

comparison. 
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results, rather than the electron tunneling case. Moreover, the same slopes are observed for 

experimental results even though different TMDCs were used as channels, further 

supporting the hole tunneling from graphite FG. Although the electron tunneling from 

TMDC channel is reasonable according to the band alignment shown in Fig. 4-8(c), the 

hole tunneling from graphite FG via h-BN is consistent with the previous report120. 

From above discussions, it can be concluded that the current limiting path in 

region A is the path 1 (indicated by a red arrow in Fig. 4-5(a)). The operation mechanism 

in region A is explained as follows. As illustrated in Figs. 4-5(a) and (d), holes are tunneled 

from graphite FG to TMDC channel, and it is recombined with electrons in the channel 

which easily injected from the Ni electrode. 
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4.3.2 Path 2: Communication between Access Region and FG Region 

Next, the operation mechanism in region B is discussed. Schematics of the operation 

mechanism and important results are summarized in Fig. 4-9. According to the positive 

sweep Id–VBG curves shown in Fig. 4-1, the TMDCs used in this study have normally-on 

nature. Therefore, the access region is n-type, while the FG region is p-type in region B, 

since VFG is negatively large enough (which equals to 𝑉tun
(−)

for MoTe2 and MoS2 devices, 

Fig. 4-9 Schematics of operation mechanism and important results in region B. (a) 

Schematic of channel polarity (n-type for access region and p-type for FG region), 

tunneling current direction (white arrow), and the carrier flow in region B. Red arrows 

indicate the carrier flow which limits the total tunneling current. (b) Measured tunneling 

current of each device. (c) Temperature dependence of tunneling current for the MoS2 

device. (d) Band diagrams along A–A’ and B–B’ in (a). 
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and below 𝑉tun
(−)

 for WSe2 device). Although p-type conduction of MoS2 is difficult to 

observe due to the huge barrier height for hole injection at metal/MoS2 contact, the 

previous study has proved that the inversion layer of the MoS2 is easy to be formed by 

exploiting the capacitance–voltage measurement technique62. As a result, in region B, pn 

junction formed in the channel should be considered. Of course, as well as region A, 

electron injection from Ni to the TMDC channel does not limit the tunneling current. The 

tunneling current direction is illustrated as a while arrow in Fig. 4-9(a), which is same as 

the reverse current direction of pn junction. Fig. 4-9(b) shows the measured tunneling 

current of the three devices. Relatively large tunneling current was observed for the MoS2 

and MoTe2 device, whereas only small tunneling current was observed for the WSe2 device. 

The result is consistent with the trend of VFG trajectory in region B.  

Here, the bulk Eg and the polarity for Ni contact of each TMDC channel are 

considered. As summarized in Table 2-2, the bulk Eg of MoTe2, WSe2 and MoS2 are 1.01, 

1.33 and 1.35 eV, respectively54. Moreover, since it is well known that the MoS2 shows 

strong n-type behavior due to the strong Fermi level pinning, abrupt pn junction in the 

channel can be expected even though the Eg is relatively large. Based on the above 

discussions, sufficiently large tunneling current shown in Fig. 4-9(b) can be attributed to 

the electron-hole pair generation at the boundary of access region and FG region. 

Relatively large bulk Eg and gradual pn junction of WSe2 may lead to the low tunneling 

current. To confirm this, temperature dependence of the tunneling current for the MoS2 

device was measured as shown in Fig. 4-9(c). The tunneling current was strongly 

decreased with decreasing temperature from 300 K to 10 K. The temperature dependence 

for other two devices are shown in Fig. 4-10 in which the same trends were observed. Since 

the FN tunneling current should not have temperature dependence ideally, these trends 

suggests that the current limiting path is NOT path 1. This supports the generation based 

tunneling in region B since the number of thermally generated carriers is decreased with 

decreasing temperature. FN plots of the tunneling currents shown in Figs. 4-9(b) and (c) 
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are shown in Figs. 4-11(a) and (b), respectively. By contrast with region A, non-linearity 

is clearly observed for the MoTe2 device, and for the MoS2 device, linearity is poor for all 

temperatures. Dotted lines are also added in Fig. 4-11(b) for eye-guide, in which the 

inconsistency of the slopes is clear. These are clear evidences that the current limiting path 

in region B is NOT path 1. 

 

Fig. 4-10 Temperature dependence of tunneling currents in region B for (a) the WSe2 

device and (b) the MoTe2 device. 

Fig. 4-11 (a) FN plot of tunneling current for each device at 300 K shown in Fig. 4-9(b). 

(b) FN plot of the temperature dependence of tunneling current for MoS2 device shown 

in Fig. 4-9(c). 
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Of course, the thermal generation of electron-hole pair is not the only temperature 

dependent mechanism. For further discussions, three mechanisms related to the generation 

in region B are summarized in Table 4-2. Decreasing the temperature leads to not only the 

reduction of thermal energy to generate electron-hole pair (mechanism 1), but also the 

reduction of thermionic emission (TE) current (mechanism 2), that is, the number of 

electrons which can overcome the potential barrier from the TMDC channel to Ni is 

decreased. This further reduce the tunneling current. 

Mechanism 3 is a trap assisted generation. The transition from CC mode to FT 

mode in region B is shown in Fig. 4-12. In this figure, Fig. 4-1(c) is shown again as Fig. 

4-12(b) for comparison. Within 13 days, VFG trajectory in region B was changed from CC 

mode to FT mode, suggesting the degradation of the MoS2 device. Although the device 

was stored in vacuum, point defect such as sulfur vacancy might be formed since it has 

Table 4-2. Three mechanisms related to electron-hole pair generation in region B. 

n-type p-type

High thermal energy

FT mode (Flat)

Low thermal energy

Large TE current

w/ defect state w/o defect state

CC mode (Tilted) Transition

FT→CC
Decreasing T.

FT→CC
Decreasing T.

CC→FT
Degradation

1. Thermal 
activation

2. Thermionic 
emission

3. Trap assisted 
generation

Small TE current

Mechanism
Mode



Chapter 4 Operation Mechanisms 

103 

 

relatively low formation energy78,79,81, resulting in the formation of defect states in the Eg. 

This enhances the generation rate. This is a possible mechanism of the transition of VFG 

trajectory with time, and it further supports that the electron-hole pair generation limits the 

tunneling current in region B.  

 In short, at 300 K, tunnel current limiting path in region B is not path 1 nor path 

3, and all of above mentioned discussions support the generation based tunneling in region 

B. The current limiting path, generation at the boundary of access region and FG region, 

is indicated by red arrows in Figs. 4-9(a) and (d). Generated holes are moved to FG region 

and tunneled across h-BN, while generated electrons are moved to the electrode. When the 

temperature is decreased, not only the electron-pair generation but also TE current is 

suppressed, resulting in the temperature dependent tunneling current. 
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Fig. 4-12 The comparison of the VFG trajectories of MoS2 device. Within 13 days, the 

shape of VFG trajectory is changed from CC mode to FT mode. 
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4.3.3 Path 3: Carrier Injection from Metal Electrode to 2D Channel 

Finally, the operation mechanism in region C is discussed. As well as regions A and B, 

schematics of operation mechanism and important results are summarized in Fig. 4-13. In 

region C, as shown in Fig. 4-13(a), whole channel region is p-type since VBG and VFG are 

negative enough, suggesting that the effect of path 2 is negligible. In addition, the tunneling 

current flow from TMDC channel to graphite FG as indicated by a white arrow. As shown 

in Fig. 4-13(b), tunneling current was observed only for the ambipolar channel devices, 

Fig. 4-13 Schematics of operation mechanism and important results in region C. (a) 

Schematic of channel polarity (p-type), tunneling current direction (white arrow), and 

the carrier flow in region C. Red arrow indicates the carrier flow which limits the total 

tunneling current (hole injection from Ni). (b) Measured tunneling current for each 

device. (c) Measured tunneling currents with various VBG. Opposite trends are shown 

for ambipolar MoTe2 device and n-type MoS2 device. (d) Band diagrams along A–A’ 

and B–B’ in (a). 
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which is consistent with the flat trend of VFG trajectory (see. Figs. 4-1(b) and (c)). Here, 

tunneling currents under various VBG condition shown in Fig. 4-13(c) are considered. In 

the case of the MoTe2 device, tunneling current was increased with decreasing VBG from –

10 V to –30 V. Since decreasing VBG in this range implies the enhancement of p-type of the 

access region, the increase of tunneling current can be attributed to the enhancement of 

hole injection from Ni electrode. This is confirmed by the observation of opposite trend 

for the MoS2 device. Indeed, increase of tunneling current with decreasing VBG was also 

observed for the WSe2 device as shown in Fig. 4-14. 

Path 1 can be excluded from the current limiting path. One evidence is the non-

linearity in FN plot as shown in Fig. 4-15. Another evidence is that the existence of 

temperature dependence in the tunneling currents as shown in Fig. 4-16. These results 

indicate the tunneling current in region C is not FN tunneling current. The possible 

mechanism of the temperature dependence is the suppression of TE from Ni to TMDC 

channel. As well as electron injection by TE, hole injection by TE is also suppressed by 

decreasing the temperature, resulting in a low doped p-type access region. Since voltage 

drop across the access region is increased, more VFG is required for the tunneling with 

decreasing temperature. 

Fig. 4-14 Tunneling current of the WSe2 device with various VBG. 
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 In short, the tunneling current in region C is not limited by path 1 nor path 2. 

According to the above discussions, the only possible current limiting path in region C is 

the path 3 as indicated by a red arrow in Fig. 4-13(a). As illustrated in Figs. 4-13(a) and 

(d), holes are injected from Ni electrode and pass through to FG region since there is no 

pn junction in the channel. They are tunneled from TMDC channel to graphite FG. 

Noted that, VFG which is the FG potential relative to the source electrode is 

composed of three voltage terms, i.e., voltage drop across path 1 (Vpath1), path 2 (Vpath2), 

and path 3 (Vpath3). In region A, VFG is reduced to Vpath1 since the contributions from path 2 

Fig. 4-15 FN plot of the tunneling currents in region C. 

Fig. 4-16 Temperature dependence of tunneling currents in region C for (a) the MoTe2 

device and (b) the WSe2 device. 
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and path 3 are negligible, while VFG cannot be reduced to Vpath1 in region B and C. Thus, 

strictly speaking, EBN calculated by dividing VFG by the thickness of h-BN shown in Fig. 

4-5 and Fig. 4-13 are no longer correct, and therefore, roughly 10 nm h-BN was not 

electrically broken down even when VFG reached approximately –20 V for the WSe2 and 

MoS2 devices. 

The quick summary of the discussions in Section 4.3 is as follows. The current 

limiting paths in regions A, B and C are the path 1 (FN tunneling across h-BN), path 2 

(communication between access region and FG region), and path 3 (hole injection from Ni 

to TMDC channel), respectively. This gives a clear and comprehensive point of view for 

the operation mechanisms of 2D materials-based flash memory devices. 

 

4.4 VFG Trajectory Control 

4.4.1 Region B Control by Temperature 

 

Next, based on the understandings as mentioned above, VFG trajectory is experimentally 

controlled as desired. Fig. 4-17 shows the temperature dependence of VFG trajectory for 

the WSe2 device. In region B, the transition toward pure CC mode was observed with 

Fig. 4-17 Temperature dependence of VFG trajectory of the WSe2 device. The trend of 

VFG in region B can be controlled by decreasing temperature to suppress the electron-

hole pair generation. 
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decreasing temperature. As schematically shown in the inset, generation of electron hole 

pair is suppressed with decreasing temperature, resulting in the transition since path 2 is a 

current limiting path in region B. This can be interpreted as region B control by temperature, 

and supports the validity of above understandings. 

 

4.4.2 Region C Control by Device Structure 

 

As summarized in Table. 4-1, almost all of previous studies have not designed the access 

region, that is, there is a possibility that tunneling current flow between metal electrode 

and the FG as shown in Fig. 4-18(a), whereas previous studies have focused only on the 

2D heterostructure as a tunneling path. To reveal the true tunneling path, the device without 

access region was additionally fabricated as shown in Fig. 4-18(b). Fabrication procedure 

is same as other devices. For the device, MoS2, h-BN and graphite were used as a channel, 

tunneling barrier and FG, respectively. As well as other devices, Ni/Au were used for 

electrodes. The measured VFG trajectory of the device without access region is shown in 

Fig. 4-18(c). While moderate slope was observed in region C for the MoS2 device with 

Fig. 4-18 (a) Schematic of metal-FG tunneling current in the device without access 

region. (b) Photo of fabricated device without access region. (c) VFG trajectory of the 

device shown in (b). Flat trend of VFG in region C clearly represents the metal-FG 

tunneling. 
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access region, it was vanished for the MoS2 device without access region. Since current 

limiting path in region C is hole injection from the metal electrode, the flattened VFG 

trajectory suggests the formation of additional tunneling path, that is, metal-FG tunneling 

path. Although some previous reports has claimed the metal-2D tunneling path by a device 

simulation43,101, this is the first experimental evidence of it. 

 

 

Additionally, the change of VFG trajectory shown in Fig. 4-2 can also be 

interpreted as region C control by the VBG sweeping rate. Fig. 4-2 shows the change of VFG 

trajectory for the MoS2 device with decreasing VBG sweeping rate. While moderate slope 

of VFG was observed in region C when the sweep rate was 1.00 V/s, that was almost 

vanished when the sweep rate was 0.05 V/s. 
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4.5 Temperature Dependence of VFG Trajectories 

The temperature dependence of VFG trajectories and corresponding Id–VBG curves are 

discussed in this section. Measurement results are summarized in Fig. 4-19. As shown in 

Figs. 4-19(a)–(c), for all devices, n-branch was more clearly observed than p-branch, 

suggesting that the Fermi level of Ni is pinned near the conduction band minimum (CBM) 

rather than the valence band maximum (VBM). In addition, n-branch of the MoTe2 device 

is more sensitive to the temperature than that of the WSe2 device. As a result, the 

schematics of band alignment between Ni and TMDC channel can be illustrated as Figs. 

4-19(g)–(i). 

Fig. 4-19 Temperature dependence of Id–VBG round sweep transfer curves and VFG 

trajectories for (a), (d) the MoTe2 device, (b), (e) the WSe2 device, and (c), (f) the MoS2 

device. (g)–(i) Schematics of band alignment at the interface of Ni electrode and TMDC 

channels of each device expected from the temperature dependence shown in (a)–(c). 
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 In Figs. 4-19(d)–(f), the changes of VFG trajectory with decreasing temperature 

are indicated by two kinds of arrows. One is a dotted arrow which indicates the change due 

to the suppression of generation current, the other is a double-line arrow which indicates 

the change due to the reduction of TE current. In this section, the details of the temperature 

dependence are explained in two subsections: positive sweep and negative sweep. In the 

following explanation, the polarity combination of access region/FG region/access region 

is simply denoted as n/n/n, n/p/n, and so on. 

 

4.5.1 Positive Sweep 

VFG trajectory is flattened when n/n/n channel is formed since sufficiently large tunneling 

current can flow between the FG and channel to activate the feedback mechanism. Since 

the threshold voltages for all three devices are located below 0 V of VBG at 300 K, n/n/n is 

easy to be achieved. For this reason, the FT region is wide in positive sweep as compared 

with in negative sweep. However, flat VFG is possible even before the n/n/n channel 

formation because of the generation current in p/n/p channel at high temperature such as 

300 K. To trace the transition from the p/p/p channel to the n/n/n channel via p/n/p channel 

is the key to understand the temperature dependence. As mentioned in previous section, 

TE of electron from Ni to TMDC channel and electron-hole pair generation are suppressed 

with decreasing the temperature. Since the band alignment at the metal/TMDC interface 

and bulk Eg depend on the channel material, different temperature dependence was 

observed as follows. 

 

MoTe2 device: At the starting point of the round sweep (VBG = –30 V) where channel is 

p/p/p, VFG was roughly independent of the temperature as shown in Fig. 4-19(d). This 

attributes to the availability of the path 3 (hole injection from Ni to MoTe2) in the range of 

10 K to 300 K. According to the Fig. 4-19(a), however, the starting point of n-branch was 

drastically shifted to the positive side of VBG with decreasing the temperature, indicating 

that a delay of transition point from p/n/p channel to n/n/n channel. In addition, thermal 
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energy to generate electron-hole pair in p/n/p channel is also decreased. Consequently, as 

shown in Fig. 4-19(d), the hump (CC mode) appeared in VFG trajectory, and it was grown 

up with decreasing temperature due to insufficient tunneling current for the feedback. In 

short, the reduction of generation current works to maintain the CC mode during the p/n/p 

channel period even after the VFG exceeds the tunnel starting voltage (dotted arrow), while 

the reduction of the TE current delays the point where VFG become flattened (double-line 

arrow). 

 

WSe2 device: Similar to the MoTe2 device, as shown in Fig. 4-19(e), VFG at the starting 

point of round sweep was roughly independent because of the availability of the path 3. 

Even at 300 K, generation of electron-hole pair at pn junction in the channel is quite limited. 

In order to flatten the VFG trajectory, n/n/n channel is necessary. Therefore, small hump 

appeared in the VFG trajectory with decreasing the temperature, which corresponds to the 

positive shift of the starting point of n-branch shown in Fig. 4-19(b). 

 

MoS2 device: Different from other two ambipolar channel devices, as shown in Fig. 4-

19(f), VFG at the starting point of round sweep was shifted down with decreasing the 

temperature. It attributes to the lack of the feedback mechanism by drastic reduction of TE 

of hole. In addition, according to Figs. 4-19(c) and (f), n/n/n channel is already achieved 

when VFG reaches the tunnel starting voltage, resulting in no hump in VFG trajectory. 

 

4.5.2 Negative Sweep 

As well as the positive sweep, the key point to understand the temperature dependence is 

tracing the transition from n/n/n channel to p/p/p channel via n/p/n channel. However, p/p/p 

channel is more difficult to achieve than n/n/n channel, resulting in asymmetric VFG 

trajectories especially for the WSe2 and MoS2 devices shown in Figs. 4-19(e) and (f). 

Roughly symmetric VFG trajectories for the MoTe2 device shown in Fig. 4-19(d) might be 

attributed to the location of Fermi level of Ni which is close to the midgap of MoTe2, as 
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illustrated in Fig. 4-19(g). Generally, narrow FT region was obtained in negative sweep. 

Temperature dependence is explained as follows. 

 

MoTe2 device: No hump was observed at 300 K since the tunneling current is large enough 

to active the feedback mechanism regardless of the channel polarity. However, the hump 

appeared and it was grown up with decreasing the temperature, as well as positive sweep. 

 

WSe2 device: As mentioned in section 4.4.1, VFG trajectory in region B became pure CC 

mode with decreasing temperature due to the suppression of electron-hole pair generation. 

In addition, starting point of the p-branch was slightly left shifted with decreasing 

temperature, which is obvious in the range of 300 K to 200 K as shown in Fig. 4-19(b). 

This is attributed to the reduction of TE of holes from Ni to WSe2, and causes the left shift 

of the point where VFG becomes flat. 

 

MoS2 device: Although the contribution of generation is larger than the WSe2 device due 

to the abrupt pn junction in the MoS2 channel, as shown in Fig. 4-19(f), the mode of VFG 

trajectory in region was slightly changed from FT to CC, especially below 50 K. Therefore, 

when VFG is further swept to the –30 V of VBG, the final point of VFG is shifted down. As 

sweeping the VBG to –30 V, the main contributor to the shifting down is changed from the 

suppression of generation in region B to the reduction of TE of holes in region C. 

 

Although large noise current at low temperature obscured the starting point of n- 

and p-branch in Id–VBG curves especially for the MoTe2 device as shown in Fig. 4-19(a), 

the temperature dependence of VFG trajectories can be understood by tracing the channel 

polarity transition during positive and negative sweep. At this stage, above understandings 

are quite useful and reasonable. 
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4.6 The Origin of Id Plateau 

As shown in Figs. 4-20(b) and (c), plateau region was observed in the Id–VBG curves 

resulted from the device without access region, regardless of the Id scale. Interestingly, as 

summarized in Table 4-1, the Id plateau has been often observed in previous studies. The 

VFG trajectory clearly explains the origin of the Id plateau. 

If contact resistance is quite high, it limits the drain current when channel 

conductance is relatively small. However, as mentioned with Fig. 4-6, ohmic contact at 

Ni/MoS2 interface has been experimentally confirmed in this study as well as some 

previous studies summarized in Table 4-1. Therefore, the contact resistance is not the 

reason why the observation of Id plateau. On the other hand, since there is no access region, 

the conductivity of the channel is completely controlled by the FG as illustrated in Fig. 4-

20(a). Here, VFG is determined by the capacitive coupling between FG and BG, and pinned 

at one side of tunnel starting voltage, once the feedback mechanism is activated. According 

to Figs. 4-20(b) and (c), the starting point of Id plateau is well consistent with that of FT 

region. Consequently, constant VFG in FT region results in the Id plateau. The observation 

of Id plateau in previous studies might be attributed to the constant VFG in FT region of the 

trajectory, since most of their devices have no access region. 

Fig. 4-20 The origin of Id plateau. (a) Schematic of the device without access region. 

Channel conductivity is fully controlled by VFG. (b) Linear scale and (c) semi-log scale 

of round sweep transfer curves with VFG trajectory. The starting point of Id plateau is 

well consistent with that of FT region. 
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It should be mentioned that, the previous study111 has also prepared access region 

for their black phosphorus/h-BN/graphene heterostructured NVM device, whereas VFG 

measurement was not employed. Their round sweep transfer curves can be reasonably 

explained by the above understanding, which further supports its validity. 

 

4.7 Summary 

In this chapter, comprehensive understandings of operation mechanisms of 2D materials-

based flash memory were unveiled by the analysis of the VFG trajectories of the MoTe2, 

WSe2 and MoS2 devices. The operation mechanisms were clarified by focusing on three 

kinds of current limiting paths, i.e., FN tunneling across h-BN (path 1) for region A, 

communication between access region and FG region (path 2) for region B, and hole 

injection from electrode to channel (path 3) for region C. In addition, for the first time, 

metal-2D tunneling path in the device without access region was experimentally proved. 

Although further studies will be required to fully quantize the theory, at this point, the 

understandings are quite useful to design the materials and structure of 2D heterostructured 

NVM devices. In addition, the performances of the device can also be predicted, which 

will be discussed in next chapter. 
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Chapter 5 

Performances 

 

As mentioned in previous chapters, the validity of the benchmarks presented in previous 

literatures has not been reasonably supported, since memory window extracted by I–V 

round sweep measurement is generally overestimated. In addition, the performances of the 

device with superior 2D/2D heterostructured tunneling path are still unknown since most 

of previous studies have investigated the device with 2D/metal heterostructured tunneling 

path. 

 In this chapter, therefore, the performances of 2D heterostructured non-volatile 

memory (NVM) devices are reasonably investigated as mainly focused on program and 

erase (P/E) speed. This is because, P/E speed determines the range of applications. 

 

5.1 Program and Erase Speed 

 

5.1.1 Preparation for High-speed Measurement 

For the high-speed measurement, the pulse generator should be carefully selected first. 

Regarding the Keysight B1500A semiconductor parameter analyzer system, there are two 

modules for the high speed (<1 ms) measurement as summarized in Table 5-1129. One is 

the B1530A waveform generator/fast measurement unit (WGFMU) module with B1531A 

remote-sense and switch unit (RSU) module for output, and the other is the B1525A high 

voltage semiconductor pulse generator unit (HV-SPGU) module. Although WGFMU is 

specified for ultra-fast I–V measurement, maximum output voltage is not large enough for 

the P/E operation. Since ±30 V of output is required in this study, the HV-SPGU is selected. 

Measurement system, including a probe station and cables, is the same as DC measurement. 
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Table 5-1. Comparison of capabilities between WGFMU and HV-SPGU129. 

 

 Next, settings for HV-SPGU are described. Fig. 5-1(a) shows the definition of 

each parameter which constructs the output pulse129. It should be noted that, the Twidth 

includes Tr, that is, the duration of voltage plateau is less than Twidth. According to the 

data sheet shown in Table 5-2129, minimum value of Twidth is 50 ns when Vamp is larger 

than 10 V, and minimum programmable value of Tr/Tf is 8 ns. In order to ensure the 

rectangle shape of the pulse, minimum value of Twidth in this study was set to 60 ns. 

Consequently, the fastest voltage pulse in this study is designed as shown in Fig. 5-1(b). 

 WGFMU HV-SPGU 

±30 V output Impossible Possible 

Voltage measurement  Possible*1  Impossible*2 

Current measurement Possible Impossible 

*1 Only output voltage from the WGFMU module can be monitored. Voltage measurement for arbitrary 

points like an oscilloscope cannot be performed. 

*2 Although HV-SPGU has the voltage measurement capability, it is not accessible via standard 

measurement software EasyEXPERT. 

Fig. 5-1 (a) Definition of each parameter which constructs the output pulse129.  

(b) Illustration of the designed waveform for testing the pulse application. 

The values of Tr, Tf and Twidth are the minimum values in this study. 

+30 V

–30 V

0 V

Tr = 8.0 ns Tf = 8.0 ns

Twidth = 60 ns

50 ns

300 ns

Twidth = 60 ns

Period = 500 ns

(a)

(b) Tr = 8.0 ns Tf = 8.0 ns

Expected to be 50 ns.
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Of course, this periodic waveform shown in Fig. 5-1(b) is only for testing the pulse 

application. For actual program or erase operation, single pulse of +30 V or –30 V is 

applied to the back gate (BG) stage. 

 

Table 5-2. Pulse range and pulse parameter*1 of HV-SPGU129. 

Frequency range  0.1 Hz to 33 MHz 

Pulse period Programmable range 30 ns to 10 s 

Resolution 10 ns 

Minimum 100 ns*3 

Accuracy ±1 % (±0.01 %*2) 

Width Programmable range 10 ns to (period–10 ns) 

Resolution 2.5 ns (Tr and Tf ≤ 8 ms) 
10 ns (Tr or Tf > 8 ms) 

Minimum 50 ns (25 ns, typical)*3 

Accuracy ±(3% + 2 ns) 

Transition time (Tr/Tf)*5 Programmable range 8 ns to 400 ms (10–90%) 

Resolution 2 ns (Tr and Tf ≤ 8 ms) 
8 ns (Tr or Tf > 8 ms) 

Minimum (typical) < 15 ns*3 

Minimum 20 ns (Vamp ≤ 10 V) 
30 ns (Vamp ≤ 20 V) 
60 ns (Vamp > 20 V) 

Accuracy (10 –90%) –5% to 5% + 10 ns (Vamp ≤ 10 V) 
–5% to 5% + 20 ns (Vamp ≤ 20 V) 

Output relay switching time*4 Open/close <100 ms 

 

  

*1. Unless otherwise stated, all specifications assume a 50 Ω termination. 

*2. Supplemental characteristics. 

*3. This is specified at Vamp ≤ 10 V. 

*4. Minimum value in which timing accuracy can be applied. 

*5. The time from 10% to 90% of Vamp which is the amplitude of output pulse. 
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Since the parasitic impedance of the measurement system generally distorts the 

pulse shape, actual output was checked by the oscilloscope (InfiniiVision MSOX3024T, 

200 MHz, 5 GSa/s) with the 200 MHz passive probe (TA386). Measurement setup is 

illustrated in Fig. 5-2(a). The oscilloscope proved the BG stage. Fig. 5-2(b) shows the 

measured voltage (VBG) waveform when the settings of HV-SPGU is as shown in Fig. 5-

1(b). Although the pulse was a little distorted, sufficiently narrow pulse application to the 

BG could be confirmed. For the –30 V pulse, actual amplitude was –33.0 V and full width 

at half maximum (FWHM) was 59.5 ns, and for the +30 V pulse, actual amplitude was 

+31.8 V and FWHM was 57.5 ns. In this study, these pulses are treated as –30 V, 50 ns 

pulse and +30 V, 50 ns pulse, respectively since the duration of voltage plateau can be 

expected to be 50 ns as shown in Fig. 5-1(b). Similarly, the word XX seconds pulse in this 

study is defined as the voltage pulse where expected duration of plateau is XX seconds. 

 

 

  

Fig. 5-2 (a) Measurement setup for high-speed voltage pulse. (b) Waveform of VBG 

measured by the oscilloscope when HV-SPGU is set to apply the voltage pulse shown in 

Fig. 5-1(b). 
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5.1.2 P/E Speed of the Devices with Access Region 

Next, P/E speed of the fabricated three devices, i.e., the MoTe2, WSe2, and MoS2 channel 

devices without access region was evaluated. Before the evaluation, the P/E speed was 

roughly predicted based on the understandings mentioned in chapter. 4. Since program 

operation is conducted by +30 V of VBG pulse, corresponding current limiting path is path 

1: Fowler-Nordheim (FN) tunneling across h-BN. Since relatively large tunneling current 

(~2 nA) can be observed for all three devices as shown in section 4.3.1, high program 

speed can be expected. On the other hand, erase operation is conducted by –30 V of VBG 

pulse, that is, corresponding current limiting path is path 3: hole injection from Ni electrode 

to the transition metal dichalcogenide (TMDC) channel. As mentioned in section 4.3.3, 

the ability of hole injection is quite poor for n-type MoS2, whereas the hole injection is 

possible for ambipolar WSe2 and MoTe2. Therefore, ultra-low erase speed can be expected 

for the MoS2 device while the WSe2 and MoTe2 device will show moderate erase speed. 
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Fig. 5-3 Operation waveforms of the MoS2 device without access region. After initialize 

by +30 V and 1 s of VBG pulse, (a) –30 V, 500 ms pulse can erase the device while (b) –30 

V, 50 ms erase cannot. 
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Fig. 5-3 shows the typical P/E operation waveforms of the MoS2 device. First, the 

device was initialized to high resistance state (HRS) by +30 V and 1 s of VBG pulse. Here, 

drain-source voltage (Vds) was kept at 100 mV throughout the P/E operation. Read 

operation was conducted with 0 V of VBG after programming. Then, erase operation was 

conducted by –30 V of VBG pulse. As shown in Fig. 5-3(a), when erase operation was 

conducted with 500 ms pulse width, the state can be flipped from HRS to low resistance 

state (LRS), while the state cannot be flipped when the pulse width was 50 ms, as shown 

in Fig. 5-3(b). In other words, erase operation can be performed in 500 ms, while not in 

50 ms. Similarly, P/E speed of the WSe2 device was investigated. It should be noted that, 

for the MoTe2 device, P/E speed was investigated in terms of threshold voltage (Vth) shift 

since there is no drain current (Id) difference at VBG = 0 V as shown later (Fig. 5-5(a)). The 

results are summarized in Fig. 5-4. As predicted above, the MoS2 device showed very slow 

erase speed of 100 ms, while ambipolar WSe2 and MoTe2 device show moderate erase 

speed of 20 ms and 5 ms, respectively. This is qualitatively consistent with the amount of 
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Fig. 5-4 Measured P/E speed of the MoTe2, WSe2 and MoS2 devices without access 

region. The WSe2 and MoS2 devices show remarkable programming speed as for flash 

memory device. 
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tunneling current in region C as described in section 4.3.3, that is, the larger the tunneling 

current, the faster the erase speed. This clearly shows the usefulness of the provided 

understandings. However, the results also suggest the limitation of hole injection in terms 

of the erase speed. On the other hand, regarding to the program speed which was predicted 

to be fast, there was a variation. While the program speed was 500 ns for the WSe2 device, 

that is only 5 ms for the MoTe2 device. 

To reveal the origin, operation mechanism in region A is reconsidered. In region 

A, whole channel region is n-type, and holes are tunneled from the FG to channel. The 

holes are recombined with electrons in the channel. Here, Id–VBG round sweep transfer 

curves just before speed test are shown in Fig. 5-5. Since many experiments such as low 

temperature measurement have passed, they are slightly different from Fig. 4-1, but 

sufficiently similar. The values of Id at VBG = +30 V are also labeled in Fig. 5-5. Due to the 

difference of device geometry and electron density in the channel, the amount of Id was 

varied. Interestingly, the larger the Id, the faster the program speed, suggesting that the 

program speed can be fastened by increasing the number of recombined electrons. Another 

possible origin is the thickness of h-BN. As summarized in Table 2-1, the thickness of h-

BN is 15.0 nm for the MoTe2 device, 9.6 nm for the WSe2 device, and 10.6 nm for the 

MoS2 device. The thinner the h-BN thickness, the faster the program speed. Since the 

program voltage is the same (+30 V) for all devices, thinner h-BN may result in the larger 

tunneling current during program operation. 
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Fast program operation of the WSe2 and MoS2 device is emphasized here. Since 

typical write speed of flash memory is known as 100 ms12, 500 ns (the WSe2 device) and 5 

ms (the MoS2 device) of program speed are remarkably fast, even though the large parasitic 

capacitance exists due to global BG structure, suggesting that the ultra-fast P/E operation 

will be potentially achieved by 2D heterostructured NVM device. 
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5.1.3 Device Design for High-speed and Robust P/E Operation 

 

For further improvement of the P/E speed, the devices were designed. The important point 

for high-speed operation is that, to inject/eject the holes into/from the FG. As mentioned 

in previous section, hole injection from Ni to the channel may limit the erase speed to the 

order of millisecond. Therefore, regarding the P/E speed, the device structure without 

access region can be considered again since the holes are directly injected to the FG from 

source/drain (S/D) electrodes (ejected from the FG to S/D electrodes), not via the channel. 

As mentioned in section 4.4.2, the device without access region has been already fabricated. 

In addition, another device was fabricated with graphite S/D electrodes for realizing the 

2D heterostructured tunneling path. Schematics and photos of the devices are shown in Fig. 
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Fig. 5-6 Schematics and photos of the devices with huge FG electrode. Access region is 

eliminated for employing the tunneling between the FG and S/D. (a) Schematic and 

operation mechanism of the metal contact device. Its (b) overall photo and (c), (d) enlarged 

photos before and after speed test, respectively. (e) Schematic and operation mechanism of 

the graphite contact device. Its (f) overall photo and (g), (h) enlarged photos before and 

after speed test, respectively. 
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5-6. Except the S/D material, the same materials were used. Here, graphite S/D electrodes 

were transferred by polydimethylsiloxane (PDMS) assisted dry transfer technique, after 

the MoS2/h-BN/FG graphite heterostructure fabrication. The expected operation is 

illustrated in Figs. 5-6(a) and (e). Since metal (Ni/Au) or bulk graphite was used as the 

S/D, large tunneling current by a lot of holes can be expected. For the program operation, 

holes are tunneled from the FG to the source electrode since VFG is positive, while for the 

erase operation, holes are tunneled from the drain electrode to the FG since VFG is negative. 

Generally, the quality of interface between evaporated metal and 2D is poor due to the 

damage by evaporated metal atoms with high kinetic energy130. It was also observed in this 

study as shown in Fig. 5-7. Therefore, the superiority of 2D/2D interfaces in terms of the 

P/E speed will be extracted by the comparison of their speed. 

 

However, unfortunately, both devices were broken just after the speed test was 

performed. Although 100 ns of program speed can be achieved for both devices, the 

insulating property of h-BN was drastically degraded. For the graphite contact device, as 

compared with Fig. 5-6(g), Fig. 5-6(h) clearly indicates the unrecovered damage at the 2D 

heterostructured tunneling path, suggesting that the destruction is resulted from the 

breakdown due to large tunneling current. For the metal contact device, even though the 

MoS2

Ni

h-BN

Damage

2 nm

Fig. 5-7 Typical transmission electron microscope (TEM) image of 2D heterostructure 

underneath the thermally evaporated Ni. Damage layer is clearly seen between the MoS2 

and Ni. 
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damage is not obvious in Fig. 5-6(d) as compared with Fig. 5-6(c), insulating property of 

h-BN was severely degraded as shown in Fig. 5-8, where Itun represents the tunneling 

current from the FG to the source electrode. 

 

As shown in Figs. 5-6(b) and (f), both devices have large FG electrode and pad 

(~ 200 mm × 200 mm), which may lead to the large tunneling current to charge or discharge 

the FG. Here, the typical value of tunneling current is estimated. Firstly, change in the 

amount of charge stored in the FG (Q) is calculated by following equation: 

ΔQ = 𝐶oxΔ𝑉t , (5.1) 

where, Cox and Vth are the capacitance between the FG and BG, and the change of Vth 

caused by Q. For Cox, 90 nm SiO2 (relative permittivity is 3.9) with the area of 200 mm × 

200 mm is assumed. If Vth is 10 V, Q = 1.52 × 10–10 C is resulted, which corresponds to 

around 109 holes. Since the holes should be tunneled to the FG within 100 ns, tunneling 

current is calculated to be 1.52 mA, which is too large as a tunneling current. Therefore, 

for the ultra-fast and robust P/E operation, the area of FG pad should be small enough to 

prevent the breakdown, even at the expense of VFG and tunneling current measurement 

capability. 

Before the destruction, tunneling current in graphite/h-BN/graphite system had 

been measured by the graphite contact device shown in Fig. 5-6(f). Therefore, before the 
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next device design and fabrication, the potential of 2D heterostructured tunneling path was 

confirmed in terms of the amount of tunneling current. For the purpose, Al/SiO2/n
+-Si 

metal-insulator-semiconductor (MIS) capacitor was additionally fabricated as shown in 

Fig. 5-9. The thickness of SiO2 measured by an ellipsometer is 16.2 nm, and diameter of 

Al pad is 100 mm. The tunneling current was measured in accumulation condition, i.e., 

positive voltage was applied to the Al pad. Therefore, only the electron tunneling current 

from n+-Si to Al pad is considered as a tunneling current in 3D system.  

Fig. 5-10 shows the comparison of tunneling current density (Jtun) in the 2D 

system and the 3D system as a function of electric field across the insulator (Eox). For the 

2D system, VBG was fixed at –30 V when tunneling current flows from the graphite S/D to 

graphite FG, while it was fixed at +30 V when the current flows in the opposite direction, 

in order to mimic the erasing and programming situations, respectively. When the 

tunneling current flowed from the graphite S/D to graphite FG (blue), Jtun was much larger 

100 mm

n+-Si

16.2 nm SiO2

Al PAD

(a) (b)

Fig. 5-9 (a) Schematic and (b) photo of fabricated MIS capacitor. 
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than that of 3D system. On the other hand, for the tunneling current flowed from graphite 

FG to graphite S/D (red), larger field was required to start the tunneling than 3D system. 

However, the Jtun in 2D system was finally larger than that of 3D system due to its higher 

sensitivity to Eox. As a result, the potential of 2D heterostructured tunneling path for ultra-

fast P/E operation could be confirmed. 

Since the 2D heterostructure is symmetric (graphite/h-BN/graphite), the tunnel 

starting fields seem to be the same, which is not consistent to the measurement results. 

This can be explained by focusing on the Fermi level (EF) shift of hole source graphite. 

For the case of the tunneling from FG to S/D, hole source graphite is the FG as shown in 

Fig. 5-11(a). Here, EF shift of the FG and S/D graphite is explained step by step, by using 

band diagrams shown in Fig. 5-11(b). First, (i) the situation with VFG = 0 V is considered. 

By applying +30 V to the BG, EF of FG graphite is shifted upward while its potential (0 V) 

is maintained. Next, (ii) VFG is swept from 0 V to positive direction. (iii) Due to positive 

VFG, EF of S/D graphite is shifted upward while its potential (0 V) is maintained. (iv) The 

holes in the FG are hard to tunnel since the EF of FG is initially shifted upward. The 

situation is completely opposite for the case of the tunneling from S/D to FG. As shown in 

Fig. 5-11(c), hole source graphite is the S/D. Since EF of S/D graphite is shifted downward 

due to negative VFG as shown in Fig. 5-11(d), hole is easy to tunnel, resulting in the low 

tunnel starting field. This is the possible explanation for the difference of tunnel starting 

voltages. 
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Fig. 5-11 Possible origin of the difference of tunnel starting field for tunneling currents 

in 2D system. Bias conditions of the tunneling (a) from FG to S/D, and (c) from S/D to 

FG. (b), (d) Band diagrams which explain the EF shift of FG and S/D graphite for the 

case of (a) and (c), respectively. 
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For the next device fabrication, the area of FG was carefully designed. Although 

small or no FG electrode is required to prevent the large tunneling current during ultra-fast 

P/E operation, large FG electrode is required to ensure the capacitive coupling ratio. If the 

program operation is performed by +30 V of VBG, VFG can be calculated as follows: 

𝑉FG =
𝐶ox

𝐶ox + 𝐶BN
× 30, (5.2) 

where, CBN is the capacitance between the channel and FG. On the other hand, according 

to the results shown in section 4.3.1, required electric field for the tunneling across h-BN 

is around 7.0 MV/cm. Therefore, for the successful program operation, following equation 

should be satisfied: 

𝐶ox
𝐶ox + 𝐶BN

× 30  7.0 (M cm ) × 𝑡BN, (5.3) 

where, tBN is the thickness of h-BN. From the Eq. 5.3, the importance of large capacitive 

coupling ratio (Cox / (Cox + CBN)) is clear. By assuming the thickness of SiO2 is 90 nm, left 

side and right side of Eq. 5.3 were calculated as a function of tBN, as shown in Fig. 5-12. 

For the calculation of left side, three kinds of area ratio (Sox/SBN) are assumed, where Sox 

and SBN represent the active area for Cox and CBN, respectively. Inset illustrates the cross 

section of the device (for more information, please see Fig. 2-12). According to the figure, 

for example, when tBN is 8.0 nm, it can be understood that the Sox should be larger than 

2SBN for successful program operation. 
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Fig. 5-12 The design of coupling ratio of the device. 
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5.1.4 Fifty Nanoseconds P/E Operation and Its Possible Origin 

Based on the above design policy, two devices were fabricated again with small FG pad 

(less than 50 mm × 50 mm) as shown in Fig. 5-13. One is the graphite contact and graphite 

FG device shown in Figs. 5-13(a)–(d), the other is the metal contact and metal FG device 

shown in Figs. 5-13(e)–(h). For the later, thermally aggregated Au was used as an FG for 

increasing roughness at hetero-interface. This was prepared by heating the substrate on a 

hot plate (200°C, 2 min) following thin Au evaporation. Hereinafter, the graphite contact 

and graphite FG device, and the metal contact and metal FG device are simply called the 

graphite contact device and the metal contact device, respectively. 

Fig. 5-13 Schematics and photos of the device with small FG pad. (a) Schematic of the 

graphite contact device. Its (b) overall photo and (c), (d) enlarged photos before and after 

speed test, respectively. (e) Schematic of the metal contact device with aggregated Au FG. 

Its (f) overall photo and (g), (h) enlarged photos before and after speed test, respectively. 
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At first, the speed test was conducted for the graphite contact device. Remarkably, 

the device showed 50 ns ultra-fast P/E operation as shown in Fig. 5-14(a). This is 

consistent with the above mentioned tunneling current comparison. HRS and LRS are also 

indicated in Id–VBG round sweep curves shown in Fig. 5-14(b). In addition, Vth shift after 

P/E operation is summarized in Fig. 5-14(c) as a function of pulse width. Even though ±25 

V and 50 ns voltage pulses were used to P/E operation, 6.7 V of memory window can be 

achieved. This clearly indicates that a sufficiently large number of holes are transferred 

between the FG and electrode during very short period, 50 ns. 

Next, the effect of roughness at the hetero-interfaces in tunneling path was 

investigated. Surprisingly, the metal contact device also showed the 50 ns P/E operation as 

Fig. 5-14 Speed test results of the graphite contact device. (a) Drain current waveform with 

50 ns P/E pulses. (b) Id–VBG round sweep curves. (c) Vth shift after P/E operation as a 

function of pulse width. 
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shown in Fig. 5-15(a). Round sweep Id–VBG curves of the device is also shown in Fig. 5-

15(b). Moreover, similar trend of Vth shift was observed as shown in Fig. 5-15(c). 

Additionally, it is worth noting that, P/E speed test can be repeatedly performed thanks to 

the small FG pad. Figs. 5-13(d) and (h) clearly show no degradation of the device even 

after P/E speed test. According to the results, it is revealed that the 2D/2D interface is not 

the key of the ultra-fast P/E operation as opposed to the expectation. It should be 

emphasized again that, the 50 ns pulse is the fastest value in this study to ensure the 

rectangle shape of the pulse in the DC measurement system. As shown in Fig. 5-14(c) and 

Fig. 5-15(c), 50 ns is long enough for ensuring the memory window when the VBG is ±30 

V, suggesting that the 2D heterostructured NVM devices can be programmed/erased even 

Fig. 5-15 Speed test results of the metal contact device. (a) Drain current waveform with 

50 ns P/E voltage pulses. (b) Id–VBG round sweep curves. (c) Vth shift after P/E operation 

as a function of pulse width. 
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below 50 ns, as long as the system is specified for high-speed measurement. 

More recently, H. -J. Gao group (CAS in China) has demonstrated the 21 ns P/E 

operation of 2D heterostructured NVM device (InSe channel/h-BN tunneling 

barrier/Multilayer graphene FG)131, and they have claimed that the 2D/2D interface is the 

key, which is opposed to above results. In addition, P. Zhou group (Fudan Univ. in China) 

has also demonstrated the 20 ns P/E operation of 2D heterostructured NVM device (MoS2 

channel/h-BN tunneling barrier/Multilayer graphene FG)132, and they have claimed that 

the double-barrier modified FN tunneling seems to be the key. While they have postulated 

that the electron tunneling from MoS2 to the FG when the programming (VBG > 0 V), this 

is not consistent with the discussion in section 4.3.1, where hole tunneling from the FG to 

channel has been proved. Interestingly, 2D heterostructured neuromorphic device has also 

achieved the large enough conductance modulation with 50 ns voltage pulse, even though 

the tunneling path includes 2D/3D interfaces101. It is obvious that the ultra-fast nature of 

2D heterostructured NVM devices will attract huge attention since the speed is much 

higher than conventional Si-based flash memories (~100 ms12). Therefore, it should be 

supported by reasonable mechanisms. 

The point is quite simple, that is, high tunneling current results in high-speed. 

Although the comparison of tunneling current shown in Fig. 5-10 confirmed the potential 

of 2D heterostructured NVM device for ultra-fast P/E speed, the results revealed that 

2D/2D interface is not necessary. Therefore, h-BN itself can be considered as the key. 

Although the breakdown strength of h-BN (~12 MV/cm49) is similar to that of SiO2 (13~14 

MV/cm133), these values are determined by DC measurement. In fact, for SiO2, the 

relationship between applied electric field and time to breakdown has been investigated in 

ultra-fast time scale134,135, which was motivated by the desire to protect the circuit from 

electrostatic discharge. As shown in Fig. 5-16135, as long as stress time is short enough, 

ultra-thin SiO2 (< 5 nm) is not broken down even when the electric field is higher than 14 

MV/cm. Based on the results, they have claimed that the trend follows the 1/E model136, 

which is one of the most popular models for time-dependent dielectric breakdown (TDDB). 
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Their experimental results can be fitted by following equation: 

𝑡𝐵𝐷 = 𝐶1 exp (
𝐶2
𝐸𝑜𝑥
) , (5.4) 

where, C1 and C2 are 5.58×10-13 s and 431 MV/cm, respectively, and tBD represents the 

time to breakdown. This suggests that the h-BN may possess the breakdown strength more 

than 12 MV/cm as long as in ultra-fast time scale, which allows the high tunneling current. 

Again, the VFG measurement seemed to be the powerful tool to access the 

mechanisms. If the transient VFG can be measured during program/erase operation in sub-

microsecond regime as shown in Fig. 5-17, actual electric field across h-BN during the 

operations can be estimated. Since the feedback by tunneling current needs time, the VFG 

may exceed the tunnel starting voltage just after raising the VBG as indicated by dotted 

circle in Fig. 5-17, resulting in high field and current. However, unfortunately, standard 

oscilloscope cannot measure the transient response of VFG, since internal resistance of an 

oscilloscope is low (10 M when 10:1 passive prove is used). This is much lower than that 

of source/measure unit (SMU) which is used for VFG measurement in DC. The SMU has 

over 1013  of internal resistance129 which prevents the charge loss during VFG 

measurement. As a result, the stored charges in the FG move into the oscilloscope during 

VFG measurement as shown in Fig. 5-18(a). Typical transient response of VFG is shown in 

Fig. 5-18(b), where the value of VFG is quite low. 

Fig. 5-16 Relationship between time to breakdown and applied electric field of ultra-thin 

SiO2
135. In ultra-fast time scale, the trend follows the 1/E model. 
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As an alternative experiment, by using the HV-SPGU, breakdown strength of h-

BN under fast voltage pulse was evaluated. For the purpose, metal/h-BN/metal stacks were 

fabricated as shown in Figs. 5-19(a)–(c), where top and bottom electrodes are thermally 

evaporated Ni/Au. First, the voltage pulse was applied to the bottom electrode of sample 

1. The pulse width was fixed at 100 ms, and the amplitude was increased subsequently. 

The sample 1 was finally broken down at 18.4 MV/cm. The sequence is indicated by the 

cyan arrow in Fig. 5-19(d), and summarized in Table 5-3. Next, the same test was 

conducted for sample 2 while pulse width was fixed at 10 ms. Surprisingly, sample 2 was 

not broken down even after 26.1 MV/cm, 10 ms voltage stress. Here, required electric field 
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Fig. 5-17 Illustration of expected VFG response in ultra-fast time scale. 

Fig. 5-18 Unmeasurable VFG response due to low internal resistance of an oscilloscope. 

(a) Illustration of the charge loss during VFG measurement by an oscilloscope.  

(b) Typical waveforms of VFG and VBG. 
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for 50 ns P/E operation is estimated by assuming typical situation: the device is fabricated 

on a 90 nm SiO2/n
+-Si substrate, memory window is 10 V, the area of FG including FG 

pad is 50 mm×50 mm, and the tunneling area is 30 mm2. The required tunneling current 

density is calculated to be 633 A/cm2. By substituting the hole effective mass in h-BN 

(0.47m0
128) and the barrier height at h-BN/graphite interface (3.27 eV45,126,127) into the FN 

formula, required electric field can be estimated to be about 21 MV/cm, that is, 26.1 

MV/cm is large enough for 50 ns P/E operation. Therefore, the test was continued by 

applying the 26.1 MV/cm, 10 ms pulse repeatedly, whose purpose is to reveal how many 

times the h-BN can withstand the severe stress. The sample 2 was finally broken down 

after 22nd application of 26.1 MV/cm, 10 ms pulse. These two sequences are indicated by 

the magenta arrows in Fig. 5-19(d) and summarized in Table 5-4. Both samples possessed 

stronger breakdown strength than SiO2, suggesting that this is the key of the ultra-fast 

nature of 2D heterostructured NVM devices. 
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Fig. 5-19 Breakdown strength of h-BN under fast voltage pulse stress. (a) Schematic of 

fabricated metal/h-BN/metal stack. Top electrode is grounded while the voltage pulse is 

applied to the bottom electrode. (b), (c) Photos of fabricated samples. (d) Comparison of 

time to breakdown between h-BN and SiO2
135. The details of experimental procedure are 

described in main text. 
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*Pulse width is fixed at 10 ms.   

 

It should be emphasized that, the comparison is unfavorable for h-BN. In the 

previous study134,135, they applied the single voltage pulse to the SiO2 for evaluating its tBD, 

while in this study, voltage pulses were applied to the h-BN repeatedly. This is resulted 

from the difference of measurement system (high-speed voltage/current measurement 

system versus only high-speed pulse generator) and facility of sample preparation 

Pulse No. Field (MV/cm) Result 

1 7.7 OK 

2 8.8 OK 

3 9.9 OK 

4 11.0 OK 

5 12.2 OK 

6 13.8 OK 

7 15.7 OK 

8 18.4 Breakdown 

Pulse No. Field (MV/cm) Result 

1 7.7 OK 

2 8.8 OK 

3 9.9 OK 

4 11.0 OK 

5 12.2 OK 

6 13.8 OK 

7 15.7 OK 

8 18.4 OK 

9 (1) 26.1 OK 

10 (2) 26.1 OK 

11 (3) 26.1 OK 

··· ··· ··· 

29 (21) 26.1 OK 

30 (22) 26.1 Breakdown 

Table 5-4. Experimental procedure in Fig. 5-19(d) for sample 2 

Table 5-3. Experimental procedure in Fig. 5-19(d) for sample 1. 
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(sophisticated Si process versus exfoliation and dry transfer). For the previous SiO2 study, 

ultra-fast current response could be measured to estimate the tBD, and many samples for 

the breakdown could be easily prepared. The situation is opposite to this h-BN study. 

Moreover, thickness of h-BN is thicker than SiO2. It is well known that the breakdown 

strength in DC is increased with decreasing thickness, especially below 10 nm137. 

Interestingly, Fig. 5-19(d) suggests that the h-BN may not follow the 1/E model. 

While the 1/E model is valid for amorphous SiO2 whose breakdown mechanism is 

explained by percolation138, its validity for layered h-BN whose breakdown mechanism is 

explained by layer-by-layer breakdown137 is not obvious. In addition, the previous 

literature137 has also reported that the parameter of  in Weibull plot is increased with 

increasing the h-BN thickness as opposed to the SiO2 case, suggesting that the completely 

different model will be required to describe the breakdown phenomena of h-BN. Although 

the comparison between h-BN and SiO2 in fast time scale (< 1 s) should be sophisticated 

in the future, the comparison shown in Fig. 5-19(d) is quite important as the first step, 

since it has not been studied yet. The breakdown phenomenon of h-BN in fast time scale 

should be studied for the future to reasonably support the superiority of 2D 

heterostructured NVM devices. 

 

 

The achievement is compared with other NVM technologies12,139 in Fig. 5-20. 

The speed of 2D heterostructured NVM devices is in the range of storage class memory 

which is now strongly desired.  

Fig. 5-20 Comparison of the achievement in this work and other memory technologies12,139.  
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5.2 Retention and Endurance 

Reliability of 2D heterostructured NVM device was also investigated in terms of retention 

and endurance. Before the endurance test, retention test was carried out since endurance 

test will break the device. These tests were performed for the MoS2 device with access 

region and large FG pad, which is the same as the device shown in Fig. 2-1(e). 

 

 

 Fig. 5-21(a) shows the retention characteristics at room temperature. Program and 

erase operations were conducted with +30 V, 50 ms voltage pulse, and –30 V, 500 ms 

voltage pulse, respectively. Over 5.0 V of memory window can be achieved even after 

105 s, that is the same as the maximum test time in 2D heterostructured NVM device 

research109, at this time. 

 Fig. 5-21(b) shows the endurance characteristics at room temperature. Program 

and erase pulses are the same as retention study. Both Vths were stable until 5×104 P/E 

Fig. 5-21 (a) Retention and (b) endurance characteristics of the MoS2 device with access 

region and huge FG electrode. 
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cycles which is the largest value among 2D heterostructured NVM studies. However, after 

105 cycles, the insulating property of h-BN was strongly degraded and P/E operation could 

not be performed. To discuss the origin of degradation, Id–VBG curves for reading Vth were 

examined. According to Figs. 5-22(a) and (b), subthreshold swing (SS) is increased with 

increasing P/E cycles. When the geometrical capacitances and the temperature are constant, 

SS degradation can be attributed to the increase of the interface trap capacitance (Cit) due 

to the increase of interface trap density (Dit). Although the 2D/2D interface is ideally 

dangling bond free, it is well known that the sulfur vacancy is easy to be formed in MoS2 

even at room temperature78,80,81,140. Since h-BN and graphite are stable materials, the SS 

degradation may be due to the increase of Dit in MoS2 resulted from the defect formation 

during P/E cycling. However, as well as the speed test, h-BN is finally degraded and lost 

its insulating property, suggesting that the further improvement can be expected with small 

FG pad. 

 

  

Fig. 5-22 Transition of Id–VBG transfer curves during endurance test. (a) Low Vth side and 

(b) high Vth side. 

1.0E-14

1.0E-12

1.0E-10

1.0E-08

1.0E-06

0 2 4 6 8

~102 cycles
~103 cycles
~104 cycles
~5×104 cycles

VBG (V)

SS 
degradation

10-6

10-8

10-10

10-12

10-14

I d
(A

)

Vds = 100 mV

1.0E-10

1.0E-09

1.0E-08

1.0E-07

1.0E-06

-10 -8 -6 -4 -2 0
VBG (V)

~102 cycles
~103 cycles
~104 cycles
~5×104 cycles

10-6

10-7

10-8

10-9

10-10

I d
(A

)
SS 
degradation

Vds = 100 mV

(a) Low Vth (b) High Vth



Chapter 5 Performances 

142 

 

5.3 Summary 

In this chapter, the intrinsic performances of 2D heterostructured NVM device were 

investigated as mainly focused on the P/E speed. Remarkably, 50 ns ultra-fast P/E 

operation could be achieved by the device with small FG pad, which prevents the device 

destruction due to large tunneling current. The P/E speed was in the range of storage class 

memory. Interestingly, the controlled experiment has proved the superior 2D/2D interface 

is not the key for the ultra-fast nature. Strong breakdown strength of h-BN under fast 

voltage pulse stress may be the key. Further study for this phenomenon will be required. 

Reliability of the 2D heterostructured NVM device was also investigated in terms of 

retention and endurance. Although the examined MoS2 device has passed the many 

experiments including low temperature measurement at 10 K, it showed 105 s retention 

and 5×104 P/E cycles endurance which are comparable to previous studies. As well as 

speed test, further improvement can be expected by reducing the FG pad size. In short, 

according to the results, the h-BN itself seems to be the key to great performances of 2D 

heterostructured NVM, such as high speed, long-time retention and tough endurance. 
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Chapter 6 

Summary and Outlook 

 

6.1 Summary 

In this study, operation mechanism and intrinsic performance of 2D heterostructured non-

volatile memory (NVM) devices were investigated. Due to its ultimately high-quality 

interfaces and future material compatibility, 2D heterostructured NVM devices have been 

considered as promising candidates for next-generation electronic devices. 

 

The key achievements of this study are summarized as follows. 

 

1) New and useful measurement technique called floating gate voltage (VFG) 

measurement was proposed for unveiling the operation mechanisms behind I–V 

transfer curves. Since the measurement can be performed just by fabricating the 

additional electrode onto the floating gate (FG), it is applicable to any 2D materials 

based-flash memory devices. Capacitive coupling (CC) region with tilted VFG and 

feedback by tunneling (FT) region with pinned VFG are the keys for understanding the 

result, VFG trajectory. The effect of quantum capacitance (CQ) of graphene FG was also 

discussed. (Chapter 2) 

 

2) Memory window overestimation by I–V round sweep, which has been generally 

utilized in 2D research field, was revealed based on the VFG trajectory analysis. 

When back gate voltage (VBG) is swept from –30 V to positive direction, initially stored 

holes in the FG are lost before VBG reaches 0 V. In other words, round sweep-based 

window represents a huge number of carriers that exceeds the capacity of the device. 

The criterion for the overestimation was also derived. (Chapter 3) 
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3) Comprehensive operation mechanisms ware revealed based on the VFG trajectory 

analysis. Fabricated three devices with different channel materials (MoTe2, WSe2, 

MoS2) showed the inherent VFG trajectories like fingerprint, enabling to access the 

operation mechanisms behind I-V curves. The operation mechanisms have been 

clarified in terms of three current limiting paths. The metal-2D tunneling path in the 

device without access region was experimentally proved for the first time. The origin 

of drain current (Id) plateau was also clarified by the pinned VFG in FT region. 

(Chapter 4) 

 

4) Ultra-fast program and erase (P/E) operation of 50 ns was demonstrated, and its 

possible origin was revealed to be the strong breakdown strength of h-BN under 

fast voltage pulse stress. In order to ensure the large tunneling current, the device 

structure without access region was focused on, where the tunneling between source 

and drain (S/D) electrodes and the FG can be employed. For robust P/E operation, 

small FG pad is the key. Controlled experiment proved the 2D/2D interface is not the 

key, and breakdown test for h-BN under fast voltage pulse suggested the strong 

breakdown strength of h-BN as compared with SiO2. It can be the key since large 

tunneling current can be allowed by strong breakdown strength. Additionally, the 105 

s retention and 5×104 P/E cycles endurance of the MoS2 device with access region was 

demonstrated. (Chapter 5) 

 

 

As the conclusion, 2D heterostructured NVM device with graphite contact is 

proposed as 4th generation device as shown in Table 6-1. Although the 2D/2D interface is 

not the key of ultra-fast operation, it can still be expected as the key of reliability, since 

atomically flat interface may be free from the electric field concentration which degrades 

the breakdown strength. 
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Table 6-1. The 4th generation device as the conclusion of this study. 

1st generation 2nd generation 3rd generation 4th generation

Channel Graphene TMDC, BP TMDC, BP TMDC

Tunneling 
barrier

3D Insulator 3D Insulator h-BN h-BN

FG 3D, 0D material 3D, 0D material
Graphene, 

Graphite, TMDC Graphite

S/D 
electrodes

Metal Metal Metal Graphite

Si

SiO2

3D or 0D FG
3D barrier

TMDC, BP

Si

SiO2

Gra.
h-BN

TMDC, BP

Si

SiO2

3D or 0D FG
3D barrier

Gra.

Metal

SiO2

BG

h-BN

TMDC

FG graphite

S/D graphite
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6.2 Outlook 

Towards the practical applications, future outlook is discussed here. Whereas exfoliated 

flake based-single cell-level study is a mainstream at present, middle-term and long-term 

prospects after the establishment of sophisticated 2D process are discussed briefly. 

 

Short-term: 

 For reasonably sporting the ultra-fast nature, breakdown of h-BN should be 

investigated comprehensively, especially in the ultra-fast time scale. The breakdown 

study for h-BN in DC time scale49,137,141 will give the insights. Stress induced leakage 

current (SILC), which is one of the reliability issue of conventional Si-based flash 

memory17, should also be investigated. 

 Performances at high temperature (>300 K) should be investigated since the joule 

heating is unavoidable in practical applications. The VFG measurement will be quite 

useful at high temperature as well as this study. 

 The barrier height engineering is available for 2D heterostructured NVM devices. A 

plenty of metallic 2D metallic transition metal dichalcogenides (TMDCs) shown in 

Fig. 6-1142 enables performance optimization via barrier height engineering as 

schematically shown in Fig. 6-2. Although graphite is good candidate from the 

viewpoint of stability, important tradeoffs such as speed versus retention, and speed 

versus power consumption should be investigated. 

 

Middle-term:  

 The investigation of scalability will be important. For the scaled device, edge of 2D 

materials become dominant. Although the surface of 2D material has no dangling-

bond, the edge has it, suggesting that the undesired performance degradation. This 

study requires the precise control of the device geometry. 
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Long-term: 

 NAND or NOR array configuration of the cells should be demonstrated. 

 Statistical information such as Vth distribution should be investigated. Probably, 2D 

heterostructured NVM device will result in the sharper distribution of Vth than 

conventional technologies due to its superior interfaces.  

 Since the suppression of cell-to-cell interference issue by 2D FG has been simulated21, 

it will be demonstrated experimentally. 

 New kinds of integration scheme such as van der Waals integration143 can be explored. 

 

This study will be the important milestone for above future studies. 

 

SiO2

BG

h-BN

TMDC

2D S/D

2D FG

• Speed 
• Retention
• Low power 

• Speed 
• Retention
• Low power 

Ch. FGh
-B

N

h
-B

N

Ch. FG

Fig. 6-1 Band alignment of various TMDCs, elemental contact metals and  

metal/buffer contacts142. 

Fig. 6-2 Barrier height engineering for 4th generation device. 
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Appendix 1 

List of Symbols 

The list in this appendix summarizes the symbols and their typical units used in this thesis.  

 

NOTE 

 The symbols temporally defined for the explanation (e.g., Vstart and Vturn in chapter 2) 

or used only in a quoted equation (e.g., F(def), F(host), and Ecorr in Eq. 1.9) are 

basically excluded. However, some of them which are commonly used in related 

studies are included. For example, F for feature size and Cit for interface trap 

capacitance. 

 Sometimes, material is specified by superscript, e.g., 𝐶Q
 ra

 for quantum capacitance 

of graphene (see chapter 2). 

 For the FN tunneling current calculation, the unit of energy terms should be the joule 

(J) instead of electron volt (eV). 
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Symbol Description Unit 

CBN Capacitance of h-BN F 

CIPD Capacitance of interpoly dielectric F 

Cit Interface trap capacitance per unit area F/cm2 

Cox Capacitance of SiO2 F 

CQ Quantum capacitance F 

Ctun Capacitance of tunneling barrier F 

Dit Interface trap density /cm2·eV 

EBN Electric field across h-BN MV/cm 

EDP Energy of Dirac point of graphene eV 

EF Fermi level eV 

Eg Bandgap eV 

Eox Electric field across SiO2 or an insulator (type is not specified) MV/cm 

F Feature size nm 

G f Defect formation energy eV 

ℎ  Plank’s constant (4.135×10-15 eV·s) eV·s 

ℏ  Reduced Plank’s constant (6.582×10-16 eV·s) eV·s 

Id Drain current A 

Itun Tunneling current A 

Jtun Tunneling current density A/cm2 

kB Boltzmann’s constant (8.612×10-5 eV/K) eV/K 

m0 Free electron mass (9.1×10-31 kg) kg 

m* Effective mass kg 

me Electron mass in h-BN (chapter 4) kg 

mh Hole mass in h-BN (chapter 4) kg 

q Charge for defect formation (chapter 1) 

Charge of electron (1.6×10–19 C) (otherwise) 

– 

C 

T Temperature K 
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Symbol Description Unit 

tBD Time to breakdown s 

tBN Thickness of h-BN nm 

VBG, Vbg Back gate voltage V 

VCG Control gate voltage V 

VDS, Vds Drain-source voltage V 

vF Fermi velocity of electron in graphene (106 cm/s) cm/s 

VFG Floating gate voltage / potential of floating gate V 

Vg Gate voltage (gate type is not specified.) V 

Vth Threshold voltage V 

𝑉tun
( )

  Positive side of tunnel starting voltage (see chapter 2) V 

𝑉tun
(−)

  Negative side of tunnel starting voltage (see chapter 2) V 

Vwell Well voltage V 

Vth Threshold voltage difference V 

Q Charge difference which corresponds to Vth C 

r Relative permittivity — 

B Barrier height eV 
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Appendix 2 

Abbreviations and Acronyms 

 

ACCU (-FET) Accumulation mode (-FET) 

ADF  Annular Dark Field  

AFM  Atomic Force Microscope 

 

BG  Back Gate 

BP  Black Phosphorus 

 

CB  Conduction Band 

CBM  Conduction Band Minimum 

CBRAM Conductive Bridge Random Access Memory 

CC (region) Capacitive Coupling (region) 

CG  Control Gate 

CMOS  Complementally MOS 

CT  Charge Trap 

CTCI  Cell-to-cell Interference 

CVD  Chemical Vapor Deposition 

CVT  Chemical Vapor Transport 

 

DC  Direct Current 

DOS  Density of States 

DRAM  Dynamic Random Access Memory 

 

ECC  Error Correction Code 
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FET  Field Effect Transistor 

FG  Floating Gate 

FLP  Fermi Level Pinning 

FN  Fowler-Nordheim 

FoM  Figure of Merit 

FT (region) Feedback by Tunneling (region) 

FWHM  Full Width at Half Maximum 

 

h-BN  hexagonal Boron Nitride 

HDD  Hard Disc Drive  

HRS  High Resistance State 

HV-SPGU High Voltage Semiconductor Pulse Generator Unit 

 

IC  Integrated Circuit 

ICT  Information and Communication Technology 

IPD  Interpoly Dielectric 

 

LOCOS  Local Oxidation of Silicon 

LRS  Low Resistance State 

 

ME  Mechanical Exfoliation 

MIS  Metal-Insulator-Semiconductor 

MLC  Multi-Level Cell 

MOS  Metal-Oxide-Semiconductor 

MTJ  Magnetic Tunnel Junction 

 

NVM  Non-Volatile Memory 
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PC  Personal Computer 

PCRAM Phase Change Random Access Memory 

PDMS  Polydimethylsiloxane 

P/E  Program and Erase 

PLC  Penta-Level Cell 

PVD  Physical Vapor Deposition 

PVT  Physical Vapor Transport 

 

QD  Quantum Dot 

QLC  Quad-Level Cell 

 

ReRAM  Resistive Random Access Memory 

RSU  Remote-sense and Switch Unit 

 

SA-STI (cell) Self-Aligned Shallow Trench Isolation (cell) 

SB (-FET) Schottky Barrier (-FET) 

SCE  Short Channel Effect 

S/D  Source and Drain 

SILC  Stress Induced Leakage Current 

SMU  Source/Measure Unit 

SS  Subthreshold Swing 

SSD  Solid State Drive 

STEM  Scanning Transmission Electron Microscope 

STI  Shallow Trench Isolation 

STT-MRAM Spin-Transfer-Torque Magnetoresistive Random Access Memory 

SRAM  Static Random Access Memory 
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TDDB  Time-Dependent Dielectric Breakdown 

TE  Thermionic Emission 

TEM  Tunneling Electron Microscope 

TFET  Tunnel Field Effect Transistor 

TG  Top Gate 

TLC  Triple-Level Cell 

TMDC  Transition Metal Dichalcogenide 

 

VB  Valence Band 

VBM  Valence Band Maximum 

vdW  van der Waals 

 

WGFMU Waveform Generator/Fast Measurement Unit 

 

0D  Zero Dimensional 

1D  One Dimensional 

2D  Two Dimensional 

3D  Three Dimensional 
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Appendix 3 

Fowler-Nordheim Formula 

The derivation of Fowler-Nordheim (FN) formula is given. One polite derivation can be 

found in the dissertation by Andreas Gehring (Technische Universität Wien, 2003)144. In 

this section, starting from the simple rectangular barrier case, which is good example to 

understand what is a transmission coefficient. Although detailed numerical explanation of 

Wentzel-Kramers-Brillouin (WKB) approximation is omitted, the important conclusion, 

the transmission coefficient for the arbitral V(x), is given. Finally, FN formula is derived 

by following the derivation in the reference144. 

 

Transmission coefficient 

 

Two situations shown in Fig. A3-1 are considered here. One has a simple rectangle barrier 

and the other has an arbitrary shape barrier. Electron is tunneled from an electrode one 

(left) to two (right). Starting with time-independent 1D Schrödinger equation as follows: 

[−
ℏ

2𝑚

𝑑2

𝑑𝑥2
+ 𝑉(𝑥)]𝜓(𝑥) = 𝐸𝜓(𝑥), (A3.1) 

where, ℏ, m, E are the reduced Plank’s constant, mass and energy of electron, respectively, 

and 𝑉(𝑥), 𝜓(𝑥) are the potential and wavefunction of electron as a function of position, 

respectively. 

Situation A: rectangle barrier

(a)

x

0 w

En
er

gy

V0

E: Energy of
electron

Electrode 1
𝜓1 𝑥

Electrode 2
𝜓2 𝑥

Barrier
𝜓 arrier 𝑥

T(E)

(b)

x

a b

En
er

gy

V(x)

Electrode 1 Electrode 2Barrier

T(E)

E: Energy of
electron

Situation B: arbitral barrier

Fig. A3-1 Illustration of two potential barriers.  

(a) Simple rectangle barrier and (b) arbitral barrier. 
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For the situation A (Fig. A3-1(a)), the rectangle barrier is described as follows: 

𝑉(x) = {
𝑉0 (0 ≤ 𝑥 ≤ 𝑤)

0 (𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒)
, (A3.2) 

where V0 > E, and w is width of the barrier. The Eq. A3.1 can be solved in each region as 

follows: 

𝜓1(𝑥) =  exp(𝑖𝑘𝑥) +  exp(−𝑖𝑘𝑥)

𝜓 arrier(𝑥) = 𝐶exp(−𝛾𝑥) + 𝐷exp(𝛾𝑥)

𝜓2(𝑥) = 𝐹exp(𝑖𝑘𝑥)
   , ( 3.3) 

where, 𝑘, 𝛾 ∈ ℝ are  

𝑘 =
√2𝑚𝐸

ℏ
, 𝛾 =

√2𝑚(𝑉0 − 𝐸)

ℏ
, (A3.4) 

respectively. A, B, C, D, and F are constants. For the electrode one, first and second terms 

represent incident wave and reflected wave, respectively. In the barrier, since  is a real 

number, and first term (incident wave) is larger than second term (reflected wave), wave 

function 𝜓 arrier(𝑥) represents the exponential decay with position x. In electrode two, 

there is only transmitted wave. In order to build a bridge from the wave function to the 

flux, probability current density J defined by following equation is used. 

 =
ℏ

2𝑚𝑖
{𝜓∗∇𝜓 − (∇𝜓∗)𝜓}. (A3.5) 

Probability current density of incident wave Ji and transmitted wave Jt can be calculated 

as follows, 

 i =
ℏ2

2𝑚𝑖
   2,  t =

ℏ2

2𝑚𝑖
 𝐹 2 (A3.6) 

Therefore, transmission coefficient T can be calculated as 𝑇 =  t  i =  𝐹 2    2 . Here, 

wavefunctions should satisfy following equations to guarantee the continuity. 

𝜓1(0) = 𝜓 arrier(0),     𝜓 arrier(𝑤) = 𝜓2(𝑤), (A3.7)

𝑑𝜓1(𝑥)

𝑑𝑥
|
𝑥=0

=
𝑑𝜓 arrier(𝑥)

𝑑𝑥
|
𝑥=0

,     
𝑑𝜓 arrier(𝑥)

𝑑𝑥
|
𝑥=𝑤

=
𝑑𝜓2(𝑥)

𝑑𝑥
|
𝑥=𝑤

. (A3.8)
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From Eq. A3.6–A3.8, the transmission coefficient can be derived without any constant, 

and it is a function of energy as follows: 

𝑇(𝐸) = [1 +
𝑉0
2

4𝐸(𝑉0 − 𝐸)
sinh2 (

√2𝑚(𝑉0 − 𝐸)

ℏ
𝑤)]

−1

. (A3.9) 

 

For the situation B (Fig. A3-1(b)), potential barrier is described just V(x). Since 

Schrödinger equation (Eq. A3.1) cannot be solved analytically in this situation, WKB 

approximation is employed. One great explanation for the approximation is given by Prof. 

Kazuo Muto (Tokyo Institute of Technology, –2016) as his lecture note (2011)145. 

Here, wavefunction 𝜓(𝑥) is assumed as follows: 

𝜓(𝑥) = 𝐺exp(
𝑖𝑆(𝑥)

ℏ
) , (A3.10) 

where, G is a constant, and S(x) is assumed to be expanded by ℏ as follows: 

𝑆(𝑥) = 𝑆0(𝑥) + 𝑆1(𝑥)ℏ + 𝑆2(𝑥)ℏ
2⋯ . (A3.11) 

By substituting Eq. A3.10 and Eq. A3.11 into Eq. A3.1, we can obtain the differential 

equations for zeroth-order of ℏ, first-order of ℏ, and so on. In general, the wavefunction 

is approximated up to the first-order of ℏ. This is a brilliant point of WKB approximation, 

that is, the approximation regards the (reduced) Plank’s constant as a key parameter of 

quantum mechanics. Since ℏ  is quite small (1.05×10-34 J·s), it is only important in 

quantum scale. Since the terms above second-order of ℏ  are neglected, WKB 

approximation is also known as semiclassical approximation. It should be noted that, WKB 

approximation is not valid in the vicinity of the position where V(x) = E. The position is 

called turning point. Therefore, in the vicinity of turning point, linear approximation of the 

potential V(x) is used to obtain an exact solution of Schrödinger equation. Finally, similar 

to the rectangular barrier case, transmission coefficient can be derived as follows: 

𝑇(𝐸) = exp (−
2

ℏ
∫ √2𝑚(𝑉(𝑥) − 𝐸)𝑑𝑥
𝑏

𝑎

) , (A3.12) 

where, a and b are the left and right turning points as shown in Fig. A3-1(b). The Eq. 

A3.12 is called Gamov factor.  
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FN tunneling formula derivation 

Since FN tunneling is a phenomenon under high electric field, triangle barrier shown in 

Fig. A3-2 is considered. The derivation is started from following equations: 

 1→2 =𝑞∫ ∫ ∫ 𝑔(𝑘𝑥, 𝑘𝑦, 𝑘𝑧)
 ∞

0

 ∞

0

 ∞

0

 𝑓1(𝐸)𝑇(𝐸)(1 − 𝑓2(𝐸))  𝑣𝑥 𝑑𝑘𝑥𝑑𝑘𝑦𝑑𝑘𝑧, (A3.13)

 2→1 =𝑞∫ ∫ ∫ 𝑔(𝑘𝑥, 𝑘𝑦, 𝑘𝑧)
 ∞

0

 ∞

0

 ∞

0

 𝑓2(𝐸)𝑇(𝐸)(1 − 𝑓1(𝐸))  𝑣𝑥 𝑑𝑘𝑥𝑑𝑘𝑦𝑑𝑘𝑧, (A3.14)

 

where,  1→2  and  2→1  are the current density from electrode one to two, and from 

electrode two to one, respectively. The 𝑔(𝑘𝑥 , 𝑘𝑦, 𝑘𝑧) is the three-dimensional density of 

states in the momentum space, kx, ky, kz are the components of wave vector k = (kx, ky, kz), 

𝑓1(𝐸) and 𝑓2(𝐸) are the Fermi-Dirac distribution function of electrode one and two, and 

vx is a velocity of electron perpendicular to the barrier, respectively. These equations can 

be easily interpreted by analogy with the Drude model (J = qnv, where n is a carrier density). 

Since these are based on quantum mechanics, the number of tunneled carriers should be 

calculated by weighting the probability. 
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𝑓1 𝐸 ,𝑚elec
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𝑓2 𝐸 ,𝑚elec

𝐸f2

𝑉 𝑥 = 𝐸f1 +ΦB − 𝑞𝐹 iel𝑥

Fig. A3-2 Illustration of triangle barrier and FN tunneling current. 
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As well as the derivation in the reference144, followings are assumed. 

1. Parabolic E-k relationship: 𝐸 =
ℏ2𝑘2

2𝑚∗
 (m* is effective mass). 

2. Conservation of the momentum parallel to the barrier: This means that only x-direction 

(perpendicular to the barrier) is considered. 

3. Transmission coefficient only depends on the energy perpendicular to the barrier. 

4. Temperature is zero Kelvin. (𝑇 → 0 K) 

5. Electrode one and two are the same material, that is, there is no work function 

difference between them. 

 

Then, the net tunneling current density  =  1→2 −  2→1 is, 

 =
4𝜋𝑞𝑚elec
ℎ3

[∫ 𝑇(𝐸𝑥)(𝐸f1 − 𝐸f2)𝑑𝐸𝑥

𝐸f2

−∞

+∫ 𝑇(𝐸𝑥)(𝐸f1 − 𝐸𝑥)𝑑𝐸𝑥

𝐸f1

𝐸f2

] , (A3.15) 

where Ex, Ef1 and Ef2 are the energy of electron perpendicular to the barrier, Fermi energy 

of electrode one and two, respectively. Effective mass of the electron in the electrodes are 

denoted as melec. Here, first term in Eq. A3.15 is negligible because the contribution from 

electrons which has an energy lower than Ef2 is quite small. 

 

By substituting Eq. A3.12 to Eq. A3.15, 

 =
4𝜋𝑞𝑚elec
ℎ3

[∫ exp(−
2

ℏ
∫ √2𝑚 iel(𝑉(𝑥) − 𝐸𝑥)
𝑥1

0

𝑑𝑥) (𝐸f1 − 𝐸𝑥)𝑑𝐸𝑥

𝐸f1

𝐸f2

] , (A3.16) 

where, mdiel is effective mass of the electron in the dielectric. The definition of the x1 is 

illustrated in Fig. A3–2. In addition. according to the Fig. A3–2,  

𝑉(𝑥) = 𝐸f1 +ΦB − 𝑞𝐹 iel𝑥, (A3.17) 

where B and Fdiel are barrier height and electric field across the dielectric, respectively. 

From Eq. A3.16 and Eq. A3.17, we can derive, 

 =
4𝜋𝑞𝑚elec
ℎ3

[∫ exp(−4
√2𝑚 iel
3𝑞ℏ𝐹 iel

{Φ𝐵 − (𝐸𝑥 − 𝐸f1)}
3
2) (𝐸f1 − 𝐸𝑥)𝑑𝐸𝑥

𝐸f1

𝐸f2

] . (A3.18) 
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Here, the term {Φ𝐵 − (𝐸𝑥 − 𝐸f1)}
3

2 is assumed to be expanded as follows, 

{ΦB − (𝐸𝑥 − 𝐸f1)}
3
2 ≈ Φ𝐵

3 2 −
3

2
(𝐸𝑥 − 𝐸f1)ΦB

1 2 . (A3.19) 

This means that  𝐸𝑥 − 𝐸f1 ≪ ΦB, that is, main contributor to the FN tunneling current is 

the electron with the energy near the Ef1. 

Noted that, the sign for second term may be mistaken in the reference144 (Eq. A.11 

in p. 118). Therefore, following derivation in the reference has some trivial mistakes while 

the conclusion is correct. The derivation is corrected as follows. 

 Substituting Eq. A3.19 to Eq. A3.18, 

 =
4𝜋𝑞𝑚elec

ℎ3
[∫ exp (−4

√2𝑚 iel

3𝑞ℏ𝐹 iel
ΦB
3 2 ) exp (

2√2𝑚 iel

𝑞ℏ𝐹 iel
(𝐸𝑥 − 𝐸f1)ΦB

1 2 ) (𝐸f1 − 𝐸𝑥)𝑑𝐸𝑥

𝐸f1

𝐸f2

] . (A3.20) 

Let 𝜆 =
2√2𝑚diel

𝑞ℏ𝐹diel
ΦB
1 2 

, 𝜖 = 𝐸𝑥 − 𝐸f1, and 𝑎 = −4
√2𝑚diel

3𝑞ℏ𝐹diel
ΦB
3 2 

, then 

 =
4𝜋𝑞𝑚elec
ℎ3

exp(𝑎)∫ exp(𝜆𝜖) (−𝜖)𝑑𝜖
0

𝐸f2−𝐸f1

. (A3.21) 

Since ∫ 𝜖 exp(𝜆𝜖) 𝑑𝜖 =
1

𝜆2
exp(𝜆𝜖) (𝜆𝜖 − 1), 

∫ exp(𝜆𝜖) (−𝜖)𝑑𝜖 = − [
1

𝜆2
exp(𝜆𝜖) (𝜆𝜖 − 1)]

𝐸f2−𝐸f1

00

𝐸f2−𝐸f1

 

= −
1

𝜆2
{exp(0) (0 − 1) + exp(𝜆(𝐸f2 − 𝐸f1)) (𝜆(𝐸f2 − 𝐸f1) − 1)} 

=
1

𝜆2
{1 − exp(𝜆(𝐸f2 − 𝐸f1)) (𝜆(𝐸f2 − 𝐸f1) − 1)}.     (A3.22) 

Here, 𝐸f1 ≫ 𝐸f2 is assumed, then the second term of Eq. A3.22 to be zero. 

 

Finally, we can obtain 

 =
4𝜋𝑞𝑚elec
ℎ3

exp(𝑎)
1

𝜆2
 

=
𝑞3𝑚elec

8𝜋𝑚 ielℎΦB
exp(−

4√2𝑚 iel
3𝑞ℏ𝐹 iel

ΦB
3 2 ) . (A3.23) 

This is the Fowler-Nordheim formula. 
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