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Abstract 
To investigate the retention characteristics of the CT (Charge Trap) Flash memory, 

the simulation study with various NAND Flash structures has been conducted using 

the three dimensional self-consistent simulator [1], which is the 3D simulator 

developed in house, considering the vertical and lateral charge transport in the 

conduction band of the nitride layer. All the simulations are based on the SANOS 

(Si /Al2O3/ Si3N4/ SiO2/Si) device with the SA-STI (Self-Aligned Shallow Trench 

Isolation) structure. Prior to retention simulations, the programming simulation has 

been conducted under the temperature 300K by enforcing the 18V to the gate 

electrode to extract the initial charge density distribution of the retention situation. 

The programming is stopped when the threshold voltage shift is 4V, and the charge 

distribution is settled as the initial charge density distribution of the retention 

simulation. 

First of all, to ascertain the dependency on the extended nitride length over the 

gate region, several structures (0nm, 15nm, 30nm, 150nm) are simulated. Since the 

emitted electrons cannot transport over the nitride region, the extended nitride length 

decides the saturation point of the charge loss. Because NAND Flash memory has an 

array structure, the charge transport to the extended nitride region could affect the 

neighbor cells. To demonstrate this phenomenon, two programmed patterns (check-

board pattern and solid pattern) are simulated. In the check-board pattern, the 

threshold voltage of the eased cell has increased. The charge loss speed of the 

programmed cell, in the solid pattern, has decreased until the programmed electrons 
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spread and stop at the lateral edge. The retention cycle (Program- Retention-Erase) 

behavior has been also simulated. The charges which have been trapped in the 

extended region in the previous retention-term disturb the additional transport to the 

extended nitride region in the next retention mode. This causes a change in the slope 

of the retention curve. 

The activation energy of the CT Flash memory has been also studied by 

simulating the various tunneling oxide thickness, considering charge transport along 

the vertical and lateral directions. And then, the various forms of the Arrhenius plot 

have been modeled by separating the temperature ranges into three regions. At high 

temperature (Region-1), the charge loss is mainly affected by thermal emission and 

electron transport, so that the activation energy is same as the the tunneling free case. 

The temperature region showing reduced activation energy is called Region-2. Since 

the impact of the tunneling current become larger, the Arrhenius plot under high 

temperature region is depressed. In the low temperature (Region-3), thermal energy 

is needed to move the electrons to the tunneling interface or outside of the gate 

region until the charge loss reaches the criterion. Thus, the activation slope is 

increased up to that of the device with thick tunneling oxide. 

Consequently, in this thesis, the dependency of the extended nitride length, the 

programmed pattern and the retention cycle is confirmed as an important factor in 

analyzing the retention characteristics of the SANOS cells. Various forms of the 

Arrhenius plot are understood by the charge transport model. 
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Introduction 

1.1 Motivation 

During the past ten years, the explosive improvement and popularization of the 

mobile devices, such as digital camera, smart phone, tablet device and SSD, have 

brought the demands for the high density non-volatile memory, particularly NAND 

Flash memory. Many memory companies have accelerated the developing speed to 

satisfy the customers.  

According to the report of ITRS (International Technology Roadmap of 

Semiconductor), the density of the Flash memory product in market has been higher 

than the prediction of ITRS [2].This means that the scaling down speed of the 

critical dimension is faster than the expectation. As a result, the ITRS for the half-

pitch size has been updated every year. The trend of the bits per chip and the half-

pitch size are shown in Fig. 1-1.  
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So far, the conventional NAND flash memory has been the FG (Floating Gate) 

structure. In the FG structure, it is difficult to reduce the thickness of the floating 

poly silicon because of the coupling ratio between the control gate- floating gate. 

Therefore, as the critical dimension of the gate size shrinks, the aspect ratio of the 

floating poly has been increased. The high aspect ratio makes critical problems in 

maintainling both the cell characteristics and reliable fabrication. The narrow spaces 

between patterns increase capacitances and cause the cell to cell interference [3]. 

Since the etch depth is getting deeper while the pattern size is getting smaller, the 

process also becomes increasingly difficult. Because of these problems, the 

conventional FG structure is facing the limitation in scale down to the under 30nm 

generation. 

To overcome the scaling limitations, the CT (Charge Trap) structure have been 

suggested and considered as a promising alternative structure because of the thin 

trap layer. Even though the CT structure has many merits, there are some critical 

reliability issues which have not been clearly understood yet. One of the major 

issues is the retention characteristic. This is the reason why the FG structure has 

been mainly used in the NAND Flash memory industry until now. Another idea to 

increase the bit density in a same chip is a 3D structure. In recent year, various 3D 

vertical structures, such as Stacked Flash memory, VSAT, VG, BiCs and TCAT, has 

been also attempted to keep the scaling trend [4][5][6][7]. It should be noted that the 

most 3D structures use the CT type cell from the stand point of ease of the 

fabrication processes. Consequently, to move foreawrd to the next generation in the 
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scaling trend, we have to understand the retention mechanisms and characteristics of 

the CT type NAND Flash memory cells. 

 

 

Fig. 1-1 (a) The trend of the bits per chip (left : linear scale, right log scale), (b) 

The half pitch size of the NAND Flash and the step of the 3D vertical structure. 
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1.2 CT NAND Flash memory  

The Flash memory is one of the non-volatile memories invented by Dr. Fujio 

Masuoka while working for Toshiba in 1984 [8]. The ‘Flash’ is originated by the 

camera flash because the data of the Flash memory is erased in a flash mode. The 

structure of the Flash memory is shown in Fig. 1-2. The conventional FG Flash 

memory has two gates. One is the floating gate which stores charges. The other is 

the control gate which controls the transistor. In the case of the CT Flash memory, 

the thick floating poly is replaced by thin nitride trap layer. Flash memory has two 

kinds, NAND and NOR as show in Fig. 1-3. The two Flash memories are 

distinguished by the cell array structure. The memory transistors are connected in 

series in the NAND Flash but, in the NOR Flash, each of transistors has Bit-line and 

Ground line individually. Therefore, the NAND Flash is used for a high density 

memory and NOR Flash is used for a high speed memory. In this section, the basic 

NAND Flash memory operation will be explained and the features of CT NAND 

Flash memory with 3D Vertical NAND Flash will be introduced. 

 

 

Fig. 1-2 (a) The first Flash memory structure (b) Floating Gate type Flash 

structure (c) CT type Flash structure. 
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Fig. 1-3 Array structures of (a) NOR Flash structure (b) NAND Flash structure. 

1.2.1 Basic Flash memory cell operation 

The main operations of the NAND Flash memory are Program, Erase and Read. 

Programming means the injecting the electrons into the floating poly when a 

positive voltage is applied to the control gate. Since the NAND Flash memory has 

three more layers below the control gate, the applied voltage delivered to the 

floating gate is reduced by the coupling ratio [9]. The floating gate is usually n+ 

poly silicon so that there is no voltage drop. The main mechanism of the charge 

injection is the Fowler-Nordheim tunneling [10]. The energy band diagram and a 

schematic of the programming situation is shown in Fig. 1-4(a). After programming 

operation, the threshold voltage is shifted to the positive direction as depicted in Fig. 

1-5(a). 
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The programmed charges are confined in a floating poly layer because the 

floating poly is isolated by the dielectric material. This situation is the retention 

mode as shown in Fig. 1-4(b). The tunneling layer and blocking layer prevent the 

programmed charges from escaping. Because the NAND Flash memory is a 

Nonvolatile memory, this retention characteristic is the most important factor for the 

memory reliability. The nonvolatile memory needs at least ten years of charge 

retention. The floating poly is conductive material. Therefore, when the tunneling 

oxide or the blocking oxide has some leakage path, the programmed charges are 

disappearing simultaneously. SILC(Stress Induced Leakage Current) is the 

represented example [11][12] As the memory device shrinks, the tunneling layer is 

vulnerable to a stress and direct tunneling of the programmed charges. In scaling 

down the device, the reliability of the tunneling oxide is one of the most important 

issues. 

To erase the cell, the programmed electrons have to be ejected from the floating 

poly to substrate. The main mechanism of the erase of NAND Flash is also the FN 

tunneling. FN tunneling occurres when high positive voltage is applied to the 

substrate or high negative voltage is applied to the gate. The band diagram and 

schematic are shown in Fig. 1-4(c). After erasing operation, the threshold voltage of 

the cell shifts to the negative voltage as shown in Fig. 1-5(b). NOR flash memory 

can erase specific cell because the cells are separated each other. By contrast, 

NAND Flash cannot erase only a selected cell but erases by a unit block. 

Read operation is verified whether the memory cell is programmed or not. If the 
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drain current doesn’t flow with applying 0V to the gate, the cell is decided to be 

successfully programmed. When the cell has been erased, the current would flow. 

Recently, the MLC (Multi-Level-Cell) could classify the amount of the charges in 

the floating poly into 4 or 8 states [13][14][15][16]. In other words, the cell stores 

two or three bits in a cell to increase data storage density. Since the MLC needs 

more steps to verify, read operation for MLC is slower than the SLC (Single-Level-

Cell). The concept of SLC and MLC is demonstrated in Fig.1-6. Basic operation of 

the CT Flash memory is same as the FG Flash memory except that the charges are 

trapped in trap layer instead of the floating poly. 

1.2.2 CT (Charge Trap) Flash memory 

The CT type memory device was suggested in the last 1960s [17][18]. The first 

structure of CT memory is MNOS (Metal/Si3N4/SiO2/Si) structure [19]. It is 

conceptually the MOS structure but the oxide layer is replaced with nitride layer and 

oxide layer. Since the nitride layer has a lot of traps, injected electrons or holes are 

captured by traps and the threshold voltage shifted accordingly. The injected 

electrons or captured electrons, however, can be leaked to the metal gate region in 

programming operation. So, the first MNOS has the thick nitride thickness to 

prevent the leakge current to the metal gate. 

Until now, there are many efforts to improve the CT type memory. To prevent the 

injected electron from tunneling out to the metal gate, MONOS (Metal/ 

SiO2/Si3N4/SiO2/Si) structure was suggested [20][21]. The SONOS (Si/SiO2/Si3N4/ 

SiO2/Si) mitigated the instability of the MONOS structure by replacing the Metal 
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gate with the Silicon gate [22]. TANOS (TaN/Al2O3/Si3N4/SiO2/Si) and WANOS 

(W/Al2O3/Si3N4/SiO2/Si) structures have been adopted to improve the program/erase 

speed by using the high-k dielectric, Al2O3, as a blocking layer [23]. 

The CT type memory cells have many merits. One of the major advantages is 

thinner thickness of the trap layer than the floating gate. The comparison of the two 

devices using TEM images is shown in Fig. 1-7. The thin trap layer of the CT 

reduces the cell to cell interference and makes the fabrication easy. Another merit is 

that the CT type cell has discrete traps. All injected electrons in the floating poly 

could be free when a leakage path over the tunneling oxide and blocking oxide 

exists. The CT type cell, however, loses only an electron which is trapped in the 

region connected to a leakage path. This feature of CT type cell is immuned to local 

degradation of the tunneling oxide and thinner tunneling oxide. As a result, the Flash 

memory scaling trend encourages the adoption of the the CT Flash memory. 

1.2.3 3D Vertical NAND Flash memory 

Even if the size of pattern could be reduced to the several nano-meters, there is a 

limitation of the density of the bit. The simplest method to overcome this limitation 

is adoption of the vertically stacked structure. As the stacked layers increase, the 

density of bit increases. There have been many kinds of proposals for the 3D vertical 

NAND Flash, such as the stacked Flash memory, VSAT, VG, BiCs, TCAT and so 

on [4][5][6][7]. Among these 3D structures, BiCs and TCAT have been actively 

developed by semiconductor companies recently. Fig.1-8 is the TEM images of 

TCAT and BiCs [6][25]. ITRS in 2011 expects the 3D vertical NAND Flash will be 
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a main strean in the cell structure for the NAND Flash memory above the 128 Gb as 

shown in Fig. 1-1. 

 

 

Fig. 1-4 Band diagrams and schematics of FG NAND Flash memory operation 

in (a) Programming operation (b) Retention situation (c) Erasing operation. 
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Fig. 1-5 Vth shifts of NAND Flash memory after (a) Programming operation (b) 

Erasing operation. 

 
 
 
 

 
 

Fig. 1-6 The concept of SLC and MLC (a) 1 bit/cell (SLC) (b) 2bit/cell (MLC) 

(c) 3bit/cell (MLC). 
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Fig. 1-7 TEM images of Floating Gate type cell and CT type cell [24]. 
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Fig. 1-8 TEM images of 3D Vertical structures (a) TCAT structure [6], (b) 

BiCs structure [25]. 
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1.3 Issues of CT NAND Flash memory 

1.3.1 Lateral charge spreading 

As mentioned in previous section, in additin to many merits of the CT Flash 

memory over the conventional NAND flash memory with the floating gate the use 

of the CT type cell in 3D NAND Flash is unavoidable because of the vertical 

scalability of the trap layer. 

Even though the CTF type cell has many merits, the reliability issues, especially 

the retention characteristics degraded by the lateral charge spreading, have not been 

clearly understood yet. Many previous researchers on modeling and simulation of 

the charge loss mechanism have been reported but limited to the 1D effect 

considering only along the vertical direction [26][27][28][29][30]. The experimental 

data, however, reveals that the charge transport in the lateral direction should be 

taken into account [31][32]. Moreover, it is difficult to define the trap layer only 

within the cell region both in the planar and the vertical structure so that the lateral 

charge spreading cannot be prevented [33]. Therefore, the investigation on the 

influence of the lateral charge spreading is vital to design the device and predict 

their characteristics. Some authors reported 2D simulations considering the lateral 

charge spreading but they assume the initial charge distribution and neglect the 

vertical charge redistribution [34][35]. 

1.3.2 Activation energy 

Nonvolatile memory has to guarantee the retention characteristics as long as 10 
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years. To expect the retention time in room temperature from the stressed 

measurement, usually performed at the elevated temperature, an extrapolation 

method has been used. The activation energy is extracted from the Arrhenius curve 

which is plotted by the acceleration test in high temperature.  

The Arrhenius equation, however, does no include the independent factor on the 

temperature, such as FN tunneling. And the measured data in accelerating condition 

is limited in a high temperature. If the activation energy in the high temperature 

region is not correct, the retention time extraploated at the room temperature may 

introduce error. Incorrectly predicted performance of the device could make vital 

errors both the makers and the consumers. Previous research tried to simulate the 

effect of the tunneling on the activation energy. However, the simulation are 

conducted in a one dimension without considreing the charge redistribution along 

the vertical and lateral direction [36][37]. 

1.4 Outline of thesis 

The first object of this thesis is simulating the charge transport effect in the nitride 

layer on the retention characteristics in three dimension. Second object is to study 

the dependency of the activation energy on the tunneling oxide and charge transport 

in the nitride layer. All the simulation results come from in-house 3D simulator [1]. 

In chapter 2, for the physical understand of the results, the physics, models and 

structures used in this simulator are introduced. The retention characteristics are 

shown in Chapter 3.The dependency on the laterally extended nitride length is 
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simulated in various extended structures. The dependency of the programmed 

pattern of the surround cell is simulated in the solid pattern and the check-board 

patter and  the threshold voltage shift of the target cell and the surrounded cell are 

monitored. Finally, the retention cycle is conducted by repeating the 

program/retention/erase operation. All of the results are explained by the electron 

density distributions. The consideration of the activation energy to predict the data 

life time is described in Chapter 4. The conventioanl methods of expectation of the 

data retention time in room temperature will be explained and the vulnerable points 

of the methods will be brought up. The impact of the tunneling oxide thickness on 

the activation energy is simulated by varying the tunneling oxide. The activation 

energy is extracted at two criterions; threshold shift time for 15% and 20%. And the 

discussions about the main factor determining the activation energy will be made as 

the temperature vaires. As a future work, the scheme and object of the Monte-Carlos 

simulation of the discrete trap and discrete electron in retention mode are planned. 

The conclusion and summary are included in the final Chapter.  
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Physics and simulation structures  

2.1 Physical models 

 
Three-dimensional band diagram together with the charge fluxes in the nitride 

layer during the retention mode are depicted in Fig. 2-1. The x-direction and y, z-

direction indicates the vertical direction and the lateral direction, respectively. In this 

simulation, the major charge fluxes are classified into four main mechanisms in 

retention mode as shown in Fig.2-1. The two fluxes are tunneling fluxes which are 

toward to the substrate conduction band from the traps (flux-1 in Fig. 2-1) and 

conduction band of nitride (flux-2 in Fig. 2-1). These currents are expressed in (1) 

and (2), respectively. 

 

TC T nJ qn T ln= D         (1) 

 

CC C n TJ qn T v=          (2) 
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Fig. 2-1 Three-Dimensional SANOS band diagrams and charge flux diagrams 

in retention mode. 

 
where nT is the trapped electron density and nC is the electron density of the 

conduction band at the interface, ν is a hitting frequency to escape the trap, Tn is 

tunneling probability based on the WKB approximation, Δl is the distance between 

nodes and vT is the average tunneling velocity of the electrons [29][30]. Assuming 

that the blocking layer is thick enough to block the back tunneling in the retention 

mode, the tunneling current of the nitride to gate electrode is ignored. 

The electron capture and emission between the trap and conduction band of the 

nitride are depicted in Fig. 2-1 (flux-3). The capture is model by the SRH statistics 

and the emission process is represented by the Poole-Frenkel model as in (3) and (4) 

[38][39] 
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where cn is capture coefficient, NT is the total trap density in the nitride, Et is the 

trap energy, β is the Frenkel constant, ε is the electric field and Jn is the flux-4 

in Fig. 2-1. The flux-4 is the charge transport in the conduction band of the nitride 

which can be written as 

( ) B
n n c n c c c

k T
J q n qD n q n n

q
m e m j

é ù
= + Ñ = -Ñ + Ñê ú

ë û      (5) 
 
 

It may be noted here the charge transport along the vertical and lateral direction in 

both the program and the retention mode are considered so that the current density is 

calculated three-dimensionally. Since this thesis focused on the retention 

characteristics, the hole contribution is neglected [26][27][36]. More details of the 

physics of the simulation are described in ref.[0]. 

 

2.2 Simulated structures  

The 3D SANOS (Si/Al2O3/Si3N4/SiO2/Si) devices with 4nm tunneling oxide, 

8nm Si3N4, 14nm Al2O3, and 30nm channel length are considered in this study. 

The dependency of the extended nitride length is analyzed by comparing the four 

structures. Fig. 2-2(a) is the control device without lateral spreading along the 
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channel direction. From 1nm to 30nm extended nitride structure are selected to 

represent the finitely extended nitride case (Fig. 2-2(b)). To reflect the infinitely 

extended nitride structure, we defined the extended nitride to the 150nm as shown 

Fig. 2-2(c).  

In fact, the actual NAND flash memory has the array structure. Thus, the three 

gate string structure is used to show the interference with the neighbor cells (Fig. 2-

2(d)). Because all of these structures are the SA-STI structure, the changes of the 

charge distribution along the z-direction in the nitride are neglected [40]. 

 

 

 

Fig. 2-2. Simulated structures of the SA-STI SANOS device with (a) No 

extended nitride, (b) finitely extended nitride, (c) infinitely extended nitride, 

and (d) three gate string. 
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Simulation of the charge transport effects  

3.1 The initial charge distribution 

Many previous retention simulation are started with assumed the initial charge 

distribution [34][35]. The initial charge distribution, however, is an important factor 

of the retention characteristics as shown in ref [29][41]. Thus, all of the retention 

simulations in this thesis are conducted after programming the devices by enforcing 

18V to the gate electrode under the temperature 300K. The programming simulation 

is considering the charge transport in conduction band of nitride layer three 

dimensionally and self-consistently. The transient charge distribution of the 

conduction electron density and the trapped electron density are shown in Fig. 3-1. 

The programming is stopped when the threshold voltage shift is 4V.  

As time went on, the injected electrons fill the traps from the interface of the 

tunneling layer to the interface of the blocking layer. Since it is assumed that the 
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blocking layer is sufficiently thick to prevent the back tunneling to the gate, the 

transported electrons are piled up at the blocking layer interface. The trapped 

electron density does not exceed the trap density which is fixed with 1e20/cm3. The 

transient 3D profile of the trapped electron distributions is shown in Fig. 3-2. 

 
 
 
 
 
 

 
 
 

Fig. 3-1. The transient distribution of (a) the conduction electrons, (b) the 

trapped electrons during the program mode of the finitely-extended nitride 

structure at the middle of the channel.   
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Fig. 3-2. Transient trapped electron distributions of the infinitely-extended 

structures from 10-6 sec to 10-1 sec during the programing.  
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3.2 The dependency of the extended nitride length  

Fig. 3-3 is the retention curves of the devices which have different extended 

nitride length each other. These structures are already shown in Chapter 2. 

 First of all, to distinguish the vertical charge loss from the lateral charge loss, we 

simulated a structure which has the 6nm tunneling oxide while the others have the 

4nm tunneling oxide as shown in Fig. 3-3. The thick (Ext_0nm TunOx 6nm) 

tunneling oxide structure has no vertical and lateral charge loss except for the charge 

redistribution along the vertical direction [29]. Thus, the difference between the no-

extended nitride device (Ext_0nm) and the 6nm tunnel oxide device (Ext_0nm 

TunOx 6nm) indicates the vertical charge loss only. 

 

 

Fig. 3-3. Threshold voltage shifts of the devices. 6nm tunnel oxide structure is 

also simulated as reference device to evaluate the vertical charge loss. 
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The increment of the threshold voltage of the no-extended nitride structure is due 

to the charge transport along the vertical direction from the gate side to the tunneling 

oxide side as shown in Fig. 3-4 (a). 

 Since the trapped electrons are transported along the vertical and the lateral 

direction in the cases of the finitely and the infinitely extended structure as shown in 

Fig. 3-5 (b)(c) ,Fig. 3-6 and Fig. 3-7, the significant threshold voltage shift is 

observed, unlike the no-extended nitride structure in Fig. 3-3 (Ext_0nm). 

Interestingly, the saturation of the threshold voltage occurs and the saturation point 

depends on the extended nitride length in Fig. 3-3. The saturation can be explained 

by the transient distribution of the trapped electron density as shown in Fig. 3-5. 

When the extended nitride region is filled with the transported charges up to the 

equal level of the gate region, the finitely-extended nitride structure has no lateral 

charge loss but has the vertical charge loss. Therefore, the retention curves are 

saturated earlier as the extended nitride length becomes shorter. In this simulation, 

the side surface of the gates are regarded as a damage free surface. If the surfaces 

has a damages or any other leakage path, there wouldn’t be a saturation point [33]. 

From this result, the extended nitride length is confirmed as an important 

parameter in predicting the retention time and deciding the specification of the 

structure, such as a side-wall spacer size [31]. 
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Fig. 3-4. Transient conduction and trapped electron distributions along the 

vertical direction (a) no-extended, (b) finitely-extended (30nm), and (c) 

infinitely-extended structures. 
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Fig. 3-5. Transient trapped electron distributions along the channel direction at 

the blocking layer interface (Left) and the tunneling layer interface (Right) of 

the (a) no-extended, (b) finitely-extended (30nm), and (c) infinitely-extended 

structures. 
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Fig. 3-6. Transient conduction electron distributions of the infinitely-extended 

structures from 10-2 sec to 105 sec. 

  



28 

 

 
 

 
 

Fig. 3-7. Transient trapped electron distributions of the infinitely-extended 

structures from 10-2 sec to 105 sec.  



29 

 

3.3 The dependency of and on the surround cells  

To understand the influence of the lateral charge spreading on the neighbor cell, 

the check-board and the solid program patterns are simulated with the infinitely-

extended nitride structure. Because we assumed that the devices have the SA-STI 

structure, the nearby cells in the other string is neglected and the only two nearby 

cells in a same string line affect the monitoring cells. 

3.3.1 Check-Board pattern  

For the check-board (CKBD) pattern simulation, the string structure is simulated 

with a programmed cells and an erased nearby cell. The simulated structure, the 

programmed pattern and delta threshold voltage shift as baking are drawn in Fig. 3-8. 

As the programmed electrons are transport to the lateral direction, the threshold 

voltage of the Gate1 is increased. The threshold voltage shift of the erased cell is 

shown in the Fig. 3-8 (Single – Dashed line) when the only one side cell is 

programmed. In the check-board pattern, the threshold voltage of the erased cell is 

increased two times than the one side programmed situation, because the cell is 

affected by the two programmed cells surrounding the erase cell. The electron 

transport is illustrated in Fig. 3-9, Fig. 3-10 and Fig. 3-11 with the trapped electron 

density distribution. Since the transported electrons from the programmed cells 

reach the erased cell (Gate1) region, the threshold shift is increased until the 

threshold voltage of the erased cell is same as that of programmed cells. The 

threshold voltage shift of the programmed cells is not different from the single 

transistor retention characteristics shown in Fig. 3-3. 
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Fig. 3-8. Check-board pattern structure and retention curves. Dashed line is the 

situation when Gate0 is programmed and Gate1 and Gate2 are erased. 
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Fig. 3-9. Transient trapped electron distributions along the channel direction at 

the blocking layer interface (Top) and the tunneling layer interface (Bottom) of 

the check-board pattern. 
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Fig. 3-10. Transient trapped electron distributions along the vertical direction at 

the middle of (a) the programmed Gate0 and (b) the erased Gate1. 
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Fig. 3-11. Transient trapped electron distributions of the check-board pattern from 
10-2 sec to 105 sec.  
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3.3.2 Solid pattern  

In the solid pattern, since all cells are programmed, the space region between the 

gates is the only way for the transport. Hence, the uncovered region with the gate is 

filled by the electrons which come from the neighboring cell until the potential of 

the uncovered region is equal to the cell region. As the space region is filled with the 

electrons, the lateral charge transport is interrupted so that the decrease rate of the 

threshold voltage is reduced as shown in Fig. 3-12. The retention curves, however, 

are not saturated because the electrons are transported to the outside of the solid 

pattern array. The charge density in the space region also decreases after the space 

region is filled as shown in Fig. 8(b). In addition, Fig. 8 (a) and Fig. 8 (b) show that 

the retention characteristics of the edge cell is not same as the inner cells in the solid 

pattern. These pattern dependency results are consistent with the experimental data 

in [31] 

  



35 

 

 
 

 
 

Fig. 3-12 Solid pattern structure and retention curves. Dashed line is the 

situation when Gate0 is programmed and Gate1 and Gate2 are erased. 
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Fig. 3-13. Transient trapped electron distributions along the channel direction at 

the blocking layer interface (Top) and the tunneling layer interface (Bottom) of 

the check-board pattern. 
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Fig. 3-14. Transient trapped electron distributions of the check-board pattern from 
10-2 sec to 105 sec. 
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3.4 The dependency of the retention cycle  

The remaining electrons after the retention mode could affect to the second 

retention characteristic. To reflect this situation, we simulated the retention cycle 

(programming – retention – erase) using the three gate structure and finitely (30nm) 

extended nitride structure.  

3.4.1 Infinitely extended nitride structure  

In the string structure with continuous nitride layer, the centered cell and the 

nearby cell are monitored to inspect the charge transport effect on the nearby cell as 

the cycle is performing. Fig. 3-15 shows the threshold voltage shift and Fig. 3-16 

depicts the trapped electron density of the each step. During the retention steps, the 

threshold voltage of the nearby cell is changed because of the electron transport. For 

the program and erase steps, the nearby cell is not affected. After a retention step, 

the remaining electrons in the uncovered region disturb the charge spreading at the 

next retention tern. Therefore, the slope of the threshold voltage shift is decreased as 

the retention cycle is repeated as shown in Fig. 3-17.  
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Fig. 3-15 Delta threshold voltage shift curves of the three gates string structure 

as the cycle is repeating. 
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Fig. 3-16 Trapped electron density of the three gates string structure at the 

interface of the tunneling layer when the each retention cycle step is stopped. 
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Fig. 3-17 Top is retention curves of three gates string structure after the cycle is 

repeated. The dashed lines indicate the threshold voltage shift of the nearby cell. 

Bottom is the trapped electron density profiles after each retention step is 

finished.  
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3.4.2 30nm extended nitride structure  

In the case of the 30nm extended nitride structure, the programmed electrons 

couldn’t transport over the nitride region. Since the electrons in the extended region 

are piled up as the retention step repeating, the charge loss to the lateral direction is 

degraded and the threshold voltage saturation is increased. That is shown in Fig. 3-

18, Fig. 3-19 and Fig. 3-20. 

The experimental data of the retention cycle are reported in [35]. This Simulation 

results indicates that measurement sequence impacts on the retention performance of 

the CT type Flash memory.  

 

3.5 Conclusion  

Using the 3D self-consistent simulator, we simulated the effects of the lateral 

charge spreading in the CT Flash memory. The initial charge distribution has been 

obtained from the same simulator after the programming considering the charge 

transport in the conduction band of the silicon nitride self-consistently. Considering 

device structures with various lateral extended nitride, it has been concluded that the 

extended nitride length is an important parameter to determine the retention 

characteristics. Since that the neighbor cells affect the monitoring cell of interest, the 

programmed pattern has to be considered in analyzing the retention characteristics. 

Finally, we showed that the charge loss characteristic in the retention cycle is also 

strongly affected by the lateral charge spreading.  
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Fig. 3-18 Delta threshold voltage shift curves of the 30nm extended nitride 

structure as the cycle is repeating. 
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Fig. 3-19 Trapped electron density of the 30nm extended nitride structure at the 

interface of the tunneling layer when the each retention cycle step is stopped. 
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Fig. 3-20 Top is retention curves of 30nm extended nitride structure after the 

cycle is repeated. Bottom is the trapped electron density profiles after each 

retention step is finished.  
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Simulation of the activation energy 

4.1 Conventional expectation method of the data life time  

Flash memory requires data retention time for ten years at operating temperature. 

Since the retention test of the requirement takes much long time, extrapolation 

method in Arrhenius plot has been used for the conventional FG Flash memory after 

testing the life times at the various high temperature [41][42]. As many experimental 

studies reported, however, the retention characteristic is affected not only the 

thermal emission but also the field enhanced tunneling leakage [42]. Fig.4-1 shows 

various tendencies of the experimental data [43][44][45]. Fig. 4-1(a) is a standard 

case of the Arrhenius plot which has constant activation energy. The degradation of 
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activation energy in the Fig. 4-1(b) and Fig. 4-1(c) is modeled by the effect of the 

tunneling leakage current through the IPD layer [43][44]. Fig. 4-1(d) shows very 

strange curve which is bent line. This would be modeled in section 4.3. As the Fig. 

4-1 shows, the activation energy is varied according to the temperature, so that 

forecasting the life time by extrapolating the Arrhenius plot is difficult.  

For the CT type Flash memory, the conventional Arrhenius plot has been used to 

predict the data retention time just like the FG Flash memory [46]. CT Flash 

memory also has diverse activation energies which depend on the temperature. The 

experimental data extracted from reported papers are shown in Fig. 4-2. The linear 

lines of the the Fig. 4-2 (a) and Fig. 4-2 (b) mean the dominant charge loss 

mechanism of the device is the thermal effect. The degradation of the Fig. 4-2(c) is 

explained by the tunneling current [36]. Fig. 4-2(d) has not been clearly understood 

yet. Interestingly, the bent shape is similar to the Fig. 4-1(d).  

As a result, extrapolation method using activation energy in predicting the 

retention time is valid only if the charge loss is strongly dominated by the thermal 

emission. The modification of the method in anticipating the life time is needed with 

an in-depth consideration about the charge loss mechanism. 

In the following sections, the ambiguous Arrhenius plots of the CT Flash memory 

are investigated using the 3D simulator. And the bent curves of the Fig.4-1 and Fig. 

4-2 are modeled by the charge transport. 
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Fig. 4-1 Arrhenius plots of FG Flash memory which are extracted from 

reference [43][44][45].  
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Fig. 4-2 Arrhenius plots of CT Flash memory which are extracted from 

reference [47][48][49][50].  
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4.2 Initial electron distributions  

To understand the degradation of the activation energy in low temperature region 

(< 400K), the SANOS devices with various tunneling layer thickness are simulated. 

Before conducting the retention simulation, all of the cases are separately 

programmed to reflect the initial electron distribution of each case on the threshold 

voltage shift. Fig. 4-3 (a) illustrates the initial trapped electron densities. Naturally, 

the more tunnel layer is thin, the more tunneling current is high at the tunneling 

layer interface. Therefore, the trapped electron density of the thinner tunneling layer 

is higher at the tunneling layer interface. The difference of the initial electron 

distribution affects tunneling current at the retention situation as shown in Fig. 4-3 

(b). 
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Fig. 4-3. (a) The initial trapped electron distributions along the vertical direction 

of the various tunnel oxide cases. (b) The tunneling current of the four cases during 

the bake.  
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4.3 Modeling of the multiple activation energy  

First, we plot the retention vs bake time with the temperature range from 300k to 

550k for devices with various tunneling oxide thickness in Fig. 4-4. It is interesting 

to point that the retention curves for lower temperature are dented for two thin oxide 

cases. The criteria for the retention time can be defined as the time for 15% charge 

loss (above the dent) and 20% charge loss (below the dent). For the different 

criterion, different activation energy can be obtained. It may be also interesting to 

see the detailed trapped electrons and their loss during the stress at different 

temperature for various device structures (mainly different tunneling oxide) in Fig. 

4-4. We define region-1, 2 and 3 (defined later in Fig. 4-8) according to the different 

slope in the Arrhenius plot. 
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Fig. 4-4 Simulated retention curves of the infinitely extended structure with (a) 

4nm tunnel oxide, (b) 2.8nm tunnel oxide, (c) 2.6nm tunnel oxide and (d) 

2.4nm tunnel oxide. 
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4.3.1 Criterion above the dent point (15% charge loss criterion)  

The data retention time defined by the 15% charge loss criterion vs. 1/kT is 

depicted in Fig. 4-5. The trend shows that the device with the oxide of 4nm has a 

unique slope while thinner devices have the varying slope according to the 

temperature range. It is known that the Arrhenius plot shows a unique activation 

energy when the thermal emission is a dominant charge loss mechanism [42]. As the 

tunneling current becomes important for the cases of thinner oxide, the slope of the 

Arrhenius plots decreases in the low temperature region. Thus, the different 

activation energy may be defined according to the different temperature regions. 

 The high temperature region which has the same activation energy as the 

tunneling free case (4nm oxide) is defined as Region-1. Since the thermal emission 

and lateral transport is faster than the tunneling charge loss, the data retention time is 

determined by the temperature in this region. The transient trapped electrons 

distribution in Region-1 (500K for 2.4nm oxide) is shown in Fig. 4-6 and Fig. 4-7. 

The temperature region showing reduced activation energy is called Region-2. Fig. 

Fig. 4-8 and Fig. 4-9 show that the lateral charge transport and the tunneling charge 

loss in the Region-2. In this region, the direct tunneling, which is insensitive to the 

temperature, becomes more dominant than the thermal emission and lateral transport. 

Therefore, the thinner tunneling oxide causes more charge loss and reduces more 

data retention times. The independency of the regions on the temperature is also 

more obvious in the thinner tunneling oxide because the impact of the tunneling 

current become larger. The distribution of the trapped electrons along the vertical 
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direction is shown in Fig. 4-7 and Fig. 4-9.  

This tunneling effect on the activation energy agrees with the trend reported in 

[43] for the FG structure where the charge loss through the IPD layer is the 

dominant charge loss mechanism. Thus, the degradation of the activation energy 

reported in [49] can be explained by the tunneling leakage. The effect of the 

tunneling oxide layer thickness on the activation energy is already reported in ref 

[35]. However, the initial charge distribution depending on the tunneling layer 

thickness and charge redistribution during the bake were neglected. 
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Fig. 4-5. Simulated Arrhenius plots when criterion is 15% shift of the threshold 

voltage. 
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Fig. 4-6. Transient trapped electron distributions along the vertical direction of 

the various tunnel oxide cases during the retention situation at 500K 

temperature.  
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Fig. 4-7. Transient trapped electron distributions along the channel direction 

during the retention situation at 500K temperature at the tunneling layer 

interface of the various tunnel oxide cases.  
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Fig. 4-8. Transient trapped electron distributions along the vertical direction of 

the various tunnel oxide cases during the retention situation at 400K 

temperature. 
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Fig. 4-9. Transient trapped electron distributions along the channel direction 

during the retention situation at 400K temperature at the tunneling layer 

interface of the various tunnel oxide cases.  
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4.3.2 Criterion below the dent point (20% charge loss criterion)  

The Arrhenius plots with the 20% charge loss criterion are depicted in Fig. 4-10 

Unlike the case of the 15% charge loss criterion, the Arrhenius plots can be divided 

into three regions according to the slope (the activation energy). Region-1 and 

Region-2 have the same meaning as the case of 15% criterion. Interestingly, the 

activation energy in Region-3 restores back to that in Region-1. This is one of the 

effects caused by the electron transport on the activation energy. The electron 

distributions shown in Fig. 4-11 and Fig. 4-12 clearly explain the raising of the 

activation energy in the Region-3. As the trapped electrons tunnel out, the electrons 

near the interface are depleted and eventually become negligible. This is shown as 

the dent point in Fig. 4-4. Neither the electron transport to the interface nor charge 

loss to the uncovered gate region is suppressed at the low temperature. Consequently, 

the additional charge loss is determined by the electron transport only, and the 

activation energy increases up to the tunneling free activation energy in Region-1. 

The electron density distributions of the three regions are summarized in Fig. 4-14. 

The transition temperature between regions varies with the life time criterion and 

the tunneling oxide thickness. In the 15% criterion, since the trapped electrons are 

able to afford the threshold voltage shift, Region-3 is not shown. The increase of the 

activation energy in [50] can be explained by the electron transport model. As the 

result, a prediction of the lifetime in the room temperature changes depending on the 

stress temperature because of the multiple activation energies. The comparisons of 

the data life times and activation energies between 15% and 20% criterions is shown 
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in Fig. 4-13. If the activation energy is extracted from the high temperature stress 

condition even though the tunneling leakage exists, the prediction of the lifetime 

would be overestimated On the other hand, if the lifetime is extrapolated from 

Region-2, the retention time could be seriously underestimated. Therefore, the 

consideration of the multiple activation energies is essential for an accurate 

prediction of the reliability of the CT Flash memory. 
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4.4 Conclusion  

To investigate the activation energy of the CT Flash memory, the SANOS 

structures with various tunneling oxide thickness are simulated in several 

temperatures considering vertical and lateral charge transport.. The Arrhenius plot 

which has a tunneling leakage path is divided into three regions, resulting in 

multiple activation energies. In high temperature region (Region-1), the slope of the 

plot is same with the structure without leakage path. In the middle temperature 

region (Region-2), the data life time rarely depends on the temperature due to the 

tunneling leakage. In the low temperature region (Region-3), the slope is increased 

up to the activation energy of the leakage free case. The regions are varied with the 

life time criterion and the tunneling oxide thickness.  

Using this model, the decrease and increase of the activation energy according to 

the stress temperature condition can be understood with the tunneling leakage and 

electron transport effect, respectively. Therefore, understanding of the multiple 

activation energy is necessary for an accurate prediction of the retention time. 
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Fig. 4-10 Simulated Arrhenius plots when criterion is 20% shift of the 

threshold voltage. 
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Fig. 4-11. Transient trapped electron distributions along the vertical direction of 

the various tunnel oxide cases during the retention situation at 300K 

temperature. 
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Fig. 4-12. Transient trapped electron distributions along the channel direction 

during the retention situation at 300K temperature at the tunneling layer 

interface of the various tunnel oxide cases.  
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Fig. 4-13. Comparisons of the data life times and activation energies between 

15% and 20% criterions.   
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Fig. 4-14. Transient trapped electron distributions of the 2.4nm tunneling layer 

as baking in various temperatures.   
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Conclusions 

5.1 Summary  

Using an in-house developed self-consistent 3D simulator, the charge transport 

effects on the retention characteristics of the CT flash memory have been studied. 

For the first time, the dependency of the extended nitride length, programmed 

pattern of the neighbor cells and retention cycle are studied for the SANOS device 

structure. From the simulation results, the extended nitride length is confirmed as an 

important factor in designing the memory cell device. It is also clearly shown that 

the surround cells have to be considered in analyzing the retention characteristics 

because the status of the nearby cells affects the transport property of the monitoring 

cell. Finally, it has been found that the transported electrons to the extended nitride 

region affect the retention characteristics in the neighbor cell. 

The activation energy of the CT Flash memory associated with the retention 
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chracteristics is also investigated to understand various activation energies in 

differnet temperature ranges in the Arrhenius plots. Four thickness of the tunneling 

oxide are simulated in various temperatures ranges and the data retention times are 

plotted against the 1/kT. Arrhenius plots are divided into three temperature regions, 

resulting in multiple activation energies. In Region-1, because the thermal emission 

and lateral charge loss is the main mechanism of the threshold voltage, the slop of 

plot is same with the tunneling free case. Region-2 is defined as the temperature 

region which the direct tunneling is dominant. Since tunneling current is insensitive 

to the temperature, the plot is surpressed in this region.  The slope of Region-3 

restores back to that in Region-1. When the trapped electrons near the tunneling 

layer are not enough to make the threshold voltage shift up to the charge loss 

criterion for the retention failure,  additional charge loss occurs after electrons are 

transported to the tunneling interface or the outside of the gate region. This is the 

reason why the slope of the Arrhenius plot follows that of Region-1. 

Consequently, in analyzing the retention characteristics of the CT Flash memory,  

charge loss taken place in three dimensions transport must be considered for more 

accurate analysis. 

5.2 Future work  

5.2.1 Charge loss path through the blocking layer 

In this thesis, it is assumed that the blocking layer is thick enough to prevent the 

back tunneling to the gate. When the blocking layer is made by the high-k material, 
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there are considerable trap sites and it may contribute to the a leakage path. 

Therefore, for more accurate simuation, the back tunneling toward the gate region 

has to be considered for in the programming and reteintion mode operations. 

5.2.2Modeling for more accurate expectation of the life time 

As shown in Chapter 4, the prediction of the retention time by extrapolating the 

life time from the measment data only in a limited  high temperature is not accurate 

for most of the situation. Therefore, the new model which considers the tunneling 

effect and the electron transport has to be developed. 

5.2.3 3D Monte-Carlo Simulation 

Many previous retention modeling works including this thesis are based on a 

contimuum simulations regarding the electrons and traps as continuous density 

parameters. For a large scale device, it is reasonable to use the average parameter. In 

the case of the small device, however, one electron or one trap may give appreciable 

impacts to device characteristics. If the trap density is 1019/cm3 , for example, there 

would be 0.01 trap in 1nm3 cube. The nitride layer with the 10x10x5nm volume has 

only five traps. As a result, consideration of the discretized trap and electron is 

inevitable for the simulation of the next generation memory devices. In simulating 

the retention characteristics considering the discretized electron and trap, the Monte-

Carlo simulation is one of the powerful methods to model the electron motion in a 

discrete manner.  

For these reasons, it may be recomendable to develop the 3D Monte-Carlo 
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framework and compare with the simulation results based on the contimuum 

assumption such as the one in this thesis. The comparison for the dependency of the 

extended nitride, programmed pattern and retention cycle would become important 

in the future scaled memory cell. The recommended simulation sequence of the 3D 

Monte-Carlo simulation for the CT memory cell  is shown in Fig. 5-1. Using the 

3D Monte-Carlo framework, more reliable expectation of the retention 

characteristics would be possible for the very small size CT device. Comparison 

between the simulation data in this thesis and the Monte-Carlo simulation is a future 

work for the more accurate prediction of the CT memory cell characterisitics. 
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Fig. 5-1 The Monte-Carlo simulation sequence for the retention characteristic of the 

CT Flash memory. 
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본 논 에 는 자체  개  삼차원 소자 시뮬 이  이용 여 

자  직, 평  이동  고  소자  보 특 에  연구를 

다. 본 시뮬 이 에 는 SA-STI(Self-Aligned Shallow Trench 

Isolation) 구조  SANOS(Si/Al2O3/Si3N4/SiO2/Si) 구조를 본  

시뮬 이  진행 다.   분포 상태를 가 지 고 

시뮬 이  이용 여 변   이 4V 가 지 자체  

일 있게 자  이동이 고  쓰 동작  다. 이 부   

자  분포상태를 얻  후 모든 보 특 에  시뮬 이 이 

진행 었다.  

첫번째  실리  질 막  게이트 역  장  역  이에 

 존도를 인  해  여러 이(0nm, 15nm, 30nm, 150nm)  

소자를 시뮬 이  다. 째  주변 모리 들  쓰여진 상태에 

해  어떠  향  는지에  연구를 해  체크보드  

주변  쓰  상태  만든 상황과 모든 들이 모  쓰  상태   

상황에 해  보 특  시뮬 이  진행 다. 번째  여러 번  

보  동작  복 경우 보 특  변 도를 인  여 

쓰 /보 /지우 를 연속  시뮬 이  다.  

마지막  실 에  보 가능 간     
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에 지를 함에 있어  링 산 막  께에 른 직 향  

 손실이  에 지에 주는 향  시뮬 이  다. , 

헌에 보고  여러가지 태  니우스 그래 를 삼차원 

시뮬 이  통해  나  자  도분포를  3 가지 구간  

나 어 모델링 여 명 다. 

요약 자면 본 연구에 는 삼차원 SANOS 시뮬 이  통해  실리  

질 막  장 이에 른 보 특  차이를 인 여 소자를 

자인함에 있어  장 이  요  강조 고 주변 들  쓰여진 

상태 그리고 쓰 /보 /지움  복행 가 보 특 에 주는 향  

인 다.   에 지를 계산함에 있어  링 류  

인  손실  향   실리 질 막내에  자  이동  고 여야 

 보 간    있  연구 고 이를 토  여러가지 

모양  니우스 그래 를 해 다.. 

 

 

 

 

 

주요어 : 낸드 래시 모리, 삼차원 시뮬 이 ,  포획  모리, 

CT, 리 ,  에 지 

   번 :  2011-20837 
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