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Abstract

As flash memory cells continue to decrease in scale, random telegraph
noise (RTN) caused by electron capture or emission at trap sites has become an
important issue. Fluctuations in the threshold voltage (4V) due to RTN can
cause serious problems, such as read errors and device instability. As the
thickness of the inter-poly dielectric IPD continues to decrease, the traps in the
IPD also lead to reliability issues related to the leakage current and data retention.

In this thesis, we investigate the reliability of NAND flash memory with
respect to traps not only in the tunneling oxide but also in the IPD of the cell
device.

We first focus on traps that produce RTN in the tunneling oxide during a
read operation. The trap position with respect to the channel surface and the
floating-gate (x1) and the trap position along the channel length direction (y1) in
the fabricated NAND flash memories were obtained by considering the channel
resistance of the pass cells. The RTN in the floating-gate NAND flash cell
strings interfered with the adjacent bit-line cell, and the effects of such on the
fluctuations in the bit-line current (Alg; = high I, — low /g1 ) were characterized.

The electron current density (J;) of a read cell was found to be appreciably

different depending on the position in the channel width direction relative to the



interference produced by the adjacent bit-line cells. We verified that Alg; due to
RTN increases as a high J. position is controlled to be close to a trap position in 32 nm
NAND flash memory strings. The adjacent cell interference was shown to affect
not only Algp but also the ratio between the capture and the emission time
constants [In(z./ze)]. We used the interference between the adjacent bit-lines (BLs)
to obtain the trap position along the width direction and to represent the 3-D
position of the traps in 32 nm and 26 nm NAND flash memory cells for the first
time. We propose a new read method that reduces the effects on Al resulting
from RTN. The pre-bias is controlled in the ps range, and our method was
confirmed to effectively suppress the effect of the RTN during read operations in
NAND flash memory. Second of all, we investigate the hysteresis phenomenon
in the floating-gate NAND flash memory strings, which originates from the traps
in the bottom oxide of the oxide/nitride/oxide blocking dielectric (IPD). The
hysteresis phenomenon in the floating-gate NAND flash memory strings is
analyzed by measuring pulsed /-7 and fast transient /g.. A new read method that
suppresses the effect of the hysteresis phenomena was also proposed in order to
reduce the read failures in NAND flash memory. In the Appendix, Algy is
modeled with the trap position as a parameter for the state (program or erase) of
the adjacent bit-line cells, and it is observed to appreciably affect the current
density distribution. Alg; is modeled by determining the integrated electron

current density [Jo=f(z)] and the electric blockade length (L) by considering the



effect of the interference on the adjacent cells. A characteristic function [g(z)]
with a Gaussian functional form is defined based on L. and the trap position
within the tunneling oxide from the channel surface (xt). Finally, Algp is
extracted by integrating f(z) and g(z). Our model accurately predicts Algy, with
the trap position as a parameter of the state of the bit-line cells, showing good

agreement with data from a 3-D simulation.

Key Words: Reliability, NAND flash memory, Random Telegraph Noise, Bit-line
interference, Bit-line current fluctuation, Floating-gate, Inter-poly dielectrics (IPD),
Hysteresis.
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Chapter 1

Introduction

1.1 Reliability issues in NAND flash memory

Currently, NAND flash memory has evolved as a result of the increase in
diversity in computing environments. NAND flash memory has been extensively
adopted as the main storage device for mobile and multimedia products due to
its smaller dimensions, lower power consumption, and higher access speed
relative to magnetic core memory. Moreover, hard disk drives (HDD) will be
completely replaced with solid state drives (SSD) in the near future. The reason
for such success can be explained by the rapid reduction in the feature size of
memory cells and multi-level-cell (MLC) operation, which have led to a
reduction in the cost per bit and a resulting increase in consumer demand. The

2013 International Technology Roadmap for Semiconductors (ITRS) projects



that the physical gate length of NAND flash memory can be scaled down to 12
nm and that the maximum number of bits per cell will be three bits due to the
lower cost per bit that can be achieved in 2015 [1]. However, as the dimensions
of NAND flash memory cells are reduced near the final scaling limit in the
nanometer regime and the maximum number of bits per cell increases, NAND
flash memory has begun to face challenges related to reliability.

In contrast with NOR flash memory, NAND flash memory suffers from
various problems — such as cell-to-cell interference, background pattern
dependency, read disturbance and so on — due to the intrinsic characteristics of
its architecture and the corresponding operating scheme. These problems cause a
broad distribution in Vy and influence the read operations, as shown in Fig. 1.1
[2, 3]. In order to overcome these issues, many groups have studied new
solutions from an operation standpoint as well as from an architectural point of
view. However, these solutions have led to an increase in the complexity of the
algorithms used in the operation scheme as well as in the manufacturing process.

Fundamental physical limits have led to a reduction in the number of
electrons that are stored per bit in the floating-gate, resulting in a discreteness of
the cell state in NAND flash memory strings. Table I and Fig. 1.2 show the
locations of the charge in the floating-gate flash memory cell as well as the
number of electrons required to produce a shift of 100 mV in the threshold

voltage (AVw) at each location as a function of the technology node [3]. As



shown in Fig. 1.2, the number of electrons that produce a AVy, of 100 mV are
dramatically reduced as the devices are scaled further down, and the Vy, of the
cell becomes more sensitive to a charge trapped in each location. In addition, a
severe failure can occur during cell state verification if a charge loss from
floating-gate occurs during the read operation. Fig. 1.3 shows the cumulative
probability of the retention time for the floating-gate flash memory with a
reduced number of electrons per bit [4]. As the devices are scaled down, the
impact of a single electron has a tremendous influence on the retention
characteristics because the amplitude of AVy, due to a single electron increases.
Random telegraph noise (RTN) causes a capture/emission of an electron at
a trap site, and it has become a critical issue for NAND flash memory because it
can cause an error during read operations that will make the memory become
unreliable. The effect of RTN is known to be more severe in floating-gate
NAND flash memories because they have a thicker tunnel oxide relative to other
CMOS devices. The effect of RTN would be more significant in a device that is
scaled down, and the AV}, reported as a result of RTN was of ~0.3 V in 50 nm
NAND flash memory, as shown in Fig. 1.4. [6]. Since there is a positional effect
in a NAND cell string, a cell located closer to the bit-line has a higher AV, due
to the RTN because it has a lower trans-conductance due to a higher equivalent
source resistance [7]. Furthermore, the power of the low-frequency noise (LFN)

and the AV}, of a cell string have been reportedly influenced by the state of the



cells in the bit-line (BL) direction, the bias conditions, and the program/erase

(P/E) cycling [8], [9].
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Control Gate
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Fig. 1.2. Locations of charge in a floating-gate flash memory cell [4].

S0nm | 35nm | 20 nm

Qup 4 2 1
Qe 9 7 4
Qi 22 17

Qi 149 103 100
Qs 33 9 5
Qq 61 16 10
Qe 18 12 10

12

mV at each location as a function of the technology node [4].

Table I. Number of electrons required for threshold voltage shift (AVy,) of 100
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1.2 Motivation and organization

As previously mentioned, reliability issues are one of the major concerns
that arise when scaling down technology, so extensive research has focused on
addressing the reliability of such devices, particularly for RTN due to traps in the
insulator of the cell. Previous studies have usually observed a distribution in
AVy, due to RTN when scaling down and have focused on extracting the trap
location in the tunneling oxide of a cell. However, such studies have investigated
the characteristic of RTN without considering the effects of the channel
resistance of the pass cells and the adjacent bit-line cell interference, which
originates from the characteristic of the NAND structure. Therefore, it is
necessary to study the RTN in NAND flash memory by considering these effects.
In addition, reliability problems and their causes due to traps in the inter-poly
dielectric (IPD) are studied since no other paper has presented a systematic
report that investigates these cases in NAND flash memory with a
Si0,/81,N,/510, (ONO) stack as the IPD, even if the ONO stack is still used as
the IPD by the industry.

This dissertation consists of the following four chapters. In Chapter 2, the
trap positions (xy and yr) that cause channel resistance in the pass cells are
obtained. Chapter 3 discusses the effects of the adjacent bit-line cell interference

on RTN in NAND flash memory and also determines the trap position along the

14



channel width direction (zr). The xr, yr and zt of the traps, which are obtained
for 32 nm and 26 nm NAND flash memory cell strings, are illustrated in a 3-D
plot. In Chapter 4, we propose a new read method that reduces the effects of
Algy, due to RTN. In Chapter 5, the hysteresis phenomenon due to the traps in
the IPD is introduced and is systematically investigated through a pulsed /- and
a fast transient bit-line current (/g;) measurement in the NAND flash memory
strings.

The Appendix at the end of the dissertation provides an explanation of the
modeling used for the bit-line current fluctuation (Alg; = high Igp — low Igr) due

to RTN, by considering the bit-line interference in the NAND flash memory.
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Chapter 2

Extraction of trap profiles
considering channel resistance of
pass cells

2.1 Introduction

As scaling down in the flash memory cell, random telegraph noise (RTN)
leads to broaden threshold voltage distribution [3]. Especially in a NAND flash
memory string, there is a cell position dependence of threshold voltage change
(4V4) due to the RTN [10]. This indicates that the channel resistances of pass
cells in a cell string are affecting to RTN characteristics of a selected cell. Until
now, trap positions from the channel surface to the floating-gate (xt) and along
channel length direction (yr) has never been tried to extract with considering
channel resistances of pass cells. In this work, we extracted the exact position
and energy of a trap with considering channel resistances of pass cells for the

first time.

16



2.2 Device structure and measurement method

The floating-gate NAND flash memory in this work was fabricated at a
semiconductor company by applying 32 nm and 48 nm technology. As shown in
Fig. 2.1 (a), a 32 nm NAND string consists of sixty-four unit cells, two dummy
cells, a drain select line (DSL) transistor and a source select line (SSL) transistor.
The cross-sectional TEM view of the 32 nm NAND flash memory cells in the
WL direction is shown in Fig. 2.1 (b). Cells of NAND flash memories in this
work have nearly the same channel length (L) and width (). Tunneling oxide
thickness is 8.7 nm, and inter-poly O/N/O layer has a stack of 4/4/6 nm.

The block diagram of noise measurement system is represented in Fig. 2.2.
To observe the bit-line current fluctuation (Al = high Ig; — low IL) exactly, the
biases are applied to Word-Lines (WLs) and Bit-Line (BL) in the string by using
a DC power source (batteries are shielded by grounded metal box). The Algy is
amplified by the low-noise amplifier (LNA) and is displayed on the dynamic

signal analyzer (Agilent 35670A).

17
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Fig. 2.1. (a) Schematic view of NAND flash memory strings and (b) Cross-

sectional TEM view of 32nm NAND flash memory cells in the WL direction.
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Fig. 2.2. Block diagram of the low frequency noise measurement system. The
selected cell is represented by a dotted circle. Control-gate bias (Vcg) and Vpass
were applied to the WL of a selected cell and unselected cells in the string,

respectively.
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2.3 Equations of trap profiles in a NAND flash memory string

Fig.2.3 shows the schematic circuit diagram showing three NAND cell
strings and an equivalent circuit of a string when a cell is read. A NAND string
can be analyzed with an equivalent circuit shown in of Fig. 2.3. When we read a
cell in a cell string by applying a read voltage to the WL corresponding to the
read cell, pass cells biased by a pass voltage (V}ass) have channel resistances. For
this reason, the pass cells except a read cell can be modeled as linear resistors
[11]. When we read a cell in the string, remaining pass cells become equivalent
resistance which gives significant error in extracting RTN profile (position and

energy).

BL

DsL—]
pwi—|
wLi63]—]|

R, (DSL, DWL, WL32~63)

wrLi321—| ,

st =SweenH|[
wrizoj—IL il /

PO oy By Y B

Rg (SSL, DWL, WL0~30)

wLio]—|
owL—Il CSL

sst—1

9
g

Fig. 2.3. Schematic circuit view of a NAND cell string and its equivalent model.
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As the control gate voltage increases, potential drops at the drain and source
of a read cell gradually increase due to voltage drop across the channel
resistances of pass cells. So, the surface potential (¥;) slightly increases by the
source voltage (Vs) and the channel potential (7) decreases due to voltage drop
across the channel resistances of pass cells. Fig. 2.4 shows the energy band
diagram of a read cell, which is used to extract the trap profile of a trap in the
tunnel oxide. This figure includes the effect of source voltage (Vs) and channel

potential variation (dV¢/dVgg) due to the channel resistances of pass cells.

Floating-Gate

Fig. 2.4. Energy band diagram including the effect of the channel resistance of

pass cells.
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In order to extract the trap profiles, the relationship between time constants

and trap energy level usually is used as following Eq. (2.1),

T _ gooxp| £ EF Ea. (3.1
. g -exp KT q. (2.1)

where, g is the degeneracy factor, k is the Boltzmann constant, 7 is the
temperature, 7. and 7. are the mean capture and emission time, respectively, Et is

trap energy level and, Er is Fermi energy level. Eq. (2.1) can rewrite Eq. (2.2) as,

7,
kBTlnT_c:[% —qy, —qV +(Ec. - Ep, ‘H]VC)J

Eq. (2.2)

X
- qT_T(VGs Ve =V, —V, _VC)+(EC0)C_ET)

ox

where, Ecox 1s the conduction band edge of the oxide, Ec is the conduction band
edge of silicon, ¢, is the difference between the electron affinities of silicon and
Si0,, Vg is the flat-band voltage, xr is the trap position from the channel surface
to the floating-gate and 7, is the tunneling oxide thickness.

In a NAND flash memory cell string, the drop of potential at drain and

source side of a cell gradually occurs as increasing Vg due to Rs and Rp. So, ¥

21



slightly increases as increasing Vs. Using approximation of gradual Vc, the term
of V¢ is also dependent of Vg because Ve can express as [yr{Vp-
In(RstRp)}1/Less. Here, yr and Le are the trap position along channel length
direction and the effective gate length, respectively. Consequently,

din(t./1.)/dVgg is represent by Eq. (2.3),

din® 1y dy, d av, dv,
Te __ ‘//S0+qx_T[1_ Yo a¥s s Cj Eq. (2.3)
AV I dVey dVey d(Vip) dV

Where, where g is the degeneracy factor, k is the Boltzmann constant, 7 is the
temperature, 7, and 7. are the mean capture and emission time, respectively, Et is
trap energy level and, Er is Fermi energy level. From the Eq. (2.3), xr can

express as Eq. (2.4) and Eq. (2.5).

a’lni
kl Te +( dl//S J
1 q d (Vi) d (Vi) I

X, = ! Eq. (2.4)

) ) () () -
AW ), \dWe)), \d0a)), (W) ),
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o din e .
7;;( o Te +( l//S j
q | dVs) d(Vss) ),

X, = r Eq. (2.5)
() s )

+ + + -1

dVes) ). \dWg) ), \(dVs) ), \dVg) ),

where, V¢ forward 1S the channel potential of a selected cell when selected BL and

common source line (CSL) are biased to Vcc and ground, respectively, and
Ve reverse 1S the channel potential of a selected cell when selected BL and common
source line (CSL) are biased to ground and Vcc, respectively. Here, Ve forwara and
Ve reverse  can  express  as  [yr{Vp-Ip(RstRp)}1/Ler  and  [(Les-y1){VD-
In(RstRp)}/Less, respectively. So, we can obtain accurate xr and yr by solving

these simultaneous equations.
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2.4 Verification of proposed equations

To verify clearly the effect of source potential variation (dVs/dVgg) and
channel potential variation (dV/dVsg) with gate bias, two resistors (Rs, Rp = 20
kQ) are connected to the drain and the source of an MOSFET (test device),
respectively. The test device has L and W of 110 nm and 130 nm, respectively,
and 2.5 nm thick SiO; as a gate insulator. Fig. 2.5 shows the changes of slope of
In(z./t.) with respect to gate bias (dIn(z./z.)/dVgg) in the test device. Solid
symbols and open symbols stand for the value of In(z./z¢) in the device with and
without the resistors, respectively. Square symbols and circle symbols represent
the value of In(z./z.) with the forward and reverse drain biases, respectively.
When the resistors are connected to the test device, din(z./z.)/dVes with the
forward and reverse drain bias are changed as shown in Fig. 2.5. In Fig. 2.6, the
din(z./z.)/dVse with the forward and reverse BL bias also changes in a cell of
48nm NAND flash memory string. From the results of Fig. 2.5 and Fig. 2.6, we
can notice that the slope of In(z./z.) are changed due to source potential variation
and channel potential since dIn(z./ze)/dVgp is a dominant parameter to extract the
trap profile. So, the resistance effect should be considered when the trap profiles

are extracted in a NAND flash memory string.
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Fig. 2.5. Changes of dIn(t./1.)/dVgp in a test MOSFET with and without series
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Figs. 2.7 and 2.8 compare xt, yr and Ecox-Et extracted from conventional
and proposed equations, respectively, in the test device with and without the
resistors. The reference (exact) values are extracted by using conventional
equation when Rs and Rp are not connected to the test device. As shown in Figs.
2.7 and 2.8, x1, yr and Ecox-Er extracted by using proposed equations are more
accurate than those from conventional equation. Thus we verified proposed
equations are more accurate. Finally, Figs. 2.9 and 2.10 compare xt, yr and
Ecox-Er obtained from conventional and proposed equations in NAND flash

memory strings.

T T T

1.6 T =2.5nm, L =110nm -

Y
= 14] Y Y Y Y |
< a a ™~ n n
x|
—m—WIOR_R,
12| —®—W R_R |
—A—W/ RR,

077 078 079 080 081
V.(V)

Fig. 2.7. xp extracted from conventional and proposed equation in a test

MOSFET.
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2.5 Distribution of trap positions in tunneling oxide of NAND

flash memory

It is meaningful to study the distribution of position of traps responsible for
RTN. We extracted the position of traps (xr, y1) by using the proposed equations.
Fig. 2.11 shows the extracted xr and yr from process induced traps with 30
samples. We understand the traps are roughly located around both edges of the
channel because of double etch damage during the fabrication and the negative
charge buildup on the sidewall of the dielectric due to the ion sheath during the
etch process, resulting in the bent of the trajectories of ions and their

bombardment on the sidewall [12].

Fig. 2.11 Distribution of extracted trap position (xr, yt) of process induced traps

in the tunneling oxide.
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Chapter 3

Effect of bit-line interference on
RTN in NAND flash memory

3.1 Introduction

In a previous section, we introduced a methodology to extract the trap position
by considering the effect of series channel resistance of pass cells. In this section,
we focus on a detailed explanation about the effect of adjacent BL cell
interference on a read cell by using 3-D TCAD simulation, and also measure the
bit-line current fluctuation (Alg; = high Iz, — low Ip1) due to RTN of a read cell
in a NAND flash cell string by changing state (program (P) or erase (E)) of
adjacent BL cells in the word-line (WL) direction. In addition, we investigate the
effect of adjacent BL cell interference on the relationship between Algp and the

ratio of mean capture and emission time constants (In(z./z.)).
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3.2 Device structure and simulation condition

The floating-gate NAND flash memory in this work was fabricated at a
semiconductor company by applying 32 nm technology and has the same
structure as mentioned in the chapter 2. For 3-dimensional (3-D) device
simulation, a NAND flash memory cell array which consists of one word-line
(WL) and 3 BLs was prepared to have the same structure as the measured device.
The cells in the simulation have channel length and width of 32 nm, tunneling
oxide thickness of 7.9 nm, constant channel doping of 2x10'" e¢m™, and peak
source/drain doping of 1x10" ¢m™. The simulation data are obtained by solving
the Poisson and drift-diffusion equations at the read condition (BL bias
(V8L)=0.5 V, control-gate bias for an /g of 100 nA). Although the boron ion
segregation depends on the process and following heat cycles, we assumed

constant body doping in this work.

3.3 Results of 3-D TCAD simulation

NAND flash memories are influenced by the severe cell-to-cell interference
due to increased parasitic capacitances with the continued scaling of NAND
flash memory beyond 50 nm [13]-[16]. The effect of adjacent BL cell’s state (P

or E) on the read cell (BL, cell) is investigated by using 3-D TCAD simulation.
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Since each of adjacent BL cells (BL,.; and BL,; cells) has P or E state, we can
consider four different modes (E/E, E/P, P/E, and P/P). Here, adjacent BL cells
are programmed to have a Vy, of 3 V or erased to have a Vy, of -3 V. As shown in
Fig. 3.1, a part of a control-gate in NAND flash memories is inserted between
floating-gates of adjacent BL cells to increase the coupling ratio and minimize
the floating -gate interference. And there is the tip effect at the edges in z-
direction because the corner of the active area is sharp as shown in Fig. 3.1.
Therefore the distribution of the electrostatic potential and electron current
density (J.) along the channel width direction (z-direction) in the read cell
(particularly near the edges in z-direction) are influenced not only by the electric
field from the floating-gate of adjacent BL cells but also by that from the
recessed control-gate and the tip effect [17]. Before discussing the effect of
adjacent BL cell’s state on a read cell, we need to investigate the effect of the
electric-field from the recessed control-gate on the read cell. To see the effect,
the distribution of electrostatic potential and J. in a read cell was checked by
changing the state of adjacent BL cells. Fig. 3.1 shows simulation results
depicting the electrostatic potential and J. of a read cell when adjacent BL cells
are in a fresh state (zero net charge in the floating-gate) or E/P mode. Here, the
read cell was controlled to have a Vi, of nearly 0 V by which a WL bias of 0 V is
applied to the control-gate of the read and two adjacent BL cells during read

operation. By doing so, the electric field from the recessed control-gate can be
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minimized, which minimizes the channel modulation of the read cell.
Consequently, we can observe clearly the effect of the state of adjacent BL cells.
The distribution of electrostatic potential and J, is extracted at 1 A below the
channel surface along the z-direction when /gy is 100 nA at a given BL bias (VL)
of 0.5 V. As shown in Fig. 3.1, the J, and electrostatic potential at the channel
edge region are slightly increased due to the tip effect and the effect of the
electric field from the recessed control-gate when adjacent BL cells are in a fresh
state. But, we can notice that the electric field from the floating-gate of adjacent
BL cells is more dominant by comparing the electrostatic potential and J; in the

fresh state with those in E/P mode when a V3, of the read cell is nearly 0 V [16].
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Fig. 3.1. Simulated electrostatic potential and J. of a read cell along the channel
width (z) direction when adjacent BL cells are in a fresh state or in E/P mode,

respectively.
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Fig. 3.2 shows the simulated distribution of J, along the z-direction with 4
different modes of the state of adjacent BL cells. Each distribution of J. is
extracted at 1 A below the surface along the z-direction when I is 100 nA at
a given Vpp of 0.5 V. From the results of Fig. 3.2, J. along z-direction in a read
cell is changed significantly with the state of adjacent BL cells. Since the
distance between the channel of a read cell and the floating-gate of adjacent BL
cells is so close, the distribution of J. along the z-direction in the read cell is
directly changed by the electric field from the floating-gate of adjacent BL cells
when adjacent BL cells are programmed or erased [13]-[17]. For example, J. of a
read cell is crowded toward the BL,; side (a position from the center to the left
edge of the channel width) in z-direction as shown by open triangles in Fig. 3.2
when BL,; and BL,;; cells are erased and programmed, respectively.

Fig. 3.3 (a) and (b) show the distribution of J. without and with a trapped
electron in E/P state as an example, respectively. Here, the trap position from the
channel surface to the floating-gate (xt), the trap position along the channel
length direction (yr), and a trap position along the channel width direction (zt)
are 1 A, 16 nm, and 4nm, respectively. Bias conditions in Fig. 3.3 are exactly
the same as those in Fig. 3.2. When an electron is captured into a trap in the
tunneling oxide, J. under a trapped electron decreases dramatically as shown in

Fig. 3.3 (b), which leads to the decrease of IgL.
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modes of the state of adjacent BL cells. Each distribution of J; is extracted at 1

A below from the channel surface along the z-direction.
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channel surface along the z-direction.

36

L

S =g kg



Fig. 3.4 (a) and (b) show the change of simulated Alg. with zp as a
parameter of the state of adjacent BL cells when xt is 1 A and 3 nm,
respectively. The Algrs are obtained at an /zp of 100 nA. Bias conditions are
exactly the same as those in Fig. 3.2. From the results of Figs. 3.2 and 3.4, we
can understand that an electron trap existing above higher J. region gives the
larger Algy at a fixed xr. A trap located closer to the surface makes the larger
Algy, at a fixed zr. Thus the state of adjacent BL cells can control a sort of
percolation path (~high J, region) along z-direction and the Algy of a read cell
becomes a maximum value when the path is aligned to zr. There were several
reports that a trap which is closely located above a percolation path increases the
amplitude of RTN [18]-[19]. For example, when an electron trap is located near
zr of 0 nm, the E/P mode gives much larger Alg; than the P/E mode because E/P
mode makes a percolation path near zr of 0 nm as shown by open triangles in
Fig. 3.2. Furthermore, the effect of random dopant fluctuations (RDF) which
leads to the percolation path in the channel has been studied by using the
“atomistic” doping method and the RDF is the important to analyze the
characteristics of RTN in the nano-scale devices. [20], [21]. Because the
simulation was done with the continuous doping in this work, the distribution of
Algis as shown in Fig. 3.4 can be changed if we include the effect of RDF. We
predict that maximum Alg; for each mode will be increased when the effect of

adjacent bit-line interference is superimposed on the eftfect of RDF.
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Fig. 3.5 shows an example of measured Alg; with the state of adjacent BL
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channel surface to the floating-gate is 1 A (a) and 3 nm (b).

Fig. 3.4. Simulated Alg; with a trap position (zr) along the z-direction as a

parameter of the state of adjacent BL cells when the trap position (xr) from the

3.4 RTN measurement results with the state of adjacent bit-line

cells in a 32 nm NAND flash memory cell string. Fig. 3.5 (a) shows the Alg of a



read cell with 4 different modes of the state of adjacent BL cells in time domain.
Fig. 3.5 (b) shows the distribution of Alpy extracted from the results of Fig. 3.5
(a). The inset of Fig. 3.5 (b) represents a part of measured RTN waveform where
the low Iy is changed with the state of adjacent BL cells. Here, low and high
Igrs correspond to the capture and emission of an electron at a trap, respectively.
To observe the effect of adjacent BL cell interference on Alg; due to RTN, the
adjacent BL cells are programmed to have a V' of 3 V or erased to have a Vy, of
-3 V. The read cell is set to have a Vi, of 0 V. Here, high Ig; was fixed at 100 nA
by controlling the control-gate bias of the read cell at a VgL of 0.8 V and a pass
bias (Vpass) of 6.5 V. In this example, Alg. due to RTN ranges from ~48 nA to
~63 nA with 4 different modes of the state of adjacent BL cells. From the result
in Fig. 3.5, Alg increases by about 30 % when the mode of adjacent BL cells is
changed from P/E mode to E/P mode. We can notice that the trap responsible for
the Algp behavior in Fig. 3.5 is estimated roughly to be located near the BL,
side in z-direction by considering the results of Figs. 3.4 and 3.5. As the cell size
scales down further, the change of Alg. would be more severe due to the
increased interference of adjacent BL cell when the state of adjacent BL cells

changes.
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of adjacent BL cells in time domain and (b) distribution of Alg; extracted from

the results of Fig. 3.5 (a).
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Fig. 3.6 shows the Algy relationship between E/P and P/E modes extracted
from 33 cells in 32 nm NAND flash memory strings. The strength of color of
circular symbol shows the Aln(z./ze), which is to subtract the In(z./z) in P/E
mode from that in E/P mode. Bias condition for measurement is the same as that
mentioned in Fig. 3.5. The dashed line represents the point where the AlgLs in
E/P and P/E modes are the same. For example, a symbol is located below the
dashed line when the Alg. in E/P mode is larger than that in P/E mode. By
comparing the simulation result in Fig. 3.4 with the measured result in Fig. 3.6,
we can notice that the percolation path exists in the channel of cells due to the
intrinsic parameter fluctuation [22]. At least, the cells showing more than ~60 nA
are affected by the percolation path. In Fig. 3.6, the strength of color of symbols
below the dashed line is generally bright, which means the In(z./z.)s in P/E mode
are larger than those in E/P mode. From the result of Fig. 3.6, we can notice that
the correlation between the Algy and In(z./z.) obviously exists with changing the
state of adjacent BL cells.

For more detailed explanation of the results of Fig. 3.6, we prepared RTN
of a read cell for both E/P and P/E modes as shown in Fig. 3.7. Bias condition
for measurement is the same as those mentioned in Fig. 3.5. Here, Alg.s in E/P
mode and P/E modes are 32 nA and 26 nA, respectively. When the state of
adjacent BL cells changes from E/P mode to P/E mode, In(z./z.) changes from

1.20 to 5.99. These results will be explained as follows. By considering the
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results of Figs. 3.4 and 3.7, we can estimate that a trap which generates RTN in

Fig. 3.7 is located near the BL,,; side in z-direction.
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Fig. 3.6. Alpy relationship between E/P and P/E modes extracted from 33 cells in
32 nm NAND flash memory strings. The strength of color of circular symbol
shows the Aln(z./z.), which is to subtract the In(z./z.) in P/E mode from that in
E/P mode. The dashed line represents the point where the Alg;s in E/P mode and

P/E mode are the same.
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Fig. 3.7. Measured Alg; due to RTN in the time domain when a read cell is in
(a)E/P mode and (b) P/E mode, respectively. The inset of Fig. 3.7 (b) shows the

magnified /g versus time.

In order to explain this more detail, we prepare the energy band diagram of
a read cell cut along A-A’ (closer to BL,.1) in the inset of Fig. 3.8 when the read
cell is in E/P and P/E modes as shown in Fig. 3.8. Here, VgL of the read cell is
0.5 V and /g is adjusted to have 100 nA by controlling Veg (Veg=0.47 V) in

both cases. In Fig. 3.8, the conduction and valence bands of the read cell in E/P
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mode are more bended than those in P/E mode due to the increased electric field
from the floating-gate of erased adjacent cell (BL,; cell). Thus, the electric field
from the floating-gate of adjacent BL cell has an direct influence on the
difference between the trap energy level (Et) and the Fermi level (£r), which
leads to the change of In(z./z.). In this cell, Et is quite close to Er in E/P mode
(Et - Er =31 meV), but higher than Ef in P/E mode (Et - Er =156 meV). This
change of In(z./7.) due to the state of adjacent BL cells can lead to the significant
error in NAND flash memory strings. Before shipping out NAND flash
memories, failure tests, which is to check program or erase operation, charge
loss, the distribution of Vi, and etc should be done in the security block which
stores the error correction code (ECC). In the case of Fig. 3.7, the capture event
occurs much less frequently in P/E mode, which means that it is hard to detect
the failed cell in the security block during the failure tests. From these results, it
can be understood that the state of adjacent BL cells affects Alg; and In(z./z.) in a
cell at the same time. We can also roughly estimate zt by using not only the
behavior of Algy but also the behavior of In(z./z.). When we correct the failed
cells, it is needed to consider both Algy and In(z./z) of the RTN, which are

affected by the states of adjacent BL cells.
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Fig. 3.8. Energy band diagram of a read cell cut along A-A’ in the inset when the
read cell is in E/P mode and P/E mode. The dash-dot line represents the diagram

in E/P mode. The inset shows the simulation structure.

3.53-D trap position in tunneling oxide

due to RTN, which can be a key fingerprint to extract zr. When the adjacent cells

are programmed or erased, J. distribution is changed along the z direction of the
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read cell by bit-line interference. When a single electron is trapped at 1 A from
the channel surface, J. under the trapped electron is changed dramatically. Due
to the variation of J. distribution with the states of adjacent cells, the Algr due to
RTN in the read cell is affected at /. Here, the changes of Alg with the state of
adjacent cells, xt, and zr are shown in Fig. 3.4. As shown in Fig. 3.3 and 3.4, a
trapped electron inside the tunnel oxide existing above higher J, region gives the
larger Algr. For example, when a trapped electron is located near both edges of
the channel width in E/P mode, the Alg; for zr~0 nm is the larger than that near
zp~32 nm due to asymmetric J, distribution as shown by solid inverse triangles
in Fig. 3.2. Comparing the result of Fig.3.4 with Fig. 3.9, the z7 in this example
can be roughly extracted (~8 nm).

By using the proposal equation as mentioned in the chapter 2 and the effect
of adjacent bit-line interference, 3-D trap position can be extracted in NAND

flash memory strings as shown in Fig. 3.10.
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(b)

Fig. 3.10. Distribution of extracted xt, yr and zr of traps in the tunneling oxide of

(a) 32 nm and (b) 26 nm NAND flash memories (big dots). Small dots represent

projected trap position on each plane (ex: yr-zr)
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Chapter 4

A new read method suppressing
random telegraph noise

4.1 Introduction

As mentioned in the chapter 2 and 3, Random telegraph noise (RTN)
caused by electron capture/ emission at traps has been an issue as the device cell
size scales down. The current fluctuation due to RTN can make serious problems,
such as wide Vry distribution and device instability. Especially, tight control of
Vru distribution of multi- level cell (MLC) NAND flash memory device is very
important. There have been some reports to extract the position of trap
generating RTN and to investigate current behavior with temperature (7) and
gate bias [9], [23]. It is the best way to suppress completely the RTN so that we
can reduce Vy, distribution greatly. However, there has been no report on a
method to reduce or suppress RTN during read operation. In this work, we

propose a new gate biasing scheme to read bit-line current (/gp) during read
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operation with extremely low probability of RTN, and investigate the RTN

behavior for three different RTN cases.

4.2 Device structure and measurement setup

The floating-gate NAND flash memory in this work was fabricated at a
semiconductor company by applying 26 nm technology. The NAND flash
memory string consists of sixty-four unit cells, two dummy cells, a drain select
line (DSL) transistor and a source select line (SSL) transistor.

Since NAND flash memory strings actually are biased under dynamic
signals during the short operation time (~us), it is appropriate to measure the
electrical properties of trap in a short time. In order to observe the behavior of
trap in a short time, the /; is set to be measured in ~us by using WGFMU
modules that integrates arbitrary linear waveform generation capability with
high-speed current and voltage measurement. The block diagram of pulsed I-V
and fast transient /g measurement system is represented in Fig. 4.1 (a). To show
the transient characteristic by adopting proposed reading method, the pulse
waveform in Fig. 4.1 (b) is used. The Vpre was applied to the control gate of a
selected cell for fprg before read operation and then /gy is measured at a Vypy for
tmeas. IsL 1s measured by 1k times according to the method in Fig. 4.1 (c). A

Viead 18 applied right after Vpgrg 1s applied, and /gy is sampled for 1us after Zgeiay.
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The Izr. sampling is repeated by 1k times. Fig. 4.1 (d) shows the pulse waveform
to measure pulsed /-V. The Vprg is applied to the control gate for fprg before
applying a sweep voltage (Vsweep)- Then, the Viyeep 1s applied and /g 1s sampled.
Here, we can control the Vprg, and use Vprges of -5, 0 and 5V in this work as
shown in Fig. 4.1 (d). Since read time is several pus in conventional NAND flash

memory, BI530A module is used for measuring /s and generating gate pulse in

ps range.
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Fig. 4.1. (a) Block diagram of the measurement system. The selected cell is
represented by a red square. Pulse waveform of control gate bias voltage (Vcg)
for (b) transient bit-line current (/zr) measurement, (c) 1k times of /. sampling

at read bias (Veaq) and (d) pulsed /- measurement.

4.3 Measurement results and discussion

A cell with two level current fluctuation due to RTN shown in Fig. 2 (a) is
measured at Veg=Vvyry. In Fig. 2 (b), pulsed /-V curves show different Vy,s as
Vpre changes due to hysteretic effect of RTN. Here, Vpst sst ,Vpass, and Vap are 4
V, 5 Vand 1V, respectively. tprg 1s 10 pus and Vpgrg is changed to have -5V, 0V,
and 5 V. When Vpreis 5V, the Vy, of a selected cell becomes higher compared to

Vas of a selected cell when Vprgis -5 Vor 0 V.
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Fig. 4.2. (a) RTN waveform of /g (b) DC and pulsed /-V curves with pre-bias

voltage (Vpre) (-5, 0 and 5 V).
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Fig. 4.3 (a) shows transient currents measured by 10 times at Vprgs of -5, 0
and 5V. The inset shows a pulse waveform showing Verg and Vypy while the
pulse is applied to the control gate. Here, tprg and Vypy is 100 ps and 1V,
respectively. Vpstsst ,Vpass, and Vi are same conditions as mentioned in Fig. 4.2.
Whereas the high or low level /gp. appears randomly at a Vprg of 0 V, only high
level and only low level /g, are observed at Vpgrgs of -5 and 5 'V, respectively. Fig.
3 (b) shows histogram of 1k sampled /pis at three Vpres of -5, 0, and 5 V. Both
tpre and fgelay are 10 ps. At Vprgs of -5 and 5 V, only low or high level /gL
distribution is observed. At a Vprg of 0 V, low and high level /g distributions are

observed although frequency count is different.
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Fig. 3 (a) Transient /g characteristics after Vcg changes from Vpgg to Vypy. (b)

histogram of 1k sampled /gp with Vpgre (-5, 0, 5 V). The inset shows the pulse

waveform of Vcg.

Proposed read method is applied in three cases related with the E; position
relative to Er shown in Fig. 4.4. At a Veg=Vvry, cases 1, 2 and 3 represent Et =~
Ep, Er > Ep, and Et < Ef, respectively. Fig. 4.5 (a), (b) and (c) show the RTN
waveforms measured in three different cells which represent cases 1, 2, and 3,

respectively.
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Fig. 4.5. RTN waveforms of Iz, at Veg=Vypy in cases (a) 1, (b) 2 and (c) 3. In

cases 1, 2 and 3.
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Fig. 4.6 shows the pulsed /-V curves in three cells which have different Vys
with the Vpgrg in all cells. As the same result in Fig. 4.2, the hysteretic effect of
RTN observed in all cases. Fig. 4.7 shows the transient /g; characteristics with
Vpre in three cells. Here, transient /g s were measured by 10 times and for 100
ms at given a Vprg. Vpres were applied to the control gate for 100 ps.As a result
of Fig. 4.7, random fluctuation of /g disappeared within the short time (~10 us).
Fig. 4,8 show the histogram of 1k sampled /Ig;, with Vpgrg (-5, 0, and 5 V) in cases
(a) 1, (b) 2 and (c) 3. Here, both #4cay and fprg are 10 ps. In three cases of Fig.
4.8, while only high /g distribution is observed at Vprg = -5 V, only low /g
distribution is observed at 5 V. At a Vprg of 0 V, high and low /g s are observed
randomly. Applying sufficient high or low Vpre before applying Vyry can reduce

the effect of RTN in three representative cases regardless of Et.

Case2' Case3 '
(@, rc>re/7_ (@Y, 51)

V__(AU)

CG

Fig. 4.6. DC and pulsed /I-V curves for cases 1, 2 and 3 with Vprg (-5, 0 and 5 V).
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and (c) 3. Here, transient /g s were measured by 10 times and for 100 ms at

given a Vpge. Vpres were applied to the control gate for 100 ps.
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2 and (c) 3. Here, both #4clay and #prg are 10 ps.
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Figure (a) in Figs. 4.9-4.11 shows the dependency of 7. and z. behavior on
the Vcg. Here, Vegs are controlled intentionally to change slightly Et relative to
Er. Here, both tgclay and tpre are 10 us. Vypy is 1 V. The 7. and 7 behavior in
three (a)s of Figs. 4.9-4.11 show general DC characteristics of RTN with respect
to Vcg. In three (b)s of Figs. 4.9-4.11, the frequency count of high or low /gL
changes as the Vprg changes. At Vprgs of Figs. 9-11, Er is close to Ey in each
case.
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Fig. 4.9 (a) RTN waveforms of /g1 and (b) histogram of 1k sampled /gL with Vg

(0.8,1.3,1.4,1.5and 2 V) in case 1.

59



=10 s,V =1V, t___=10ps

@Case 2 tore ! Delay

—T T 90 f@c 2vPRE-19v
T Y
a0 : : — :rl — _iggw

T NNE - W

E:-,;s4o- L n o '-8:;28:: Vere= 21V

g STEBNT A = AP O

e 9ol y -3y |
sl UL LRI % & ™ A
0o 2 ITI4;.'n el(s eé)"' 8 I(a) 020 a0 60 I.:(?\ I:\)mo 12(();)

Fig. 4.10 (a) RTN waveforms of Iz;. and (b) histogram of 1k sampled /gL with

Veg (1.9,2,2.1 and 2.2 V) in case 2.

. . @Qase:} . . PRE_10 S, VVFY =1V, tDeI =10 us
21 ' ' ' ' ' 100 (@Case2 V=047V
1k 4 50 | .
e e e T ———
3 _ 100} V.= 0.52V
<UL LI ﬂM S £ =t
< 1 N A o ‘E 0 [
= T T = . o oo ]
L4 1 3100} V,..=0.57V
T2 h 1 sof
= e e SRV YTV
6 100 | VPRE= 0.62V
4 | sof
2 1 0 .I - 1 s 1 P I 1 N
0 50 100 150 200 250 20 40 60 30 100 120

Time(sec) (a) 5 (NA) (b)
Fig. 4.11 (a) RTN waveforms of I, and (b) /5. histogram of 1k sampled /5 with

Ve (0.47,0.52,0.57 and 0.62 V) in case 3.

60



Fig. 4.12 (a), (b), and (c) compare 7./7. and frequency count ratio of high
and low Ig as a parameter of Vprg in cases 1, 2, and 3, respectively. In case 1,
7./ 7. and the frequency count are similar. In case 2, the frequency count ratio is
higher than 7/z.. In case 3, 7./ z. is higher than frequency count ratio. This means

that current fluctuation depends on not only Vpgg but also Vyry.
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Fig. 4.12 7./7. and frequency count ratio of high /g, and low /g in cases (a) 1, (b)

2 and (¢) 3.
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With increasing 7, 7. and 7. becomes short at a Vypy as shown in Fig. 4.13
(a). Pulsed I-V curves plotted in Fig 4.13 (b) show different Vs with the Vpgg at
different 7s. Fig. 4.14 (a), (b), and (c) show histogram of 1k sampled /. as
parameters of Vpre and fgeray at 30, 60, and 90 °C, respectively. Although 7./z
becomes short as 7 increases, the characteristic of high or low /g, distribution is
not changed at the same Vprg compared to that at 300 K. When /g s are sampled
by 1k times after f4.1y Of 1 ms, frequency count suppressed Igr. level by a Vpge
increases as 7 increases. From these results, by controlling the pre-bias in ~us
range, it was confirmed that our method could suppress effectively the effect of
RTN during read operation in NAND flash memory because /g, are sampled

before changing the state of trap occupancy.
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Fig. 4.13 (a) RTN waveforms of /gy at different temperatures (7) of 30, 60, and

90 °C, (b) DC and pulsed /-V characteristics as a parameter of Vpgg.
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Chapter 5

Hysteresis phenomena in floating-
gate NAND flash memory

5.1 Introduction

The continuous market needs for larger capacity of portable devices forces
the floating-gate (FG) NAND flash memory to severely scale down its feature
size. Furthermore, the multi-level-cell (MLC) operation becomes more common
due to a lower cost per bit without scaling down. The aggressive reduction of the
feature size of FG NAND flash memory cells and MLC operation lead to various
problems such as cell-to-cell interference, reduction of on-cell string current,
random telegraph noise, and etc [3], [24], [25]. Especially, Inter-poly dielectric
(IPD) becomes the limitation of scaling down and MLC operation [26], because
the reduced space between adjacent bit-line cells can no longer accommodate
both IPD and the wrapped control-gate (CG) around FG which can increase the

coupling ratio and minimize the FG interference. In order to solve this problem
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while maintaining the cell performance, the shape of FG is changed to secure the
sufficient geometrical area ratio between CG and FG, and the thickness of IPD
should be reduced [13], [27], [28]. However, the geometry change of FG leads to
the increased process complexity and cost per bit. And reduction of IPD
thickness will inevitably cause the reliability issue such as the leakage current
and data retention [28]. Therefore, high-k dielectric material, which will be able
to increase the capacitance of IPD with a thick physical thickness, has been
regarded as one candidate for solving these problems [29], [30]. However, high-
k materials have also a fatal problem due to the higher density of traps, which
may increase the leakage current and degrade the retention characteristic due to
trap-assisted tunneling. According to a previous paper, the threshold voltage shift
(AVw) due to a trapped electron at the bottom oxide of IPD can be about 10 mV
in 25 nm technology node, and the effect of trap in the IPD becomes more severe
as scaling down [4]. Therefore, the reliability of IPD in flash memory becomes
the one of the critical issue and has been widely studied in many groups [31]-
[33]. It has been reported that the low-field leakage current of Si0,/Al0,/Si0,
(OAO) IPD at high temperature increases due to the abundant shallow traps of
OAO IPD compared with those of the conventional Si0,/SiN,/Si0, (ONO) IPD
[32]. Furthermore, the counterclockwise or clockwise hysteresis phenomena in
the high-k material which lead to the shift of threshold voltage (Vi) were studied.

The phenomena can be caused by the electron trapping or de-trapping from the
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gate/substrate to the high-k stacks [34], or caused by the mobile charges in the
high-k materials [35]. However, no paper has been systematically reported to
investigate reliability problems and their cause in NAND flash memory having
ONO stack as the IPD even if the ONO stack is still used as IPD in the industry.
In this paper, we observe the behavior of abnormal cell which has the
counterclockwise hysteresis phenomena in floating-gate NAND flash memory
strings having conventional ONO IPD. We also systematically identify the origin
of the counterclockwise hysteresis phenomena by measuring the transient bit-
line current (/gr) characteristics. Furthermore, we investigate the transient /pp
characteristics due to the hysteresis phenomena under various conditions such as
temperature, pre-bias voltage (Vprg), verifying bias voltage (Vvry), and

program/erase cycling.
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5.2 Device structure and measurement setup

The floating-gate NAND flash memory in this work was fabricated by
applying 48 and 26 nm technologies. A 48 nm NAND cell string consists of
thirty-two unit cells, a drain select line (DSL) transistor and a source select line
(SSL) transistor. A 26 nm NAND cell string consists of sixty-four unit cells, two
dummy cells, a DSL transistor and a SSL transistor. Since NAND flash memory
strings actually are biased under dynamic signals during the short operation time
(~ps), it is appropriate to measure the electrical properties of trap in a short time.
In order to observe the behavior of trap in a short time, the /gy is set to be
measured in ~us by using WGFMU modules that integrates arbitrary linear
waveform generation capability with high-speed current and voltage
measurement [36]. The block diagram of pulsed /-V and fast transient /g
measurement system is represented in Fig. 5.1 (a). To observe the pulsed /-V and
transient characteristics of /gy, the biases are applied to the selected word-line
(WL) and bit-line (BL) in the string by using the WGFMU modules. Fig. 5.1 (b)
and (c) show the pulse waveform of Vg and Vg for pulsed /-V and fast transient
Iz measurements, respectively. In the pulsed /-V measurement, the Vprg 1S
applied to the CG for Tprp before applying a verify voltage (Vygy). Then, the

Vvry 1s incrementally applied and /gy 1s sampled during the Tygas. In the fast
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transient /g; measurement, the Vprp and 0 V were applied to the CG and bit-line
(BL) of the selected cell for Tprg, respectively, and then /gy is set to be measured
at a Vypy and a Vg for Tugeas. IsL is repeatedly measured by 10 times for

statistics since the characteristic of transient /gy is stochastic.
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Fig. 5.1. (a) Block diagram of the measurement system. The selected cell is
represented by a shaded box. The pulse waveform of Vg, and Vg for (b) pulsed

1I-V and (c) fast transient /g measurement.

5.3 Hysteresis phenomena in abnormal cells

Fig.5.2 (a) shows the measured Ipi-Vcg characteristics of 48nm NAND
flash memory cell by using the DC measurement when a selected cell is erased
or programmed. Here, Vpst sst ,Vpass, and Vper are 4 V, 5 V and 1V, respectively,
when unselected cells are erased. The /g of the selected cell is measured by
using the up-scan reading where the Vg of the selected cell is changed from a
negative to a positive bias direction and down-scan reading where the Vg of the

selected cell is changed from a positive to a negative bias direction. As compared
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with a normal cell in ease state, an abnormal cell in erase state has a
counterclockwise hysteresis phenomenon that results in the large AVi, (~570 mV)
as shown in Fig. 5.2 (a). Note we can observe a clockwise hysteresis if electrons
are trapped into the tunneling oxide [37]. When the abnormal cell is programmed,
the counterclockwise hysteresis phenomenon disappears. In order to observe this
phenomenon more clearly, we compare the Ig -Vcg characteristics of DC
measurement with that of pulsed /-/ measurement when the abnormal cell is
erased or programmed. Here, the bias conditions for measurement are the same
as those mentioned in Fig. 5.2(a), instead, the V¢ of the selected cell is switched
by WGFMU module as mentioned in Fig. 5.1(b) during the pulsed /I-V
measurement. Here, #prg 1s 10 ps and Vpgrg is changed to have -5V, 0V, and 5 V.
When the abnormal cell is measured by using DC measurement, /g -Vcg
characteristics of the abnormal cell show the same results as that mentioned in
Fig. 5.2(a). When the abnormal cell is measured by using pulsed I-V
measurement, the Vi, of the abnormal cell in erase state is changed by Vpgrg as
shown in Fig. 5.2(b). With increasing Vpgg from -5 V to 5V, the Vi, is decreased
from -3.458 V to -4.359 V. On the contrary, the Vi, of the abnormal cell in

programmed state is constant with increasing Vprg.

70



T T T
—o— Normal cell

20F_ _ Abnormal cell
15} ]
Counterclockwise VBL= 1V
—_ - hysteresis = ]
<1 1ol VosLsst™ 4v )
\./_l Vpass= SV
—m r 1
05+ ]
AVth= 570 mV
P 4 . . . .
4 2 0 2 4
VCG (V)
(@)
t ',t =10 us | ' " Programmed”
L "PRE MEAi K Abnormal cell
2.0 | m] VPRE_ 5 V 11110001900

_____ L
L

I (4A)

(b)

Fig. 5.2. (a) Measured Iz -Vcg characteristics of a 48nm NAND flash memory

cell by using DC measurement when a selected cell is erased or programmed. (b)
Measured /g -V characteristics of the 48nm NAND flash memory cell by

using the pulsed /-V measurement when a selected cell is erased or programmed.
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Fig. 5.3. Transient /| characteristics of normal and abnormal cells in erased state.

The inset shows the magnified /51 versus time.

Fig. 5.3 shows the transient /gy, characteristics of normal and abnormal cells
in erase state. The inset of Fig. 5.3 shows the magnified /g, versus time. Here,
the selected and unselected cells are erased to have a Vi, of -2 V. tpre and Vpgre
are 100 ps and 5V, respectively. Vpsrssr ,Vpass, and VL are 4 V, 5 Vand 1V,
respectively. By comparing the transient /g characteristics of normal cell with
that of abnormal cell, the I of the abnormal cell discretely decreases such as the

staircase during the #ypas as shown in Fig. 5.3.
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shown in the inset of Fig. 5.4(a).
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shows the multi-level RTN amplitude distribution.
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Fig. 5.4. Characteristics of /g, versus time with increasing Vg of abnormal cell

when the abnormal cell is (a) erased or (b) programmed. The inset of Fig. 4 (a)

Fig. 5.4 shows the characteristics of /g versus time with increasing Vg of
abnormal cell when the abnormal cell is (a) erased or (b) programmed. Here,
VbsLssL »Vpass, and Vpr are 4 V, 5 Vand 1V, respectively. The inset of Fig. 5.4(a)
is the distribution of /gy when /pp is nearly 0.6 pA. As shown in Fig. 5.4, the
multi-level random telegraph noise (RTN) is observed in the erased abnormal
cell, but, disappeared in the programmed abnormal cell. Moreover, the

fluctuation of /gy (Algr) due to multi-level RTN is nearly constant as 0.01 pA as



Fig. 5.5 (a) shows the erased V', as functions of erase voltage (Vgrs) and the
erase time (#grs) When a selected cell is the normal cell or the abnormal cell. Fig.
5.5 (b) shows the erased Vi, of the abnormal cell as a function of erase voltage
(Vers) when the erase time (fgrs) is 10 us or 1 ms. Here, a selected cell is
initially programmed to have a Vi, of 4 V and then erased by the single pulse of
amplitude Vggrs during fgrs. According to previous report [38], the degradation of
erase efficiency occurs by the depletion effects in the poly-silicon FG due to the
increase of fringing fields at the rounded FG and the reduction of the active
dopant concentration in the small poly-silicon volume. From the results of Fig.
5.5, we can notice that the degradation of erase efficiency increases as
decreasing fgrs When a selected cell is the abnormal cell, which implies that the

deep depletion occurs in the poly-silicon FG.
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Fig. 5.5 (a) Characteristics of erased Vy, as functions of erase voltage and erase
time when a selected cell is the normal cell or the abnormal cell. (b) Erased Vi,
of the abnormal cell as a function of erase voltage when the erase time is 10 ps

or 1 ms. Dashed lines show the ideal characteristics of erase speed.
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5.4 Origin of hysteresis phenomenon in the abnormal cell

From the results as shown in above, we can assume that these phenomena
are caused by the effect of trap in an abnormal cell. From now on, we discuss the
origin of these hysteresis phenomena of the abnormal cell. From the results of
Figs. 5.3 and 5.4, we can notice that a number of traps exist somewhere in the
abnormal cell, which is responsible for the hysteresis phenomena. In order to
define the position of traps in the abnormal cell, we consider the four different
cases as shown in Fig. 5.6. Fig. 5.6 shows the simulation results of energy band
diagram with Ve of a selected cell when the selected cell is erased or
programmed. For device simulation, the cell in the simulation has channel length
and width of 48 nm, tunneling oxide thickness (#,x) of 7.9 nm, uniform channel
doping of 2x10'7 cm™, and peak source/drain doping of 1x10' cm™. From the
results of Fig. 5.5, we can notice that doping concentration of FG in the
abnormal cell is lower than that of CG because the depletion occurs at the
interface between the FG and the bottom oxide of IPD. So, the cell in the
simulation has constant FG doping of 1x10' ¢cm™ and constant CG doping of

1x10% ecm™.
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Fig. 5.6. Simulated energy band diagrams with Vg of a selected cell when the
selected cell is (a) erased or (b) programmed. Insets of Fig.5.6 represent the
schematic views of energy band diagrams between FG and bottom oxide with
showing the occupancy of interface traps. Each of the small horizontal lines

represents the interface trap.

According to previous papers [7]-[10], a trap which leads to various
problems such as RTN and hysteretic effect is located in the tunneling oxide. So,

we consider first assume that the traps responsible for the hysteresis are located
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in the tunneling oxide and interacted with electrons in the channel (casel) or in
the FG (case2). If traps are located in the tunneling oxide as mentioned in casesl
and 2, multi-level RTN is should be observed in not only the erased abnormal
cell but also the programmed abnormal cell under the condition that /g is
adjusted to have the same level by controlling Vg, because the energy band
banding of the tunneling oxide is the same whenever the selected cell is erased
or programmed as shown in Fig. 5.6. However, the multi-level RTN is only
observed in the abnormal cell in erased state and disappeared in the abnormal
cell in programmed state as shown in Fig. 5.4. Furthermore, Alg;. due to multi-
level RTN of casesl and 2 cannot be constant due to the effect of random dopant
fluctuations (RDF), line edge roughness (LER), and BL interference which can
generate the percolation path in the channel [20], [22], [39]. However, Alg due
to the multi-level RTN is nearly constant as 0.01 pA as mentioned in the inset of
Fig. 5.4. According to the argument mentioned above, casesl and 2 can be ruled
out.

Now, we assume that traps are located in the IPD and interact with electrons
in the FG (case3) or in the CG (case4). In case3, traps, which interact with
electrons in the FG, are located at the interface between the bottom oxide of IPD
and FG. When the V¢ of a selected cell in erased state is the same as the Vi, (=-2
V), the depletion occurs at the interface between the bottom oxide of IPD and

FG due to low doping concentration. Electrons can interact with the interface
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traps because there are traps unoccupied by electrons as shown in the inset of Fig.
5.6 (a). So, the multi-level RTN is observed in the erased cell. On the contrary,
when the V¢ of a selected cell in programmed state is the same as the Vi, (=2 V),
the multi-level RTN is disappeared because all traps are occupied by electrons
due to the accumulation of FG as shown in the inset of Fig. 5.6 (b). Moreover,
the behavior of transient /g can be explained as follows. First of all, in case3,
we assume that electrons are not injected from any electrode to FG or IPD
during the fprg and #upas. Fig. 5.7 represents schematically the energy band
diagrams to explain the emission and capture process between the CG and the
top oxide of the IPD, the FG and the bottom oxide of the IPD during the
transient measurement. Looking at the results of Figs. 5.3 and 5.6, the /gy of the
abnormal cell in erased state decreases when the Vcg of the selected cell in
erased state is changed from 5 V to V. When the Vg of the selected cell is 5 'V,
electrons in the FG are captured into traps because the Et is lower than the Ef of
FG (E7- Er<0) as shown in Fig. 5.7 (a), which leads to the increase of /gr.. When
the Ve of the selected cell in erased state is Vi, trapped electrons are emitted to
the FG because the Er is higher than the Er of FG (Et1- EF>0) as shown in Fig.

5.7 (b) and (c), which leads to the decrease of /..
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Fig. 5.7. Schematic views of energy band diagram when an abnormal cell is
erased. (a) At the end of #prg, (b) at the beginning of #ygpas, and (c) at the end of
tmeas- (d) Schematic view of transient /g characteristic during fvpas. Here, the
Veg of a selected cell in erased state is 5 V during the #prg, and the Vg of the

selected cell is Vi, (=-2 V) during the tyvgas.
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In case4, traps are located in the top oxide of IPD and interact with
electrons in the CG. When the Vg of a selected cell in erased state is the same
as the Vi, (=-2 V), the depletion cannot occur at the interface between the top
oxide of IPD and CG due to high doping concentration of CG as shown in Fig.
5.6 (a). Because all traps are occupied by electrons, the hysteresis phenomenon

and multi-level RTN cannot be observed. Therefore, case4 can be also ruled out.
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Fig. 5.8. (a) Simulated transient /g characteristics of a cell when the cell is
erased or programmed. (b) Simulated energy band diagram of an erased cell

when tygas 1S 10 ns or 10 ms.
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Fig. 5.8 (a) shows simulated transient /g characteristics of a cell when the
cell is erased or programmed. Fig. 5.8 (b) shows the simulation result of
energy band diagram in an erased cell when fyeasis 10 ns or 10 ms. Here, tprg
and Vprgare 100 ps and 5 'V, respectively. When the cell is erased, Vy, and Vypy
are same as -2 V. When the cell is programmed, Vy, and Vypy are same as 2 V. In
the simulation results of Fig. 5.8, we used the profile of trap density (D;) at the
interface between the bottom oxide of IPD and FG which is extracted from
fabricated 3-D NAND cells having tube-type poly-Si body [40]. From the results
of Fig. 5.8 (a), the simulation result shows the same behavior of measured
transient /g; as shown in the Fig. 5.3. In addition, Fig. 5.8 (b) shows a good
agreement with the explanation as mentioned above. When #fygas increases from
10 ns to 10 ms, the energy level of FG increases because trapped electrons are

emitted to the FG, which leads to the decrease of /.
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Fig. 5.9. Transient /g, characteristics of an abnormal cell in erased state as a

parameter of tpRrg.

From the results of Fig. 5.5 and 5.6 (a), we assume that the behavior of
transient /g; will be changed due to the deep depletion effect in the poly-silicon
FG when the negative Vcg of an abnormal cell in erased state is induced by
changing the tprg. Fig. 5.9 shows the transient /g, characteristics of an abnormal
cell in erased state as a parameter of #prp. Here, a selected cell is initially erased
to have a Vy of -2 V. Vypy and Vprg are -2 V and -10 V, respectively.

Vbsisst »Vpass, and Vpr are 4 V, 5 V and 1 'V, respectively. To observe the effect
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of deep depletion on transient /gy characteristics, fprg 1s split into 10 ps and 1 s.
As shown in Fig. 1(c), each curve in Fig. 5.9 is the average value of transient /.
which is repeatedly measured by 10 times for statistics. Open rectangular
symbols represent the transient /g; when the fprp is 10 ps. Circular symbols
represent the transient /g when the fprp is 1 s. As shown in Fig. 5.9, the /Izp
during short tprg (=10 ps) is decreased more significantly than that during long
tpre (=1 ps), which can be explained by the schematic views in Fig. 5.10.

Fig. 5.10 shows schematically the energy band diagrams of the FG NAND
flash memory during #prg. Fig. 5.10 (a) shows the energy band diagram when the
deep depletion occurs in the FG. In Fig. 5.10 (b), it is shown that the energy
band diagram when the deep depletion is disappeared due to the hole generation
at the interface between the FG and the bottom oxide of IPD. In case3, Iz, of an
abnormal cell in erased state decreases during fpre because trapped electrons in
the bottom oxide of IPD are emitted to the FG as mentioned above. As shown in
Fig. 5.9 and 5.10, the Igr during short tprg 1s decreased more significantly than
that during long #prg because more electrons trapped in the bottom oxide are
emitted to the FG in deep depletion mode (just after the a pulse of -10 V is
applied to the CG) than in the steady state. As a result of Fig. 5.9, we confirm
obviously that the traps responsible for the multi-level RTN and the hysteresis

phenomenon are located in the bottom oxide of IPD
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Fig. 5.10. Schematic views of energy band diagram of an abnormal cell in erased
state (a) when the deep depletion occurs in the FG (deep depletion mode) and (b)
the deep depletion is disappeared (steady state) during the tpre. Here, the Veg of

a selected cell in erased state is -10 V during the fprg.

In order to extract the activation energy (E,) of the trap in the bottom oxide
of IPD, we measure the transient /g, characteristics of an abnormal cell in erased
state with increasing temperature as shown in Fig. 5.11. We firstly applied a
method to extract an activation energy of traps in our NAND flash memory cells.

Here, a selected cell and unselected cells are erased to have a Vy, of -2 V. tprg and
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Vereare 100 ps and 5 'V, respectively. Vpstsst ,Vpass, and Var are 4 V, 5V and 1
V, respectively. As mentioned in Fig. 5.1(c), each curve in Fig. 5.11 is the
average value of transient /g which is repeatedly measured by 10 times for
statistics. Open symbols and lines represent measured data and fitting results of
measured data by using a stretched exponential function.

The behavior of transient /gy due to traps can be characterized by using the
stretched exponential model [41]. Trapping and de-trapping characteristics of
electrons determine the transient response, which is explained by the stretched
exponential model. The stretched exponential model can be modified to include

weighted sum of exponentially decaying terms Eq. (5.1) [42].

tY t
Ty =1y 0€Xp _(;j =Zaiexp — :
' ! Eq. (5.1)

The amplitude (a;) and characteristic time constant (7) of each exponential term
are response of a characteristic trap in a device. Moreover, a; and T contain the
information about their activation energy and trapping or de-trapping mechanism
at various temperatures.

From the results of Fig. 5.11, the decrease of transient /g, becomes fast with
increasing temperature. Each transient response is well fitted with exponentially

decaying terms with characteristic time constants from 10 to 10" s.
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Fig. 5.11. Transient /g characteristics of an abnormal cell in erased state as a
parameter of temperature. Open symbols and lines represent the measured data

and fitting data by using Eq. (5.1), respectively.
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Fig. 5.12. Schematic views of energy diagram of traps in the bottom oxide of

IPD when an electron transits from trap1 to trap2.
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Fig. 5.12 shows the energy diagram of traps in the bottom oxide of IPD. E,
is the energy level of trapl, and the trap is filled by an electron during the zpgg.
E, is the energy level of trap2 which is located near the Er of FG. AE|y is E, in
order to transit from E; to E,. From the previous study [43], the emission rate (ey)

can express as,

E
e, =N.V, o0, exp| ——
kT Eq. (5.2)

where, N, is the effective density of state at conduction band of FG, Vy, is the
thermal velocity, d, is the capture cross section, & is the Boltzmann constant, and
T is the temperature. Since N, Vi, d, 1s proportional to T and the emission time

(ze) is inversely proportional to oy, the relationship between 7 and E, is given by,

E
In(T° a
n( T) TkT Eq. (5.3)

Fig. 5.13 (a) and (b) show the transient responses of an abnormal cell in erased
state under various temperatures. Fig. 5.13 (a) shows the behavior of
characteristics time constant (r) obtained by fitted value of the transient /pp
curves as shown in Fig. 5.11. Extracted ts can be categorized into three groups

depending on the temperature dependence as shown in Fig. 5.13 (a). All three
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groups significantly decrease with increasing temperature. Using the extracted ts
under various temperatures as shown in in Fig. 5.13 (a), Arrhenius plot can be
obtained as shown in Fig. 5.13 (b). From the slopes of the Arrhenius plot in Fig.
5.13 (b), Ezs are 0.249 eV ~ 0.319 eV extracted by using Eq. (5.3). We can notice
that the behavior of transient /gL occurs by not a trap but a lot of traps which
have three different ts. Moreover, electrons need E,s in order to emit from the

traps at the read bias condition (Vyvpy=Vm=-2 V).
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Fig. 5.13. (a) Behavior of characteristics time constants (7) obtained from
transient /gy responses under various temperatures. Y-axis implies the g; of each

7. (b) Arrhenius plot of the zs which are extracted from Fig. 5.13(a).
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5.5 Hysteresis phenomena with bias and P/E cycling stress

Fig. 5.14 shows the transient /g characteristics of an abnormal cell in
erased state as a parameter of Vprg. Here, a selected cell and unselected cells are
erased to have a Vi, of -2 V. tprp and Vypy are 100 ps and -2 V, respectively.
Vbstsst »Vpass, and Vpr are 4 V, 5 V and 1V, respectively. With increasing Verg
from -1 V to 5 V, transient /gy increases because more electrons from FG are
captured into traps in the bottom oxide of IPD during #pgg.

Fig. 5.15 shows the transient /g characteristics of an abnormal cell in
erased state as a parameter of Vypy. Here, a selected cell and unselected cells are
erased to have a Vy, of -2 V. tprg and Vprg are 100 ps and 5 'V, respectively.
Vbstsst »Vpass, and Vpr are the same as above. With decreasing Vypy from -1 V to
-3V, the decrease of transient /g, becomes fast. The behavior of transient /g, can
be explained as follows. With decreasing Vypy, E, decreases because Er-Ef
increases. Therefore, electrons, which are captured to the traps having high Et

during the #prg, emit rapidly to the FG during the Tvpas.
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Fig. 5.14. Transient /gy characteristics of an abnormal cell in erased state as a

parameter of Vpgrg.

10° 10" 10° 107 10" 10° 10
Time(sec)

Fig. 5.15. Transient /g characteristics of an abnormal cell in erased state as a

parameter of Vypy.
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Fig. 5.16. (a) Measured Ip1-Vcg characteristics by using DC measurement, and
(b) AV, due to the counterclockwise hysteresis with various Vs of an abnormal

cell in a fresh state.

Fig. 5.16 shows (a) the measured Ipi-Vcg characteristics by using DC
measurement and (b) AVy, due to the counterclockwise hysteresis with various
Vas of an abnormal cell in a fresh state. The bias condition is the same as
mentioned above in Fig. 5.2(a). From the results of Fig. 5.16, the
counterclockwise hysteresis due to traps in the bottom oxide of IPD is observed
within the range from Vy=-4 V to 0 V. Therefore, we can notice that the traps in
the bottom oxide of IPD are distributed within a certain Et range.

Until now, we measured the multi-level RTN and transient /g; in abnormal

cells in erased state. However, these phenomena do not affect significantly on a
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read operation of NAND flash memory strings because Vi, of an erased cell does

not commonly verify during the read operation. From now, we measure the same

device in Fig. 16 after program (P)/erase (E) cycling stress.
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Fig. 5.17. (a) Measured Ip1-Vcg characteristics by using DC measurement, and
(b) AV due to the counterclockwise hysteresis with various Vs of the abnormal

cell after P/E cycling stress.

Fig. 5.17 shows (a) the measured Ipi-Vcg characteristics by using DC
measurement and (b) AVy, due to the counterclockwise hysteresis with various
Vs of the abnormal cell after P/E cycling stress. The bias condition is the same
as that mentioned in Fig. 5.2(a). From the results of Fig. 5.17, the

counterclockwise hysteresis due to traps in the bottom oxide of IPD is observed
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within the range from Vy=-1.5 V to 3 V. Because electrons are trapped in the
bottom oxide during the P/E cycling stress, the range of Vi, which we can
observe the counterclockwise hysteresis, moves toward to a positive Vy, direction
as compared with the results of Fig. 5.17. This result means that the multi-level
RTN and hysteresis phenomena can affect significantly on the reliability of the
read operation. For example, AVy, due to the counterclockwise hysteresis is
about 450 mV when the abnormal cell is programmed to have a Vy, of 1 V after

P/E cycling stress as shown in Fig. 5.17 (b).
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Fig. 5.18. Transient Ip; characteristics of the abnormal cell when (a) the
abnormal cell is erased to have a Vi, of -2 V before P/E cycling stress, and (b)

programmed to have a V', of 2 V after P/E cycling stress.
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Fig. 5.18 shows the transient /g;. characteristics of the abnormal cell when
(a) the abnormal cell is erased to have a V, of -2 V before P/E cycling stress, and
(b) programmed to have a V' of 2 V after P/E cycling stress. Here, Vpstsst , Vpass,
and VgL are 4 V, 5 V and 1V, respectively. tprg, Vereand Vypy are 100 ps, 5V,
and Vy, of a selected cell, respectively. Even if the initial value of transient /g
decreases in an abnormal cell after P/E cycling stress as compared with that in
the abnormal cell before P/E cycling stress, such transient /gy still leads to a
large AV (=319 mV) when the abnormal cell is programmed to have a Vi, of 2 V.

Fig. 5.19 shows the characteristics of /gp. versus time when (a) the abnormal
cell is erased to have a Vy, of -2 V before P/E cycling stress, and (b) programmed
to have a V', of 2 V after P/E cycling stress. Here, Vpsi sst ,Vpass, and Vpr are 4 'V,
5 Vand 1V, respectively. The Vg of a selected cell is Vy,. From the results of
Fig. 5.19, the multi-level RTN is observed not only in the abnormal cell before

P/E cycling stress, but also in abnormal cell after P/E cycling stress.
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Fig. 5.19. Characteristics of /gL versus time in abnormal cell when (a) the
abnormal cell is erased to have a Vi, of -2 V before P/E cycling stress, and (b)
programmed to have a Vi, of 2 V after P/E cycling stress. Here, the Vg of a

selected cell is Vi.

5.6 Effect of hysteresis phenomena on read operation

Fig. 5.20 (a) shows a signal waveform applied to a selected WL during the
incremental step pulse programming (ISPP). The ISPP has been widely used in
the MLC NAND flash memory in order to achieve the narrow V3, distribution of
cells [44]. As shown in Fig. 5.20 (a), Vypys are induced to detect the Vy, of a cell
after the program pulse. Because the potential of the selected WL rises from 0 V

to Vyrys during the ISPP, the hysteresis phenomena can occur in an abnormal
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cell as shown in Fig. 5.20 (b). Fig. 5.20 (b) shows the transient /5y characteristics
of an abnormal cell as a parameter of Vygy-Vpre. Here, Vpsisst ,Vpass, and Var
are 4 V, 5 Vand 1V, respectively. tprg and Vypy are 100 ps and Vy, of a selected
cell, respectively. As increasing the Vypy-Vprgfrom 1 V to 5 'V, the variation of
transient /gp increases. This result can be explained as follows. For example,
when a selected cell is programmed to have a Vy, of 4 V and the Vg of the
selected cell is 0 V, trapped electrons are emitted to the FG because the Et is
higher than the Er of FG (E1- EF>0) , resulting in the decrease of /z.. When the
Vee of the selected cell is Vypy (=4 V), electrons in the FG are captured into
traps because the Er is lower than the Er of FG (E1- Er<0), which leads to the

increase of /gr as shown in Fig. 5.20 (b).
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Fig. 5.20. (a) Signal waveform of a selected WL during the incremental step
pulse programming (ISPP). (b) Transient /g characteristics of an abnormal cell

as a parameter of Vypy-Vpre.

Fig. 5.21 (a) shows the signal waveforms applied to a selected WL and

unselected WLs during the read operation. As a result of scaling down, the
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capacitive coupling between the selected WL and unselected WLs increases [45],
[46]. As shown in Fig. 5.21 (a), the potential of a selected WL bounces as Vyycc
when the potential of unselected WLs rise to V. Because the potential of the
selected WL rises to Vwyicc before biasing Vyryi, the hysteresis phenomena can
occur in an abnormal cell during the evaluation time (7&va) as shown in Fig.
5.21 (b). Fig. 5.21 (b) shows the transient /g characteristics of an abnormal cell
as a parameter of Vpre-Vvry. Here, Vosrsst ,Vpass, and Ve are 4 V, 5 Vand 1V,
respectively. tprp and Vypy are 100 pus and Vy, of a selected cell, respectively.
With increasing the Vpre-Vvey from 1 V to 5V, transient /gy increases due to the
same reason as that mentioned in Fig. 5.14. If a selected cell is an abnormal cell
and programmed to have a Vi, of Vypyi, the read failure occurs during tgya. To
remove the read failure due to the hysteresis phenomena, a suitable negative bias
should be applied to the selected WL before biasing Vvry; because electrons
trapped in the bottom oxide of the IPD due to the Vwcc are emitted to the FG so

that we can eliminate the effect of hysteresis phenomena.
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Fig. 5.21. (a) Signal waveforms of a selected WL and unselected WLs during the

read operation. (b) Transient Ipp characteristics of an abnormal cell as a

parameter of Vprg-Vvry.
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Fig. 5.22 (a) shows the measured /g -Vcg characteristics of an erased
abnormal cell in a 26 nm NAND flash memory string. Here, Vpstsst ,Vpass, and
VeL are 4 V, 6.5 V and 0.8 V, respectively, when unselected cells are erased to
have a Vi, of -1.5 V. The I, of a selected cell is measured by using the up-scan
reading and down-scan reading. As compared with an abnormal cell in a 48 nm
NAND flash memory string, an abnormal cell in a 26 nm NAND flash memory
string has the larger AVy, (~ 1.395 V) as shown in Fig. 5.22 (a). From the results
of Fig. 5.22 (a), the AV} due to hysteresis phenomena will be more severe as the
cell size scales down. Fig. 5.22 (b) shows the transient /g, characteristics of the
abnormal cell in the 26 nm NAND flash memory string when the abnormal cell
is erased or programmed. Here, Vpst sst ,Vpass, and Ve are 4 'V, 6.5 Vand 0.8 V,
respectively. fprp and Vypy are 1 s and Vy, of the selected cell, respectively. As
shown in Fig. 5.22 (b), the behavior of transient /g, in the 26 nm NAND flash
memory string is the same as that in the 48 nm NAND flash memory string.
Therefore, the read failure which was mentioned above also occurs in 26 nm
NAND flash memory strings during Tgya due to the hysteresis phenomena.

Fig. 5.23 (a) shows the signal waveforms applied to a selected WL and
unselected WLs with and without a negative pre-bias (Vprg2) before inducing the
verifying bias during the read operation. Fig. 5.23 (b) shows the transient /.
characteristics of an abnormal cell as a parameter of Vprga. Here, Vosi sst , Vpasss

and VgL are 4 V, 5 V and 1 V, respectively. tprp; and #pre2 are 10 ps and 20 ps,
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respectively. Vy, of a selected cell and Vypy are 0.5 V and 0 V, respectively. In
Fig. 5.23(b), the variation of /. due to hysteresis phenomena decreases with
increasing |Vprez| because of pre-emission of electrons trapped in IPD. As shown
in Fig. 5.23(b), a suitable negative bias (Vprr2) should be applied to the selected

WL before biasing FVypy to remove the read failure due to the hysteresis

phenomena.
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Fig. 5.22 (a) Measured /- VG characteristics of an abnormal cell in erased state
in a 26 nm NAND flash memory string by using DC measurement. (b) Transient

I characteristics of the abnormal cell in the 26 nm NAND flash memory string

when the abnormal cell is erased or programmed.
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Fig. 5.23 (a) Signal timing diagram of a selected word-line for read operation
with and without Vpggs. (b) Transient Ig;, characteristics of an abnormal cell with

and without Vprg». The inset shows the pulse waveform of V¢ for transient /gy.



Conclusions

In this dissertation, we investigate reliability issues in floating-gate NAND
flash memory through numerical device simulation and measuring the fabricated
floating-gate NAND flash memory. For the first time, we extracted the exact
position (xr and yr) and energy of a trap in tunnel oxide which induces RTN by
considering the channel resistances of pass cells in floating gate NAND flash
memory string. The effect of adjacent bit-line cell interference on RTN was
investigated through 3-D device simulation and measurement in 32 nm NAND
flash memory. It was shown that the state (program or erase) of adjacent bit-line
cells affects appreciably the distribution of J. along the channel width direction
of a read cell, and Alg;. due to RTN is changed as a result. We have also shown
that the interference from the adjacent bit-line cells changes In(z./ze) by changing
trap energy. The change of Algy and In(z./z.) will be more severe due to the
increasing interference from adjacent bit-line cells as the cell size scales down.
Moreover, the trap position (zr) along the channel width direction was also
extracted by using interference between adjacent bit-lines. In order to suppress
effect of RTN current fluctuation in NAND flash memory and reduce read error

during read operation, we proposed new read method by using hysteretic
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characteristics of RTN. By controlling the pre-bias in ps range, it was confirmed
that our method could suppress effectively the effect of RTN during read
operation in NAND flash memory. Finally, hysteresis phenomena have been
investigated through the pulsed /-7 and fast transient /g measurement in NAND
flash memory strings. It was shown that the hysteresis phenomena are originated
by traps in the bottom oxide of IPD, which can make an error in verifying a
cell’s state during read operation. We observed the transient bit-line current (/L)
characteristics due to the hysteresis phenomena under various conditions such as
temperature, pre-bias voltage (Vprg), and program (P) /erase (E) cycling. In order
to reduce the read failure in NAND flash memory, a new read method which

suppresses the effect of hysteresis phenomena was proposed.
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Appendix

Modeling of Alg;, due to RTN
considering bit-line interference

A.1 Introduction

NAND flash memory has been growing rapidly in terms of popularity in
recent years to meet the increasing demand for portable and embedded devices.
According to a projection by the 2013 International Technology Roadmap for
Semiconductors (ITRS), the physical gate length of NAND flash memory can be
scaled down to 12 nm, with the maximum number of bits per cell becoming three
bits due to the lower cost per bit projected for 2015 [1]. As a result of the scaling
down and increasing number of bits per cell, various problems have arisen with
NAND flash memory, such as cell-to-cell interference, a reduction of the on-cell
string current, read disturbances and others [2], [25], [47]. Among these issues,
random telegraph noise (RTN) caused by the capture/emission of an electron at a

trap has become a critical issue, because multi-level-cell (MLC) NAND flash
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memory requires a narrow threshold voltage (V) distribution for a stable read
operation [3]. Recently, RTN in NAND flash memory has been examined closely
by many groups. In scaled flash memory, RTN is influenced by the shape and
doping profile of the channel. This is especially true for the random variations
such as random dopant fluctuation (RDF), line edge roughness (LER), oxide
thickness fluctuation (OTF) and others, which can lead to the creation of a
percolation path in the channel [48]-[51]. We also demonstrated the effect of
adjacent bit-line (BL) cell interference on BL current fluctuations (Algr) due to
RTN and a methodology that allows the extraction of the 3-D trap position
experimentally in NAND flash memory strings [9]. According to our results, Alg;.
due to RTN ranges from ~48 nA to ~63 nA with the state of adjacent BL cells, as
the interference between adjacent BLs significantly affects the current density
distribution of a read cell in NAND flash memory strings [9], [52]. Therefore, it is
very useful to model the RTN behavior due to the interference when analyzing the
Vi distribution of NAND flash memory. A physical model of Algy will be very
helpful for readers who are working on the problem of RTN in various devices.
Such a model can also be expanded to analyses of RTN in other devices.

In this section, we proposed a characteristic function which takes into
account the relationship between the distribution of the integrated electron
current density (Jo) without a trapped electron and J, without a trapped electron

in the tunneling oxide considering a physical model. We also model the Alg; of
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RTN by considering the state (program (P) or erase (E)) functions of adjacent BL

cells and the trap positions along the direction of the channel width.

A.2 Device structure

The floating-gate NAND flash memory in this work was fabricated by
applying 32 nm technology. A NAND cell string consists of sixty-four unit cells,
two dummy cells, a drain select line (DSL) transistor and a source select line (SSL)
transistor. For a three-dimensional (3-D) device simulation, a NAND flash
memory cell array which consists of one word-line (WL) and three BLs was
prepared with the same structure.The cells in the simulation have a channel length
and width of 32 nm, a tunneling oxide thickness (7.x) of 7.9 nm, uniform channel
doping of 2x10"7 cm™, and peak source/drain doping of 1x10" cm™. The space
length between adjacent BLs is 32 nm and the space between adjacent BLs is
filled with the oxide. We obtained the simulation data by solving the Poisson and
drift-diffusion equations in the read condition (BL bias (Vpr)=0.5 V, control-gate

bias for an /g;, of 100 nA).

A.3  Results and discussion

Fig. A.1 shows the measured Alg; with the state of adjacent bit-line cells in

a 32 nm NAND flash memory cell string. The inset of Fig. A.1 represents a part
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of measured RTN waveform and low and high /g s correspond to the capture and
emission of an electron at a trap, respectively. In this sample, Alg; due to RTN
ranges from ~34 nA to ~45 nA with 4 different states of adjacent bit-line cells
owing to the effect of adjacent bit-line cell interference [9], [52]. As mentioned
above, Algr due to RTN is influenced by the percolation path in the channel, and
the path can be controlled by the cell state (program or erase) of adjacent bit-
lines. So, the percolation path induced by the cell state was taken into account in
modeling and verification of Alg; due to RTN in this work.

Fig. A.2 shows the simulated distribution of J, along the channel width
direction (z-direction) while changing the states of the adjacent BL cells.
Because each adjacent BL cell has a program (P) or an erase (E) state, we can
consider four different modes (E/E, E/P, P/E, and P/P). Here, the adjacent BL
cells are programmed to have a Vy, of 3 V or are erased to have a Vy, of -3 V. The
read cell is in a fresh state, meaning that it has a Vy, of nearly 0 V to minimize
the electric field from the recessed control gate [17], [52]. Each solid symbol
represents the Jy from the channel surface to a deep vertical position at each
position along the z-direction when /g is 100 nA at a given Vpp of 0.5 V. The
distribution of J is fitted to the simulation data using a polynomial function
(dashed lines). As the cell size scales down, NAND flash memory is influenced
severely by cell-to-cell interference caused by the increased parasitic capacitance.

Therefore, the distribution of J, along the z-direction in a read cell (BL, cell)
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changes significantly with the states of the adjacent BL cells (BL,.; and BL;+;
cells), as shown in Fig. A.2. For example, the J, of a read cell is crowded toward
the BL,; side (the position from the center to the left edge of the channel width)
in the z-direction, as shown by the solid triangles in Fig. A.2, when the BL,.; and

BL,:; cells are erased and programmed, respectively.

1200 |- ' _ -
I : z Highl, |
1000 |- - Al L
) :\ Low I, | 1
E 800 |- S T o Time(sec) | i
S 600} -
o I P/E mode : Al =34.8 nA
© 400} E/E mode : Al =39.1nA | -
I P/P mode : Al =39.6 nA
200 |- -
I E/P mode : Al =45.5 nA
0 1 s ] . I

50 60 70 80 90 ‘ 100
I (nA)
BL

Fig. A.1. Distributions of measured Al s of a read cell with four different modes
in a 32 nm NAND flash memory cell string. Here, Iz was fixed at 100 nA by
controlling the control-gate bias of the read cell at a Vg of 0.8V and a pass bias
of 6.5 V. The adjacent BL cell is programmed to have a Vy, of 3 V or erased to

have a Vi, of -3V, and the read cell is set to have a Vi, of 0 V.
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Fig. A.2. Simulated distribution of J, along the channel width direction (z-

direction) with four different modes of the states of the adjacent cells. Each solid

symbol represents J, from the surface to a deep vertical position at each position

along the z-direction, as shown in the inset. Dashed lines represent the fitted

curves of the J; distributions.

As mentioned above, the effect of interference caused by adjacent BL cells
should be considered when modelling Algp because the distribution of the
channel electron density in a read cell changes with the states of the adjacent BL
cells [9], [52]. As a result, we need to calculate the electrical blockade length (L)
with four different modes of the states of adjacent BL cells, as shown in Fig. A.3.

Each solid symbol and dashed line represent the calculated value of L; and the
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fitting result of L, respectively, according to a polynomial function with the four
different modes of the states of adjacent BL cells. The charges transported
through the channel are blockaded over some width of L, by the trapped charge,

with L, given by [8], [9],

where ¢ is the electron charge, k& is the Boltzmann’s constant, 7 is the absolute
temperature, and the n(z) is the electron concentration in the channel along the z-
direction. Lc¢ is double the critical radius from the trapped electron, where the
Coulomb potential energy is equal to the carrier-average kinetic energy kT in a
two-dimensional electron gas (2DEG) [53], [54], and L. is approximately 9.5 nm
at 300 K. Lg is the screening length by the 2DEG [53], [54]. Ls is calculated by
considering n, which changes according to the electric field from the adjacent
BL cells when the adjacent BL cells are programmed or erased. Here, the values
of n with four different modes of the states are extracted at a depth of 1 A
below the surface along the z-direction when /g is 100 nA at a given Vpr of 0.5
V. We assume that a trapped electron is located within the tunneling oxide near
the surface of the channel. As shown in Fig. A.3, the distribution of L; along the

z-direction changes significantly with the state of the adjacent BL cells.
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This section demonstrates the extraction of Alg; versus zr with four
different modes of adjacent BL cells. Fig. A.4 (a) shows the simulated
distribution of Jy along the z-direction with and without a trapped electron in the
E/P mode. Here, the distribution of Jy along the z-direction is extracted 16 nm
away from the source edge when /g is 100 nA at a given Vg of 0.5 V. The trap
position along the channel length direction (y7) and zr are 16 nm and 10 nm,
respectively. The trap position within the tunneling oxide from the channel
surface (x7) changes from 1 nm to 3 nm. When an electron is captured in a trap
in the tunneling oxide, Jy under a trapped electron decreases dramatically, as
shown in Fig. A.4 (a), which leads to a decrease of /z;. Consequently, the Alg
resulting from the trap is given by

w w J w
Area=Aly, =[J,~J, dz=[J, ~(1—J—ZT]dz = [J,g(2)dz
0 0 0

0 Eq. (A.2)
where Jzr and J, are respectively the integrated electron current densities from
the surface to a deep vertical position at each position along the z-direction when
a trap at zr captures and emits an electron. In order to calculate Alg; due to the
trap, it is necessary to obtain g(z), as shown in Eq. (A.2). In previous work
[91.[52], Jz1/Jy could be fitted well to a Gaussian amplitude function (4(z)). The
difference between Jy and Jz7 is the integrated current density fluctuation; it can

be expressed as Jy'(1 - /4(z)). Here, 1- h(z) is termed the characteristic function,
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(g(2)= 1- Jz1/Jp), which has a Gaussian functional form. The g(z) is determined

as follows:
—(z— ZT)2 Xr
g(2)=| yy+ A-exp| 21| |]1-2
2W(ZT) tox
Eq. (A.3)

In this equation, yy and A are the fitting parameters, (1-x1/fox) is a physical
term which reflects the xr effect [55], [56], and 2w(zr)* is determined by
[O.SLt(ZT)]z-[ln(A/(l—e'l—yO))]'l. Note that yy and A4 are constant in each mode of
the adjacent BL cells; these corresponding values are fixed at 0.18 and 0.75 in
this work. Fig. A.4 (b) shows the simulated and calculated g(z) in E/P mode
when a trapped electron is located at zr=10 nm. Here, yr is 16 nm and x7 is
changed from 1 nm to 3 nm. Open symbols and lines represent the simulation
data of g(z) and the calculated data of g(z) according to Eq. (A.3), respectively.
From the results of Fig. A.4 (b), the calculated data of g(z) is in good agreement
with the simulation data of g(z).

Fig. A.5 shows an example in which Alg; is extracted with the trap position
along the z-direction (zr) in the E/P mode. Fig. A.5(a) again shows the
distribution of J, along the z-direction and the fitted curve (dashed line) of Jyin
the E/P mode. Here, the distribution of J; along the z-direction is extracted 16
nm away from the source edge. Fig. A.5(b) shows g(z) as obtained after taking L,

into account in the E/P mode when a trapped electron is located at zr=2, 10, 20
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and 30 nm. As L, along the z-direction changes due to interference from adjacent
BL cells, g(z) at each zt also changes while maintaining nearly the same peak, as
shown in Fig. A.5(b). By multiplying the fitting result of Jy (=f(z)) and g(z), as
shown in Fig. A.5(c), we can express the amount of Jy fluctuation due to a
trapped electron at each position along the z-direction. Finally, Alg; with z can
be obtained by integrating f{z) g(z) from z=0 to z=32 nm. This is given by

AL (2)= [ f(2)-g(z-7)dr
0 Eq. (A.4)

Fig. A.6 shows the simulated Alz; (symbols) and the calculated Algp
(dashed lines) according to Eq. (A.4) with zt and xt as parameters of the states of
the adjacent BL cells. Here, yr is 16 nm. The xr and zy change from 1 nm to 3
nm and from 0 nm and 32 nm, respectively. The AlgLs are obtained at an /g of
100 nA. Bias conditions are identical to those in Fig. A.2. The Algy calculation
routine was coded with Matlab. From the results shown in Fig. A.5, the model of
Alg;, expresses a similar trend with the 3-D simulation results, and the error
between the model of Alg; and the 3-D simulation data is within ~14%. The
error is maximized when the trapped electron is located at z;=0 nm in the E/P
mode because the ‘tip’ effect [52] is maximized and excluded in the calculated
g(z). Nevertheless, we ruled out the ‘tip’ effect in the proposed Al model, as the

range of error increases by only ~4% due to the ‘tip’ effect and because the ‘tip’
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effect complicates the Alg. model. The proposed Alg; model can reflect the
effect of a percolation path well because Alg is extracted from the electron
current density, which automatically reflects the percolation path generated by
the states (P or E) of the adjacent cells; the electrical blockade length (L) is
calculated on the basis of n(z), which can change according to the states of the
adjacent cells. Here, it is important to note the percolation path is generated by
the states of the adjacent cells. If there is a percolation path generated by random
dopant fluctuation (RDF) in the channel, the electron current density and n(z)
obtained from only a single device simulation include the percolation effect
when a trap is empty. In this work, only one device simulation has a significant
meaning at a fixed state of the adjacent cells, as it solves complicated factors
such as the cell geometry, the RDF (if any exists), and any interference. For
example, when the adjacent BL states (P or E) are fixed, only one device
simulation is enough, and allows the determination of the integrated current
density (Jo) and n(z). Based on n(z), we can obtain L; and g(z), as shown in (3),
using the value of L. Finally, Al is calculated by integrating f(z)'g(z). Without
any additional device simulations, we can calculate the Alg s with the changes in
xr and zr using our compact model. If we calculate the Alg s with the trap

position without using the model, it takes at least 10 times as long.
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Fig. A.5. (a) Distribution of Jy along the z-direction and the fitting result (dashed
line) of Jy in the E/P mode. (b) Characteristic function, which has a Gaussian
functional form, is obtained while accounting for L; in the E/P mode when a
trapped electron is located at zr=2, 10, 20 and 30 nm. (¢) Multiplication of Jy
along the z-direction (f{z)) and the characteristic function (g(z)) at zr=2, 10, 20

and 30 nm. Here, xr and yr are 1 nm and 16 nm, respectively.
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Fig. A6. Alg. with zr and xt as a parameter of the state of the adjacent BL cells.

Here, yr is 16 nm. Values of xt and zt change from 1 nm to 3 nm and from 0 nm
to 32 nm, respectively. Solid symbols and lines respectively represent the

simulated Alg; and the calculated Alg; using Eq. (A.4).
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