
Received 9 January 2024, accepted 19 January 2024, date of publication 25 January 2024, date of current version 1 February 2024.

Digital Object Identifier 10.1109/ACCESS.2024.3358331

A Novel Structure Between WL Spaces to Improve
the Retention Characteristics in 3D NAND Flash
YUNEJAE SUH 1,2, HYEWON KYUNG 1,3, YOUNGHO JUNG4, AND DAEWOONG KANG 1
1Department of Next Generation Semiconductor Convergence and Open Sharing System, Seoul National University, Seoul 08826, Republic of Korea
2Department of Electronic Engineering, Soongsil University, Seoul 06978, Republic of Korea
3School of Electrical and Electronics Engineering, Chung-Ang University, Seoul 06974, Republic of Korea
4Department of Electronic and Electrical Engineering, Daegu University, Gyeongsan, Gyeongsangbuk-do 38453, Republic of Korea

Corresponding authors: Youngho Jung (05jung@daegu.ac.kr) and Daewoong Kang (freekite@snu.ac.kr)

This work was supported by Daegu University through the Research Grant 20190531.

ABSTRACT As NAND flash evolved from two-dimensional (2D) to three-dimensional (3D), all cells have
been changed to share a charge trap layer (CTL). This change has a lateral charge spreading effect, which
is the trapped charge spreading laterally. This lateral charge spreading effect causes a major problem in
NAND flash reliability. In this study, we introduce a new structure that can improve lateral charge spreading
by defining a new parameter called ‘intercell CTL thickness’ and modifying the CTL structure in the WL
spaces.When the intercell CTL thickness decreases, the ISPP slope remains relatively constant up to a certain
thickness, indicating that program efficiency does not decrease until that critical point. However, as the
intercell CTL thickness decreases, the current also decreases, which can be explained by the screen effect and
dielectric constant reduction. As for the thickness of the CTL, which is the trap nitride thickness, it decreases
while the oxide thickness increases. As a result, it causes a decrease in the total dielectric constant, resulting
a decrease in cell current. In addition, as the physical CTL thickness decreases, more charges will be trapped
in the same VTH condition. More charges strengthen the screen effect on the electric field, causing a decrease
in cell current. In this study, we will discuss the retention characteristics of this novel structure, investigate
the window characteristics between lateral charge spreading with cell current, and propose the optimal point.

INDEX TERMS 3D NAND, lateral charge spreading, charge trap layer, intercell CTL thickness, ISPP slope,
cell current, dielectric constant, screen effect.

I. INTRODUCTION
NAND flash memory has evolved from 2D NAND flash to
3DNANDflash, with higher capacity [1], [2], [3]. In addition
to high capacity, 3D NAND flash has more advantages such
as improved program efficiency and reduced interference [4],
[5], [6]. However, unlike 2D NAND, 3D NAND has a struc-
ture in which the CTL is shared between all cells [7], [8].
This shared CTL structure causes several problems because
the neighboring cells are connected. First, charges are trapped
in the word line (WL) space region [9], [10]. This causes a
screen effect that shields the electric field, which decreases
cell current [10]. Furthermore, more than 200 layers of
stacked cells in 3D NAND flash, the reduction in cell cur-
rent becomes a significant issue [11], [12]. In addition, this
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structure has an issue where trapped charges spread over
time [13], [14], [15], [16]. These problems caused by the tran-
sition to 3DNAND raise issues with reliability, which leads to
an important challenge [3], [17], [18]. In this study, we intro-
duce a modified 3D NAND device structure by changing
the shape of the CTL between WL spaces with reduced
CTL thickness. This advanced novel structure is expected to
decrease lateral charge spreading. In addition, to find the opti-
mization point for this modified CTL thickness, we introduce
a parameter called ‘intercell CTL thickness’. By observing
the ISPP slope and cell current with intercell CTL thickness
variation, we identified the optimization thickness point for
retention characteristics.

II. DEVICE STRUCTURE
Figure 1(a) shows a simulated structure of conventional 3D
NAND flash. The simulated device has a three-dimensional
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TABLE 1. Conditions for device simulation.

structure, and the figure shows a cross-sectional view of
the 3D structure cut vertically. Tungsten was used for the
gate. The gate length and WL space length are 25 nm and
25 nm, respectively. The thicknesses of the tunneling oxide,
charge trap nitride, and blocking oxide (ONO) are 5 nm,
7 nm, and 7 nm, respectively. The thickness of the polysilicon
channel is 10 nm. The mesh consists of 2 nm hexahedral
structure for the smallest area. Figure 1(c) shows the novel
structure of this 3D NAND flash and defines the intercell
CTL thickness. This parameter represents the thickness of
the charge trap layer in the WL space, which is the inter-cell
region, and it is reduced from 7 nm to 1 nm. In other words,
when the intercell CTL thickness is 7 nm, the device retains
the structure of conventional 3D NAND flash as shown in
Figure 1(b). While in the case of a 1 nm intercell CTL,
the thickness is shown in Figure 1(c). The device consists
of three cells. The source and drain doping concentration
are n-type 2 × 1018 cm−3, and the polysilicon channel
doping concentration is p-type 5 × 1018 cm−3. The erase,
program, retention, and read conditions of the device are
described in Table 1. The physical parameters of the mate-
rials were referenced from previous studies [19], [20], [21],
[22]. In this study, the constant current method was used
to extract threshold voltage at ID = 1µA [23]. The simula-
tions were conducted using Synopsys’ Sentaurus technology
computer-aided design (TCAD). A nonlocal tunneling (NLT)
model was applied to the tunneling oxide and polysilicon
channel for program/erase operations, and the Shockley Read
Hall (SRH) model was applied [24], [25].

III. RESULTS AND DISCUSSION
In this study, the intercell CTL thickness was reduced from
7 nm to 1 nm as shown in Figure 1(b). The primary purpose of
this novel structure is to mitigate the lateral charge spreading.
The first thing to check is how much lateral spreading has
occurred. Figure 2 shows the distribution of trapped electrons
in CTL and the retention characteristics after 1000 s at 300 K.
In the case of Figure 2(a), the intercell CTL thickness is 7 nm,
while in the case of Figure 2(b), the intercell CTL thickness
is 1 nm. The same positions in Figure 2(a) and Figure 2(b)
are set as point A and point B. It shows that the point A has
more charge than point B.

Figure 3 shows the actual number of trapped electrons at
points A and B. In the case of point A, it shows a charge
of 1012 C/cm3, while point B shows a charge of 109 C/cm3.

FIGURE 1. Cross-sectional view of the simulated 3D device with
(a) hexahedral mesh structure with a minimum size of 2 nm (b) 7 nm
intercell CTL thickness, (c) 3 nm intercell CTL thickness.

This means that the electrons spread out more for the intercell
CTL thickness of 7 nm than 1 nm. Figure 4 shows the 1VTH
depending on retention from 0 s to 103 s at 300 K, and
Figure 5 shows VTH difference(= 1VTH) between at 0 s
and 1,000 s [26]. It indicates that 1VTH decreases as the
intercell CTL thickness decreases. In other words, 1VTH
for the thinner intercell CTL thickness decreased with less
lateral charge spreading. This can be explained by the dif-
fusion transport model as follows [14], [15], [27] as shown
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FIGURE 2. Trapped electron distribution in CTL after retention to 1,000 s
at 300 K of 3D NAND device structure with (a) 7 nm intercell CTL
thickness with point A, (b) 1 nm intercell CTL thickness with point B.
Points A and B are discussed in Figure 3.

FIGURE 3. Comparison of trapped charge at point A and point B of
Figure 2.

in Figure 6. The 1 nm intercell CTL in Figure 6(b) shows
a more challenging obstacle to the lateral diffusion of the
trapped electrons compared to the 7 nm intercell CTL due
to the narrow path [28].

Figure 7 shows the incremental step pulse programming
(ISPP) slope characteristics. It was confirmed that the slope
increased significantly until the CTL thickness reached 2 nm,
but saturated starting from 3 nm as shown in Figure 7. This is
because decreasing the charge trap layer thickness physically
limits the amount for the trapped charge [29], [30]. From this
simulation result it was identified that the trap layer thickness
is 3 nm for the limit. Therefore, there is no loss in terms of
program efficiency up to 3 nm, when the ISPP slope remains
relatively constant [31], [32].

FIGURE 4. VTH difference(= 1VTH ) in the variation of retention time from
0 s to 1,000 s at 300 K and intercell CTL thickness from 1 nm to 7 nm
respectively. The selected cell was programmed as VTH = 3 V and other
cells were programmed as VTH = −1 V in the initial state. When the
intercell CTL thickness is thinner, the VTH difference decreases, resulting
in the reduction of lateral charge spreading.

FIGURE 5. VTH difference(= 1VTH ) between 1,000 s and 0 s at 300 K.
(inset: Transfer curves in the variation of intercell CTL thickness, from
1 nm to 7 nm. VTH was targeted to 3 V at 0 s in all intercell CTL
thicknesses).

Figure 8 shows the cell current characteristics depending
on the intercell CTL thickness before and after retention.
It was observed that the current decreases for the thinner
intercell CTL in both cases. However, 1,000 s retention char-
acteristics show that the cell current increases, which is due to
the decrease in VTH caused by lateral charge spreading [15].
The decrease in current by the reduction in intercell CTL
thickness can be explained by two mechanisms as follows.

First, it can be explained by the screen effect [10], [33].
Figure 9 compares the amount of trapped charge for a pro-
grammed cell (VTH = 3 V) at 1 nm and 7 nm intercell CTL
thickness, which shows more electrons are trapped with a
thinner CTL thickness at the same VTH target. It means that
the screen effect increases due to stronger shielding electric
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FIGURE 6. Diffusion transport mechanism of trapped electrons in 3D
NAND devices with (a) 7 nm intercell CTL thickness, (b) 1 nm intercell CTL
thickness. The narrow path in CTL reduces charge diffusion.

FIGURE 7. ISPP slope in the variation of intercell CTL thickness, from
1 nm to 7 nm (inset: ISPP slope extraction to measure slope of 1VTH
divided by 1VPGM , when VPGM varied from 12 V to 18 V).

field [10]. Therefore, this screen effect results in a decrease
in current [10], [33].

Second, the variation of nitride thickness causes current
differences. Figure 10 shows intercell CTL thicknesses of
7 nm and 1 nm, respectively. In the case of the 7 nm intercell
CTL thickness, there is more nitride with a dielectric constant
(ε = 7.5) compared to the oxide with a dielectric constant
(ε = 3.9). As a result, thicker nitride makes a higher capaci-
tance value, indicating more cell current [34]. Therefore, the
cell current of 7 nm intercell CTL thickness should increase.

FIGURE 8. Cell current at 0 s Initial state and 1,000 s retention state in
the variation of intercell CTL thickness, from 1 nm to 7 nm.

FIGURE 9. Trapped charge in charge trap layer in intercell CTL thickness
1 nm and 7 nm. VTH was the same targeted at 3 V.

This reduction in cell current in 3D NAND flash with
more than 200 layers of stacked cells can makes a significant
issue [11], [12]. Therefore, there is a tradeoff relationship
between the decreasing of intercell CTL thickness, which
can mitigate lateral charge spreading, and the decrease in
cell current. Furthermore, including ISPP slope, these several
factors show window characteristics indicating the presence
of an optimization point.

Figure 11 shows the tradeoff between cell current and
the parameter 1VTH, which is a measure of lateral charge
spreading in Figure 5. For the thinner intercell CTL, lateral
charge spreading was reduced and the cell current decreased
in Figure 5 and Figure 8 respectively. This shows the intercell
CTL thickness window characteristics and means that the
optimization point exists in this range. A range of 3-4 nm in
this specific structure can also be regarded as the optimization
point for retention and current since the ISPP slope shows
a relatively constant characteristic up to 3 nm, as shown in
Figure 7.
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FIGURE 10. Fringing field and difference of dielectric constant at oxide
(ε = 3.9) and nitride (ε = 7.5) region in 3D NAND device with (a) 7 nm
intercell CTL thickness, (b) 1 nm intercell CTL thickness.

FIGURE 11. Cell current and retention characteristics in the variation of
intercell CTL thickness, from 1 nm to 7 nm.

IV. CONCLUSION
In this study, a novel structure was introduced by modify-
ing the intercell CTL thickness to mitigate lateral charge
spreading. The retention characteristics, cell current, and
ISPP slope were discussed in the variation of intercell CTL
thickness. As the intercell CTL thickness decreases, lateral
charge spreading caused by the diffusion transport mecha-
nism is reduced. The cell current, however, also decreases
with the reduction of intercell CTL thickness by the increase
in the screen effect from the increased trapped electrons and
the reduction in dielectric constant. The ISPP slope shows
a sharp decrease from the critical point due to the physical

limitation in the thickness of the CTL. Therefore, program
efficiency is not degraded before the intercell CTL thick-
ness reaches the critical value. In conclusion, considering
these characteristics, we suggested an optimal point for the
intercell CTL thickness, and the novel structure provided
higher reliability and reduced lateral charge spreading with
less degradation of cell current and higher program efficiency
by finding the optimization point.
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