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Abstract: This study analyzed the recovery of channel potential according to the program states of adjacent
cells. When the verify operation ended, and all voltages dropped to 0 V and the decreased potential of
the floating channel caused by the down-coupling phenomenon was recovered continuously over time,
regardless of the program states of adjacent WLs. The extent of channel potential recovery showed a similar
tendency to that of the variation in the electron concentration of the floating channel. The electron–hole
pair recombination decreased the electron concentration, resulting in channel potential recovery. When
the adjacent WLs were programmed in a low state, additional electron–hole pair recombination and hole
diffusion occurred in the floating channel. Therefore, the channel potential recovered quickly when the
adjacent WLs programmed in a low state compared to when they programmed in a high state.

Keywords: 3D NAND flash memory; channel potential; down-coupling phenomenon (DCP);
electron-hole pair recombination; carrier diffusion; TCAD

1. Introduction

Owing to the increasing demand for semiconductors in various markets, the technology
and performance of NAND flash memory has evolved, resulting in improved speed, high
density, and low power consumption [1–7]. However, 2D NAND flash memory has certain
limitations in terms of technicalities such as device scaling issues and lithography [7–11].
Eventually, 3D NAND flash memory replaced 2D NAND flash memory [11–14]. Compared
to 2D NAND flash memory, the capacity of 3D NAND flash memory can be increased by
vertically stacking cells. As the cells are stacked vertically, the main cells of 3D NAND flash
memory based on the ultra-thin body (UTB) structure are not directly connected to the body.
Owing to the floating body effect in vertical string channels, new phenomena such as the down-
coupling phenomenon (DCP) and natural local self-boosting (NLSB) have occurred [15–22].

The DCP, which describes channel potential drop, was reported for the first time
in 2016 [15]. The channel potential of the program inhibit string becomes negative during
verify operation. At the end of the verify operation, the word line (WL) voltage decreases
from the pass voltage, Vpass, to zero. When the WL voltage reaches the threshold voltage
of the programmed cells, the corresponding cells are turned off, and the channel changes
to the floating state. The channel potential changes along with the WL voltage owing to
the floating channel, which is not connected to the bit line (BL). When the WL voltage
reaches 0 V, capacitive coupling occurs between the WLs and the channel, resulting in
negative channel potential. The DCP causes poor boosting efficiency in the program inhibit
string, which can increase the program disturbance during the program operation. Since
the program disturbance affects the reliability of a device, it should be minimized. In a
previous paper, research was conducted on phenomena that occur during the program
operation, not immediately after the verify operation. However, the negative channel
potential of the program inhibit string gradually recovers over time. Therefore, adjusting
recovery time could increase boosting efficiency and reduce program disturbance during
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the program operation. In this study, we analyzed the transient channel potential recovery
in the program inhibit string caused by the DCP using 3D technology computer-aided
design (TCAD) simulation (ATLAS SilvacoTM) [23].

2. Structure and Simulation Set-Up

Figure 1a shows the program inhibit string of a 3D NAND flash memory structure
comprising 16 WLs, a string select line (SSL), a ground select line (GSL) and a common
source line (CSL). Table 1 summarizes the device parameters and voltage bias conditions.
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Figure 1. (a) 3D NAND string structure used in TCAD simulation with 16 WLs, string select line
(SSL), ground select line (GSL) and common source line (CSL). Values of the device parameter are
listed in Table 1. (b) Cell pattern for each WL. (c) The timing diagram of DCP and recovery time.
Each voltage bias condition is also listed in Table 1.

Table 1. Device parameters and bias condition used in the TCAD simulation.

Quantity Value

Gate length (WL) 40 nm
Gate length (SSL, GSL) 150 nm

Gate spacing 30 nm
Gate dielectrics (O/N/O) 4/8/8 nm

Channel hole diameter (3D NAND) 80 nm
Poly-Si channel thickness (3D NAND) 10 nm

Selected WL (WLselect) WL8
Vbl 0.7 V

Vpass, Vread 6 V

We used three patterns to analyze the recovery of the channel potential caused by
the DCP. The threshold voltage (Vt) pattern of WL was divided into E, P1, P2, P3, and
E = −1 V, P1 = 1 V, P2 = 2 V, and P3 = 3 V. Figure 1b shows the approximate pattern used
in the simulation. WL 7, 8, and 9 were set as the E pattern, while all the remaining WLs
were set to patterns P1, P2, and P3, respectively. In addition, the threshold voltages of
the SSL and GSL were set to 1 V for all patterns. Figure 1c shows a pulse diagram of the
verify operation and recovery time, where the DCP and recovery time ranged from 0 s to
100 ms. Finally, the inversion layer model from Lombardi was used for the mobility, and
the Shockley–Read–Hall (SRH) recombination model was used for the recombination in
the TCAD simulation.

3. DCP Recovery Time

At the end of the verify operation, when the WL voltage decreased from Vpass to zero,
the amounts of down-coupling voltage in WL 7, 8, and 9 were modeled as follows [15]:
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∆Vdown−couple ; −Vth,neighborcells

Figure 2a shows the channel potential recovery for each pattern. The channel potential,
which dropped to −Vth,neighborcells, recovered over time in all patterns. In addition, channel
potential recovered quickly in the early stage. However, the amount of potential recovery
was not very different for each pattern. The variation of potential recovery from 0 s is
shown in Figure 2b. The lower the programmed state of all adjacent WLs was, the faster
the channel potential recovery in the early stages of recovery was. The amount of potential
recovery was similar in all patterns after a sharp change. The amount of potential recovery
after 1 µs, 5 µs, and 10 µs compared to that after 100 ms is shown in Figure 2c. P1, P2, and
P3 conditions mean that adjacent WLs were programmed to P1, P2, and P3, respectively.
The recovery percentage of P1 in the early stage compared to the total recovery amount
was 12.4%, which was larger than that of the other patterns. The amount of potential
recovery after 5 µs in the P1 pattern and after 10 µs in pattern P2 and P3 are similar. This
indicates that the boosting efficiency could be increased by adjusting recovery time before
the program operation according to the pattern.
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Figure 2. (a) Channel potential recovery in the floating channel for each pattern. (b) Variation of
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The channel potential dropped owing to the DCP, being recovered as time elapsed
when the trapped holes recombined with electrons while the holes diffused toward the
center of the string [24]. In addition to electron–hole pair (EHP) recombination, a decrease
of the electron concentration of the floating channel and the hole diffusion from the adjacent
WLs region can cause the recovery of channel potential [25–31]. Therefore, we analyzed
this phenomenon by using the EHP recombination in the floating channel and the carrier
diffusion between the floating channel and the adjacent WLs region by the patterns.

The electron concentration of the floating channel at 0 s and after 5 µs are shown in
Figure 3a,b, respectively. When the adjacent WLs were programmed in a low state, the



Appl. Sci. 2023, 13, 3388 4 of 8

electron concentration of the floating channel was low. In addition, the electron concen-
tration of the floating channel decreased in all patterns. Furthermore, electron diffusion
from the floating channel to the adjacent WLs region occurred as a result of the electron
concentration of the floating channel being higher than that of the adjacent WLs.

Appl. Sci. 2023, 11, x FOR PEER REVIEW 4 of 9 
 

 
Figure 2. (a) Channel potential recovery in the floating channel for each pattern. (b) Variation of 
potential recovery for each pattern compared to 0 s with linear and log plots. (c) The amount of 
potential recovery after 1 μs, 5 μs, and 10 μs and the percentage of it compared to that of 100 ms. 

The electron concentration of the floating channel at 0 s and after 5 μs are shown in 
Figure 3a and Figure 3b, respectively. When the adjacent WLs were programmed in a low 
state, the electron concentration of the floating channel was low. In addition, the electron 
concentration of the floating channel decreased in all patterns. Furthermore, electron dif-
fusion from the floating channel to the adjacent WLs region occurred as a result of the 
electron concentration of the floating channel being higher than that of the adjacent WLs. 

 
Figure 3. Electron concentration from WL6 to WL10 at (a) 0 s and (b) 5 μs. Figure 3. Electron concentration from WL6 to WL10 at (a) 0 s and (b) 5 µs.

Diffusion is a phenomenon wherein carriers move from a relatively high concentration
to a low concentration [29–31]. The flow of the carrier caused by diffusion is called flux. The
flux was proportional to the carrier concentration gradient. The equation for the electron
diffusion flux is given as:

Jn(di f f .)(x) = qDn
dn(x)

dx
where q is the quantity of electric charge, Dn is the diffusion coefficient, and dn(x)

dx is the
gradient of the electron concentration. According to the above equation, as the gradient
of the concentration increases, the diffusion current increases. Therefore, if the electron
diffuses a lot, the concentration of the electron is expected to decrease considerably.

As shown in Figure 4a, when the adjacent WLs were programmed in a low state, less
electron diffusion occurred. The reduced electron concentration of the floating channel is
shown in Figure 4b. The significant point to note is that the electron concentration variation
in WL8 was similar to the recovery of the channel potential shown in Figure 2b. Therefore,
this means that the channel potential was recovered owing to the decrease of the electron
concentration. In terms of electron diffusion, the electron concentration should decrease
slightly when the adjacent WLs are programmed in a low state. However, the electron
concentration decreased significantly, even though there was less electron diffusion when
the adjacent WLs were programmed in a low state. Therefore, in the early stage, this is
inconsistent with the trend of quick channel potential recovery and of many variations in
the electron concentration of the floating channel when the adjacent WLs are programmed
to a low state as shown in Figures 2b and 4b. This indicates that electron diffusion is not a
major cause of channel potential recovery.

The hole concentration of the floating channel at 0 s and after 5 µs are shown in
Figure 5a,b, respectively. Although the hole concentration decreased after 5 µs in all
patterns, the extent of hole concentration changed significantly in the P1 pattern. If the
electron concentration and the hole concentration are high in the floating channel, EHP
recombination can occur a lot. EHP recombination in the floating channel was examined, as
shown in Figure 5c. When EHP recombination occurred, the hole concentration of the floating
channel region decreased. Then, the electrons recombined with the holes, and the electron
concentration decreased. Therefore, the channel potential recovery varied in each pattern
owing to the extent of EHP recombination. EHP recombination occurred in the order of the
patterns P1, P2, and P3, and the EHP recombination of the pattern P1 had the same appearance
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as the hole concentration of the pattern P1. This indicates that the EHP recombination had a
great impact on the extent of the channel potential recovery in the early stage.
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The adjacent WLs region had higher hole concentrations, and no significant change
was observed in the hole concentration although EHP recombination occurred in the
patterns P2 and P3. In addition, although much EHP recombination occurred in the pattern
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P1, over time, the hole concentration was found to be similar to that of the others. This
indicates that the hole diffused from the adjacent WLs to the floating channel. The equation
for the hole diffusion flux is given as:

Jp(di f f .)(x) = −qDp
dp(x)

dx
where q is the quantity of electric charge, Dp is the diffusion coefficient, and dp(x)

dx is the
gradient of the hole concentration. Because the gradient of the hole concentration of the P1
pattern was higher than that of the other patterns, the hole diffusion flux increased, which
was similar to when the hole concentration was at 0 s, as shown in Figure 5d. The channel
potential can be recovered quickly when a hole diffusion occurs to a great extent toward to
the floating channel.

Furthermore, the hole concentration of the adjacent WLs region varies owing to
electrons trapped in the nitride layer. The force between the electron and the hole can
affect the hole concentration of the adjacent WLs region and the hole diffusion into the
floating channel. The process of hole diffusion, including the electron–hole force and EHP
recombination in the floating channel, is shown in Figure 6 [32].
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Figure 6. Schematic diagram of hole diffusion from adjacent WLs (WL6, 10) to floating channel region
(WL7, 8, 9) and the electron–hole pair recombination in the floating channel region.

The electrons trapped in the nitride layer change according to the programmed state
of the adjacent WLs. The trapped electrons affected the movement of the holes owing
to the forces that attracted each other. Because the force was weak in the adjacent WLs
programmed to P1, it did not significantly interfere with the movement of the hole, such
as by causing diffusion. If the force of the trapped electron of the nitride becomes strong,
such as the case of the adjacent WLs programmed to P2 and P3, it hinders the movement
of the hole. Therefore, the P1 pattern recovered quickly at the beginning of the channel
potential recovery because of the relatively higher occurrence of EHP recombination and
hole diffusion compared to those of the other patterns.

4. Conclusions

This study analyzed the recovery of channel potential owing to the DCP in the 3D
NAND flash memory. During the verify operation, the DCP caused a drop in the channel
potential. The channel potential, which depended on the programmed state of the adjacent
WLs, recovered differently. At the beginning of the channel potential recovery, the chan-
nel potential recovered quickly when the adjacent WLs were programmed in a low state
compared to when they were in a high programmed state. Owing to electron–hole recom-
bination, the electron concentration decreased, resulting in recovery in the floating channel.
When the programmed state of the adjacent WLs was low, electron–hole recombination
occurred to a greater extent, and more holes diffused into the floating channel. However,
the higher the programmed state of adjacent WLs was, the greater was the channel potential
drop due to the DCP, as well as the resulting slow potential recovery. If sufficient recovery
time was given when the adjacent WLs were programmed in a high state, the amount of
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potential recovery was similar to the recovered potential over a short period when the
adjacent WLs were programmed in a low state. Therefore, to increase boosting efficiency,
the recovery time should be appropriately adjusted according to the programmed state
of the adjacent WLs before the program operation. Furthermore, since there are various
patterns and bias conditions in addition to the conditions in this paper, an analysis of these
should also be performed.
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