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Down-Coupling Phenomenon of Floating
Channel in 3D NAND Flash Memory

Yoon Kim, Member, IEEE, and Myounggon Kang

Abstract—1In  this letter, we have investigated the
down-coupling phenomenon (DCP) of inhibited channel potential
in 3D NAND flash memory. The inhibited channel in the 3D
NAND flash structure can easily be in the floating state,
because its channel is not directly connected to its body.
This floating channel behavior can adversely affect memory
operation. Specifically, during program and verify operation,
the DCP reduces the boosting potential of the inhibit string.
Consequently, the insufficient channel potential leads to a large
program disturbance and deterioration of the cell-distribution
characteristics. Using computer-aided design simulations,
we analyzed this phenomenon and proposed an operation
method to alleviate this phenomenon.

Index Terms—3D NAND flash memory, channel potential,
program inhibit string, down-coupling phenomenon (DCP).

I. INTRODUCTION

HE growth of mobile computing and data centers

continues to drive the explosive demand for NAND flash
memory with high density. To meet this demand, NAND flash
technologies should be aggressively scaled down. However,
2D planar NAND faces various scaling limits. In this circum-
stance, 3D NAND technology based on stacked structure is
rapidly replacing 2D planar NAND [1]-[4].

The materials and structure of 3D NAND flash memory
is different from 2D NAND flash memory. Therefore, the
understanding of new phenomena in 3D NAND flash structure
is crucial to obtaining high performance and good reliabil-
ity [5]-[7]. Especially, 3D NAND flash memory is more
vulnerable to program disturbance [8] because 3D NAND
array has a larger number of program stress due to multiple
string-select lines (SSLs).

For the first time, we found that during the ver-
ify operation, the inhibited channel becomes a floating
node and the down-coupling phenomenon (DCP) occurs.
Using technology computer-aided design (TCAD) simulation
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Fig. 1. (a) 2D planar NAND device and equivalent circuit model.
(b) 3D NAND device and equivalent circuit model.

(ATLAS Silvaco™) [9], we analyzed this phenomenon and
performed simple modeling.

II. DOWN-COUPLING PHENOMENON

Fig. 1 shows a comparison between 2D and 3D NAND
structures and the equivalent circuit model. Planar floating-
gate (FG) type NAND flash memory is a structure in which
the body is connected to every cell transistor. However, the
body of the 3D NAND structure is connected only on the side
with the ground-select line (GSL), and the main cells based on
the ultra-thin body (UTB) structure are not connected to the
body. Consequently, the body bias cannot be applied to the
channels of main cells during read and program operations.
And, the channel can be in the floating state in certain
circumstances. Fig. 2(a) shows a verify operation for an inhibit
channel in the 3D NAND flash. We consider the states of the
main cells to be as follows. The cell WL7, WL8, and WL9
are in the erased state. The main cells of the other WLs are
in the programmed state. The DCP occurs in the last step
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Fig. 2. Change of the channel potential during the verify operation.
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Fig. 3. Simulation results for the DCP occurring during a verify operation.
of verification when the WL voltages change from Vpass
to 0 V (i.e., the WL recovery step). As illustrated in Fig. 2,
the specific device conditions change in the following three
steps (A — B — O).

(A): Pass voltage is applied to the unselected WLs during
the verify operation. At this time, all main cell transistors are
turned on and their channel potential is derived from the com-
mon source line (CSL) at 0 V and the bit line (BL) at 0.7 V.

(B): When the verify operation is complete, Vpass
is applied to the unselected WL, which drops to 0 V
(WL recovery). When the WL voltage drops from 6 V
to 3 V (the threshold voltages of WL6 and WLI10), the
WL6 and WLI10 transistors are turned off and the channels
of WL7 to WL9 change to the floating state.

(C): The channel of WL7 to WL9 is not connected to BL.
Consequently, the channel potential is changed along with the
WL bias. Therefore, the channel potential falls to —3 V at
Vpass = 0 V because of WL capacitive coupling.

To demonstrate this phenomenon, we performed physical-
based TCAD device simulation. We used the polysilicon as a
channel material and adopted the mobility of polysilicon for
current calculation. But, we didn’t take into account defects of
channel for simplicity. Table I summarizes the device parame-
ters used in our TCAD simulation. A full NAND string with
16 WLs, a GSL, and SSL is constructed. As shown in Fig. 3,
the channel potential of 2D NAND is approximately 0 V
after a verify operation. However, for 3D NAND, the channel
voltage is found to be —3 V because of the DCP.
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Comparison of the down-coupling degree based on (a) the state

Fig. 4.
of neighboring cells, (b) the state of floating cells, and (c) the intermediate
process of the program in the string.

Next, we analyzed the characteristics of the DCP for various
cell pattern conditions. The threshold voltages of each state are
as follows: Vip g = =1V, Vippr =1V, Vippp =2V, and
Vin,p3 = 3 V. For convenience, we assumed above values for
MLC (Multi-Level Cell) operation. Also, the threshold voltage
of select transistor (SSL, GSL) is set to 1 V.

The first case is a comparison of the down-coupling degree
based on the state of neighboring cells, as shown in Fig. 4(a).
The DCP occurs from the time that the WL voltage becomes
less than the threshold voltage of the neighboring cells until
reaching 0 V. Therefore, the amount of down-coupling voltage
can be modeled as follows.

ey

As indicated in Fig. 4(a), with increasing V;; values of
neighboring cells, the potential of the floating channel becomes
more negative.

The second case is a comparison of the down-coupling
degree based on the state of floating cells (WL 7, 8, and 9) with
neighboring cells in a fixed state, as shown in Fig. 4(b). Results
show that the down-coupling is determined by the V;; value

Avdown—couple = _Vth,neighborcells

Authorized licensed use limited to: Reprints Desk. Downloaded on October 15,2025 at 16:59:26 UTC from IEEE Xplore. Restrictions apply.

Ex. 2025-002



1568

of the adjacent cell, regardless of the cell’s own V;;, value.
These results are consistent with our model.

In the third case, we examined the dependency of the
threshold voltages of the upper cells on DCP. In Case 3-a,
in which the upper cells (WL to 15) are all in the erased state,
the transistors are turned on throughout the verify operation,
thereby connecting the BL voltages. As a consequence, the
DCP does not occur in Case 3-a. In Case 3-b, in which the
string is fully programmed with random patterns, the DCP
occurs throughout the channel. Note that the negative voltage
of the channel potential is determined by the highest threshold
voltage (—V;p, p3), because the DCP begins to occur from the
time that the P3 cells are turned off.

Finally, it should be noted that the negative-channel voltage
due to the DCP will be returned to 0 V for the equilib-
rium state. The recovery time is determined by the leakage
current of cells including the select transistors. Considering
that the leakage current of real 3D NAND flash memory is
about 10~ 12 A, the estimated time of real device is between
1 ~ 100 msec. In relation to that point, the further work is
needed.

III. NEW PROGRAM SEQUENCE

Finally, we investigated how the DCP affects the cell dis-
tribution in the 3D NAND flash memory. 3D NAND flash has
multiple SSLs to control the added dimension. As illustrated
in Fig. 5(a), one SSL determines the x-address and selects
1/4 of the cells on a single WL. Consequently, 3D NAND
flash has two options for sequential programs, as shown in
Fig. 5(a). In the case of PGM sequence A, the program
disturbance occurs in the condition that the entire string was
not programmed, as in Case 3-a. However, in the case of PGM
sequence B, the program disturbance occurs while the upper
cells are programmed, as in Case 3-b.

During the program operation, NAND cells of the selected
WL share the high program voltage along the same word line.
To distinguish between selected string and unselected (inhibit)
string, the self-boosted inhibit scheme [4] is used. The voltage
of V.. applied to the selected SSL and bit-line (BL) initially
precharges the associated channel and the channel of the
inhibit string becomes floating node. When program voltage
and pass voltage are applied to the WLs, the channel potential
is self-boosted by the gate-channel capacitance network.

The boosted potential of the inhibited channel in 3D NAND
flash memory can be expressed by [5]

Ven = Vinitial + A Ven

C C
AV Lll(VPGM—Vth)-i-(I\’—l)Lll
11 N - Ceen

12

(Vpass — Vin)
2

where N is the number of cells in one string and Ceey is the
simplified cell capacitance, as indicated in Fig. 3.

Usually, the boosted potential of the inhibit channel is
sufficiently high that it minimizes the program disturbance in
the NAND flash memory.

Note that the above DCP results imply that the amount of
program disturbance is dependent on the program sequence.
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Fig. 5. (a) Two program sequencing methods in 3D NAND. (b) Unwanted
Vip shift due to program disturbance in each program sequence.

As mentioned earlier, Case 3-b (PGM sequence B) has
a lower initial potential (Vj,i;iqy = —3 V) than Case 3-a
(PGM sequence A) because of the DCP. As a consequence,
PGM sequence B has a large program disturbance. To verify
this phenomenon, we conducted TCAD simulation of full
NAND string. For the electron trapping in the silicon nitride
layer, the uniform trap distribution with 1 x 102%cm~3 concen-
tration and trap energy level of 1.0 eV from conduction band
are assumed [6]. Fig. 5(b) shows the unwanted V;;, shift of
erased cell due to program disturbance in each PGM sequence.
Program operation is initiated by applying one program pulse
of +18 V for 5 us as indicated in Fig. (2). PGM sequence A
features good robustness against program disturbance. On the
other hand, in the case of PGM sequence B, a threshold
voltage change of 0.4 V was obtained because of the program
disturbance. To avoid the adverse effects of the DCP, PGM
sequence A should be used in 3D NAND flash memory.

IV. CONCLUSION

We observed a new phenomenon named DCP in 3D NAND
flash memory. Also, we analyzed its physical mechanisms and
characteristics using TCAD device simulation. This DCP can
degrade the boosting efficiency of the inhibit channel during
program operation and aggravate the program disturbance.
Additionally, we proposed a program sequencing method to
solve the adverse effects of the DCP in 3D NAND flash
memory.
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