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Abstract— To investigate the lateral charge spreading effect on
the retention characteristics of charge trapping memories, we
conduct the simulation study with various extended nitride
structures, programming patterns and the retention cycles
(Program-Retention-Erase) using the in-house 3D self-consistent
simulator [1]. The initial condition for the retention simulation is
calculated self-consistently considering the charge transport in
the conduction band during programming. From this study, we
identify that the extended nitride length is an important
parameter, and the surround cells and the retention stress must
be considered to accurately predict the retention characteristics.
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The Charge Tapping Flash (CTF) memory has been
regarded as a promising candidate to overcome the scaling
limitations of the conventional floating gate. The thin trap layer
reduces the cell to cell interference and makes the 3D vertical
structures plausible [2][3]. Even though the CTF type cell has
many merits, the reliability issues, especially the retention
characteristics degraded by the lateral charge spreading, have
not been clearly understood yet. Many previous researchers on
modeling and simulation of the charge loss mechanism have
been limited to the 1D effect considering only along the
vertical direction [4-8]. The experimental data, however,
reveals that the charge transport in the lateral direction should
be taken into account [9][10]. Moreover, it is difficult to define
the trap layer only within the cell region both in the planar and
the vertical structure so that the lateral charge spreading cannot
be prevented [11]. Therefore, the investigation on the influence
of the lateral charge spreading is vital to design the device and
predict their characteristics. Some authors reported 2D
simulations considering the lateral charge spreading but they
assume the initial charge distribution and neglect the vertical
charge redistribution [12][13].

In this study, we simulated the retention mode using a 3D
self-consistent simulator, developed in house [1]. All retention
simulations are conducted with the programmed condition as
the initial condition. The details of the charge distribution in
the nitride layer have been obtained from the same 3D
simulator considering the charge transport in conduction band
of the nitride layer. The dependency of the extended nitride
length is demonstrated by comparing the three cases (no-
extension, finitely-extension, and infinitely-extension). To
show the programmed pattern dependency, three-gate string
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structure is simulated. The retention cycling (program-
retention-erase) is also performed, and the result is analyzed.
We assumed all the device structures are Self-Aligned Shallow
Trench Isolation (SA-STI) structure [13].

Il.  MODELS AND SIMULATION STRUCTURE

A. Physical Models

Three-dimensional band diagram together with the charge
fluxes in the nitride layer during the retention mode are
depicted in Fig. 1. The x-direction and y, z-direction indicates
the vertical direction and the lateral direction, respectively. In
this simulation, the major charge fluxes are classified into four
main mechanisms in retention mode as shown in Fig. 1. The
two fluxes are tunneling fluxes which are toward to the
substrate conduction band from the trap (flux-1 in Fig. 1) and
conduction band of nitride (flux-2 in Fig. 1). These currents are
expressed in (1) and (2), respectively.
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2

where ny is the trapped electron density and n. is the electron
density of the conduction band at the interface, v is a hitting
frequency to escape the trap, T, is tunneling probability based
on the WKB approximation, A4l is the distance between nodes

and vy is the average tunneling velocity of the electrons [7][8].
Assuming that the blocking layer is thick enough to block the
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Fig. 1. Three-Dimensional SANOS band diagrams and charge flux
diagrams in retention mode.
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Fig. 2. Simulated structures of the SA-STI SANOS device with (a) No
extended nitride, (b) finitely extended nitride, (c) infinitely extended
nitride, and (d) three gate string.

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

The electron capture and emission between the trap and
conduction band of the nitride are depicted in Fig. 1 (flux-3).
The capture is model by the SRH statistics and the emission
process is represented by the Poole-Frenkel model as in (3) and

(4).
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where ¢, is capture coefficient, N+ is the total trap density in the
nitride, E; is the trap energy, s is the Frenkel constant, & is

the electric field and Jj, is the flux-4 in Fig. 1. The flux-4 is the
charge transport in the conduction band of the nitride which
can be written as

k,T
Jn_qynncg+qD"Vﬂc—qy[nc(—V¢)+B—Vﬂc} (5)
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It may be noted here the charge transport along the vertical
and lateral direction in both the program and the retention
mode are considered since the current density is calculated
three-dimensionally.

B. Simulation Structure

The 3D SANOS (Si/Al,04/SisN,/SiO,/Si) devices with 4nm
tunneling oxide, 8nm Si3N4, 14nm Al203, and 30nm channel
length are considered in this study. The dependency of the
extended nitride length is analyzed by comparing the four
structures. Fig. 2(a) is the control device without lateral
spreading along the channel direction. A 15nm and 30nm
extended nitride structure are selected to represent the finitely
extended nitride case (Fig. 2(b)). To reflect the infinitely
extended nitride structure, we defined the extended nitride to
the 150nm as shown Fig. 2(c).

In fact, the actual NAND flash memory has the array
structure. Thus, the three gate string structure is used to show
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Fig. 3.The transient distribution of the (a) conduction electrons, (b)
trapped electrons during the retention mode
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Fig. 4. The threshold voltage shifts of the four devices. (Ref)
structure has the 6nm tunnel oxide to eliminate the vertical charge
loss.

the interference with the neighbor cells (Fig. 2(d)). Because all
of these structures are the SA-ST1 structure, the changes of the
charge distribution along the z-direction in the nitride are
neglected.

IIl.  SIMULATION RESULTS

A. The initial charge distribution

The retention simulations are conducted under the
temperature of 500K after programming the devices by
enforcing 18V to the gate electrode under the temperature
300K. The transient charge distribution of the conduction
electron density and the trapped electron density are shown in
Fig. 3. The programming is stopped when the threshold voltage
shift is 4V, and the charge density distribution is used for the
initial condition of the retention simulations.

B. The dependency of the extended nitride length

Fig. 4 is the retention curves of the five devices. The Fig.
4(a)-(d) curves are the retention curves of the three cases as
already shown in Fig. 2(a)(b)(c). First of all, to distinguish the
vertical charge loss from the lateral charge loss, we simulated
the structure in Fig. 2(a) with the 6nm tunneling oxide as
shown in Fig. 4(Ref). The thick (6nm) tunneling oxide
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Fig. 5. The transient trapped charge distributions along the channel
direction at the tunneling oxide interface (left three graph) and the
vertical direction at the middle of the channel (right three graph) of
the (a) no-extended, (b) finitely-extended (30nm), and (c) infinitely-
extended structures.
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Fig. 6. The transient trapped charge distributions of the infinitely-
extended structures from 10° sec to 10° sec.

structure has no vertical and lateral charge loss except for the
charge redistribution along the vertical direction [7]. Thus, the
difference between the no-extended nitride device (Fig. 4(a))
and the 6nm tunnel oxide device (Fig. 4(Ref)) indicates the
vertical charge loss only. The increment of the threshold
voltage of the no-extended nitride structure is due to the charge
transport along the vertical direction from the gate side to the
tunneling oxide side as shown in Fig. 5(a). Since the trapped
electrons are transported along the vertical and the lateral
direction in the cases of the finitely and the infinitely extended
structure as shown in Fig. 5(b)(c) and Fig. 6, the significant
threshold voltage shift is observed, unlike the no-extended
nitride structure in Fig. 4(b)-(d). Interestingly, the saturation of
the threshold voltage occurs and the saturation point depends
on the extended nitride length as shown in Fig. 4(b) and Fig.
4(c). The saturation can be explained by the transient
distribution of the trapped electron density as shown in Fig.
5(b). When the extended nitride region is filled with the
transported charges up to the equal level of the gate region, the
finitely-extended nitride structure has no lateral charge loss but
has the vertical charge loss. Therefore, the retention curves are
saturated and the saturation of the 15nm extended nitride
structure occurs earlier than the 30nm extended nitride
structure. From this result, the extended nitride length is
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Fig. 7. (a) The threshold voltage shift and (b) the charge distribution of a
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time goes by.
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Fig. 8. (a) The threshold voltage shift and (b) the charge distribution of a
device which is programmed with the solid pattern as the bake time
goes by.

confirmed as an important parameter in predicting the retention
time and deciding the specification of the structure, such as a
side-wall spacer size [9].

C. The dependency of programmed pattern

To understand the influence of the lateral charge spreading
on the neighbor cell, the check-board (Fig. 7) and the solid (Fig.
8) program patterns are simulated with the infinitely-extended
nitride structure. Because we assumed that the devices have the
SA-STI structure, the nearby cells in the other string is
neglected and the only two nearby cells in a same string line
affect the monitoring cells. For the reference, the string
structure is simulated with a programmed cell and an erased
nearby cell. The threshold voltage shift of the reference
structure is shown in the Fig. 7(Ref). In the check-board pattern,
the threshold voltage of the erased cell is increased more than
the reference structure, because the cell is affected by the two
programmed cells surrounding the erase cell. The charge
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Fig. 9. The threshold voltage shifts of the cycled cell and the nearby
cell.

transport is illustrated in Fig. 7(b) with the trapped electron
density distribution. Since the transported electrons from the
programmed cells reach the erased cell (gatel) region, the
threshold shift is increased until the threshold voltage of the
erased cell is same as that of programmed cells. The threshold
voltage shift of the programmed cells is not different from the
single transistor retention characteristics shown in Fig. 4(d).

In the solid pattern, since all cells are programmed, the

space region between the gates is the only way for the transport.

Hence, the uncovered region with the gate is filled by the
electrons which come from the neighboring cell until the
potential of the uncovered region is equal to the cell region. As
the space region is filled with the electrons, the lateral charge
transport is interrupted and the decrease rate of the threshold
voltage is reduced as shown in Fig. 8(a). The retention curves,
however, are not saturated because the electrons are transported
to the outside of the solid pattern array. The charge density in
the space region also decreases after the space region is filled
as shown in Fig. 8(b). In addition, Fig. 8(a) and Fig. 8(b) show
that the retention characteristics of the edge cell is not same as
the inner cells in the solid pattern. These pattern dependency
results are consistent with the experimental data in [9]

D. The dependency of retention cycle

The remaining electrons after the retention mode could
affect to the second retention characteristic. To reflect this
situation, we simulated the retention cycle (programming —
retention — erase) using the string structure as shown in Fig.
2(d). Fig. 9 shows simulation result after the retention cycle.
Remaining charges in the uncovered region disturb the charge
spreading. Therefore, the slope of the threshold voltage shift is
decreased as the retention cycle is repeated. The experimental
data of the retention cycle are reported in [13]. This Simulation
results indicates that measurement sequence impacts on the
retention performance of the CTF.

IV. CONCLUSION

Using the 3D self-consistent simulator, we simulated the
effects of the lateral charge spreading in the CTF. The initial
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charge distribution has been obtained from the same simulator
after the programming considering the charge transport in the
conduction band of the silicon nitride self-consistently.
Considering device structures with various lateral extended
structure, it has been concluded that the extended nitride length
is an important parameter to determine the erase characteristics.
Since that the neighbor cells affect the monitoring cell of
interest, the programmed pattern has to be considered in
analyzing the retention characteristics. Finally, we showed that
the charge loss characteristic in the retention cycle is also
strongly affected by the lateral charge spreading.
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