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Abstract
Charge spreading behavior within a few seconds, referred to as early retention, was
comprehensively investigated in 24 word-line stacked tube-type 3D NAND flash memory. We
thoroughly explored the charge spreading behavior from the perspectives of both electron and
hole spreading in 3D NAND flash memory with different charge trap layer thicknesses at various
programming and erasing levels for solid and checkerboard patterns to provide guidelines for
minimizing and optimizing the charge spreading.
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1. Introduction

Charge trap flash (CTF) memory has been widely investigated
as a possible replacement for floating-gate memory because it
provides several advantages, including simpler process steps,
superior vertical scalability, and reduced cell-to-cell inter-
ferences [1–5]. Recently, CTF memory has attracted more
interest in 3D NAND flash architecture, where a higher bit
density has been achieved by stacking multiple memory
layers in the vertical dimension [6–8]. In addition, 3D NAND
flash memory based on the CTF uses minimal processing
steps to pattern the multilayer stacks only once, thus greatly
reducing the bit cost [7]. However, it has been reported that
the lateral spreading of trapped charges, i.e., electrons and
holes, through the ‘shared’ charge trap layer (SiN) in 3D
NAND flash memory produces a significant effect on charge
retention [9–11]. In our previous study, it was observed that
lateral charge spreading can occur, especially within a very

short timescale, i.e., a few seconds, which we referred to as
‘early retention’ [12]. This phenomenon causes unwanted
results, i.e., a negative shift of the threshold voltage (VT) and
an increase in the string current immediately after program-
ming. Therefore, for higher density memory applications, a
further in-depth investigation is required regarding early
retention behavior, according to important physical para-
meters in 3D NAND flash memory, such as the SiN layer
thickness, because it can directly affect the bit density in
vertically stacked 3D NAND flash memory.

In this work, we evaluated the significant influences of
the thickness of the SiN layer on the early retention behaviors
in 24 word-line (WL) stacked tube-type 3D NAND flash
memory to provide guidelines for minimizing and optimizing
the charge spreading. Early retention can be caused by the
lateral charge spreading of the electrons and holes trapped
during the programming (P) and erasing (E) operations,
respectively; thus, diverse bias conditions were employed for
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the comprehensive evaluation of early retention. Moreover,
we evaluated the early retention behavior for different pat-
terns, such as solid and checkerboard patterns (S/P and C/P,
respectively). It was found that the early retention was caused
by a combination of residual hole spreading for short time
scales and trapped electron spreading for long time scales.
Importantly, we also observed that a thinner SiN layer wor-
sens the early retention under all conditions.

2. Measurement results and discussion

The device structure of the 24 WL stacked tube-type 3D
NAND flash memory used in this work, which is referred to
as ‘SMArT (Stacked Memory Array Transistor)’ [6], is shown
in figure 1(a). In this scheme, the stack height was minimized
by inserting an oxide-nitride-oxide (ONO) layer into the plug.
In addition, the gate-last process in the SMArT scheme

Figure 1. (a) Schematic of the 24 WL stacked tube-type 3D NAND flash memory. (b) Schematic explaining the early retention caused by the
spreading of trapped electrons and residual holes in the SiN layer. The profile of the conduction band edge (EC) in the SiN layer is also
shown.

Figure 2. (a) Pulse I-V measurement setup using Agilent B1500 with the waveform generator/fast measurement unit (WGFMU) module. The
waveforms designed for the measurement of early retention consist of the ISPP and read pulses. The measured string read current was
transformed into the early retention defined as VT,loss(t)=VT(t)−VT(t=0). VT,loss vs. retention time (t) as a parameter of the PV levels at a
high EV level for (b) S/P and (c) C/P. Comparisons of (d) simulated residual hole concentration and (e) simulated EC profiles in SiN layer
for S/P and C/P. The number of residual holes for S/P was smaller than for C/P because the holes trapped during the erasing operation were
more effectively compensated for by the higher fringing field for S/P compared to that for C/P. The EC values for C/P have a larger gradient
than those for S/P because of the erased neighbor cell states and the larger number of residual holes for C/P.
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exhibited good reliability characteristics. Nevertheless, the
early retention behavior was unavoidable and still needs to be
improved for the implementation of ultrahigh density mem-
ory. As schematically depicted in figure 1(b), lateral spread-
ing of the electrons trapped during programming proceeded
outside the cells because of the electric field serving as the
driving force of redistribution, which was accelerated at
higher temperatures. Moreover, lateral spreading of the resi-
dual holes at the edges of cells that were not fully compen-
sated by the electrons trapped during programming, because
of the relatively long erasing time and high diffusivity of
holes [13], proceeded into the cells from the electric field
distribution and then were also redistributed [12]. Therefore,
an in-depth study of the early retention is essential in terms of
both electron and hole spreading. We only focused on the
lateral spreading of the trapped electrons and residual holes in
this work, because the SiN thickness is thin enough that the
vertical spreading of the charges is expected to be negligible.
However, the separation and extraction of two spreading
components is important; hence, the quantitative analysis with
a sophisticated simulation should be required in near future.

To accurately measure the early retention, we utilized the
fast-response pulse I-V measurement using incremental step
pulse programming (ISPP), as shown in figure 2(a), because it
was difficult to detect early retention using the conventional
DC I-V system [14]. The reading phase was enabled within
100 μs after ISPP, which allowed for accurately measuring
the early retention. First, all cells were erased by a high erase

verify (EV) level; then, the early retention under various
program verify (PV) levels (PV1, PV2, and PV3) using ISPP
was measured for S/P and C/P at 90 °C. Here, VT is increased
from PV1 to PV3. Note that, as was globally observed, the
early retention was clearly aggravated when the PV levels for
both S/P and C/P were decreased, as shown in figures 2(b)
and (c). This trend was more noticeable for the shorter
retention time. This is because a larger number of uncom-
pensated residual holes were generated at a lower PV level
(PV1) for both patterns [12]. Additionally, it should be noted
that for a higher PV level (PV3), the time dependency of early
retention for both S/P and C/P clearly differs from the lower
PV level (PV1). That is, the early retention at the PV3 level
for both patterns showed a transition in the slope of VT,loss vs.
retention time that was not shown at the PV1 level. This was
most likely caused not only by hole spreading but also by
electron spreading at the high PV3 level. The diffusivity of
the holes is surely larger than that of the electrons in the SiN
layer; thus, for short time scales, the hole spreading (red
dotted line) was dominantly observed [13]. However, for long
time scales at the high PV3 level, significant electron
spreading also occurred due to the large number of trapped
electrons; hence, the slope was changed accordingly (blue
dotted line). Since the amount of residual holes was not large
at the PV3 level, the slope of the electron spreading was
observed to be larger than the slope of the hole spreading. In
addition, we observed that for C/P, the charge spreading of
both electrons and holes was more evident, especially at PV3,

Figure 3. The SiN thickness dependence of early retention at a high PV level (PV3) and low PV level (PV1) for (a) S/P and (b) C/P. The red
dotted line and blue dotted line indicate the hole spreading and electron spreading, respectively. More hole spreading (red arrow) and more
electron spreading (blue arrow) occur for a thinner SiN layer for both patterns. (c) Simulated contours of the trapped electrons and holes
during the P/E operations for thick and thin SiN layers. The difference in thickness between thick and thin SiN layers was 0.4 nm.
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than for S/P. This is attributed to the larger potential gradient
and larger amount of residual holes due to erased neighbor
cells for C/P, compared to that for S/P, as shown in
figures 2(d) and (e) [10–12].

Based on the aforementioned results of the early reten-
tion, we further investigated the early retention behavior for
different SiN thicknesses to provide guidelines for minimiz-
ing and optimizing the early retention (figure 3). The P/E
characteristics were almost similar regardless of the different
SiN thicknesses (data are not shown), because the difference
in thickness between thick and thin SiN layers was only 0.4
nm. But, we observed that the cells with thinner SiN thickness
more rapidly reached to the program saturation at a lower VT

level, compared to those with thicker SiN thickness, which is
due to the thickness difference. Notably, the early retention
between them was clearly different: in particular, the differ-
ence can be clearly observed at a high PV level (PV3)
because at this level, both electron and hole spreading were
obviously distinguished. A thinner SiN thickness resulted in
worse early retention of several tens of mV in both S/P and
C/P, as shown in figures 3(a) and (b), respectively. It was
observed that the two slopes indicating the charge spreading
of both trapped electrons and residual holes increased as the
SiN thickness decreased. These results would simply be
caused by a wider distribution of trapped electrons and holes
during programming and erasing operations in the thinner SiN
layer, respectively, as simulated in figure 3(c). The thinner
SiN layer did not have enough charge trap sites in the vertical
direction compared to the thicker SiN layer [15]; hence, more
lateral trapping of both electrons and holes was likely to occur
during the P/E operations.

3. Conclusions

We comprehensively investigated the early retention, i.e., fast
charge loss within very short time scales, in 3D NAND flash
memory. It was found that the early retention was closely
correlated with the combination of residual holes at short
times scales and trapped electrons at long time scales.
Moreover, the early retention behavior was shown to be
strongly dependent on the program and erase levels; hence,
they should be balanced and optimized to reduce the early
retention. The early retention became worse when the thick-
ness of the SiN layer was decreased because of the widened
distribution of trapped charges, which indicates that the
thickness of the SiN layer is also an important factor to
consider to reduce the early retention. We believe that our
work provides the optimal design guideline for minimizing
and optimizing early retention in 3D NAND flash memory.
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