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odulation as a pathway to reliable
multilevel 3D NAND flash storage

Ruifu Zhou, a Ik-Jyae Kim, a Sejun Park,b Hyukchang Kwonb

and Jang-Sik Lee *a

Three-dimensional (3D) NAND flashmemory achieves high density through the vertical stacking of memory

cells. However, increasing the number of stacked layers induces significant residual stress, which adversely

impacts both structural integrity and electrical characteristics of 3D NAND devices. Thus, effective analysis

and management of residual stress in 3D NAND are required. This study employs a Sentaurus technology

computer-aided design (TCAD) simulation to examine the effect of residual stress on the reliability of

charge-trap 3D NAND. The results show that increasing the compressive stress in the charge-trap nitride

(CTN) layer improves data retention through band-edge modulation. To utilize these effects, we propose

the insertion of a stress engineering layer (SEL) between the poly-Si channel and surrounding oxide filler.

The SEL increases the compressive stress within the CTN layer. Thus, the retention degradation can be

reduced. The proposed SEL technique demonstrates the potential to improve the reliability of 3D NAND

flash memory by modulating residual stress.
Introduction

Due to limitations in planar NAND ash scaling (e.g., litho-
graphic resolution and cell-to-cell interference), three-
dimensional (3D) NAND ash memory with vertically stacked
cells has been developed as a high-density, cost-effective data
storage solution.1–3 The memory density in 3D NAND continues
to increase as a larger number of word-line (WL) layers are
stacked vertically. However, increasing the number of stacking
layers also increases mechanical residual stress within 3D
NAND, thereby causing physical deformations (e.g., wafer
warpage, bowing, and cracking) and adversely affecting elec-
trical characteristics.1,4 Beyond these structural concerns, the
local distribution of residual stress within the stacked structure
should also be carefully considered, because it can directly
impact critical functional layers. This may further affect elec-
trical characteristics and long-term reliability during opera-
tion.5,6 Therefore, optimizing residual stress within 3D NAND
architectures is critical to enable further scaling.7,8

Residual stress signicantly affects key device metrics such
as mobility, on-current, and threshold voltage (VT).6,7,9 In silicon
channels, residual stress can alter conduction band valley
degeneracy, thus modifying effective mass and scattering rates,
which, in turn, affect carrier transport.10,11 Beyond its inuence
on electrical performance, residual stress can reduce the long-
term reliability of memory cells.12,13 Thus, residual stress
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simulation has emerged as an important tool for predicting and
managing stress throughout the 3D NAND fabrication
process.6,8,14 However, previous studies on mechanical stress in
3D NAND have mainly focused on electrical characteristics such
as mobility, on-current, and threshold voltage, whereas the
relationship between local residual stress and retention reli-
ability in charge-trap 3D NAND has received limited attention.
In particular, the inuence of the local charge-trap nitride
(CTN) stress state on charge loss and retention degradation
remains insufficiently claried.

In this work, we investigate the residual stress distribution in
a process-ow-based 3D NAND structure using Sentaurus
technology computer-aided design (TCAD) simulations. We
then analyze retention behavior by varying the vertical residual
stress applied to the CTN layer. Our results demonstrate that
higher compressive stress in the CTN layer improves data
retention. Based on this nding, we propose the insertion of
a stress engineering layer (SEL) between the poly-Si channel and
the surrounding oxide ller to achieve reliable multilevel 3D
NAND ash storage. These results highlight the strong potential
of residual stress modulation as an optimization approach for
ensuring the reliability of 3D NAND memory cells.
Results and discussion
Residual stress in 3D NAND ash memory

A ten-layer 3D NAND structure was simulated by Sentaurus
TCAD, as illustrated in Fig. 1. Residual stress in 3D NAND stems
from the multilayer process sequence and its thermal history;
therefore, in our simulations we construct the 3D NAND
Nanoscale Adv.
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Fig. 1 Simulated 3D NAND flash memory using the technology
computer-aided design tool. W, Al2O3 + SiO2, SiN, SiO2, and poly-Si
were used for WL, BOX, CTN, TOX, and the channel, respectively.

Fig. 2 (a) Cross-sectional view of the ten-layer 3D NAND structure,
with the extraction cut line AA0 indicated. (b) Simulated vertical stress
distribution across different material layers along the extraction line
AA0. (c) Simulated transfer characteristics of the memory cell under
various programmed states. (d) VT as a function of program voltage
during ISPP.
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structure incorporating the sequential fabrication stages to
model the cumulative residual stress arising from the process
thermal history. Specically, the process ow is as follows:
sacricial silicon nitride (SiN) and silicon oxide (SiO2) multi-
layers were deposited on an Si wafer. Next, a hole with
a radius of 55 nm was etched, and 4 nm-thick SiO2 blocking
oxide (BOX), 7 nm-thick SiN (CTN), and 6 nm-thick SiO2

tunneling oxide (TOX) were deposited inside the hole. Then, the
hole was lled with a poly-Si channel, and a macaroni structure
was formed via etching and SiO2 lling. Subsequently, aer the
removal of sacricial SiN layers, a 2 nm-thick Al2O3 and a 1 nm-
thick TiN metal barrier were sequentially deposited, followed by
the deposition of tungsten (W) WL encapsulated in SiO2.
Finally, arsenic-doped (1020 cm−3) poly-Si was deposited to
establish a bit-line (BL).2,15 Although this simulation utilizes
a ten-layer model, it effectively captures the local stress behav-
iors governed by the stack conguration and material proper-
ties, offering critical insights into more complex, highly-stacked
3D NAND structures.8,16

Based on this structure, the stress distribution in each layer
was then analyzed. The vertical stress (along the channel
direction) was extracted along the cut line AA0 shown in Fig. 2a.
The corresponding stress prole across different material layers
is depicted in Fig. 2b. Residual stresses in 3D NAND structures
occur during thermal processing due to mismatches in the
coefficient of thermal expansion (CTE) among constituent
materials.10,17 In our previous work we calibrated the stress
model through experiments by depositing 50 nm SiN and 30 nm
SiO2 thin lms using chemical vapor deposition (CVD),
measuring the residual stress with an FSM-500 TC wafer-
curvature system. Key mechanical parameters, including CTE
and Young's modulus, were extracted and validated against
experimental data.7 In this work, we continue to use the same
calibrated parameters for SiN (CTE: 3 × 10−6/K) and SiO2 (CTE:
1 × 10−6/K), while the properties of other layers are taken from
the literature.18 The CTE, Poisson's ratio (n), and Young's
modulus (E) of each material were used in the simulation to
investigate the residual stress, and the corresponding
mechanical parameters are summarized in Table S1.7,18,19

Specically, Al2O3 (CTE: 8.18 × 10−6/K) and TiN (CTE: 10.8 ×
Nanoscale Adv.
10−6/K), which have higher CTE values than surrounding
materials (e.g., poly-Si (CTE: 2.8 × 10−6/K) and W (CTE: 4.6 ×

10−6/K)), exhibit greater constrained shrinkage during cooling.
As a result, signicant tensile stresses are induced within the
TiN and Al2O3 layers. In contrast, compressive stresses arise in
other layers, including approximately −0.2 GPa in the CTN
layer, as well as notable compressive stresses in the TOX layer
and BOX layer. Such residual stress distributions can potentially
inuence the band structures and carrier transport properties
of the memory cells, thus affecting their overall electrical
performance and reliability.8,16,18 In addition, Fig. S1 presents
additional results obtained by varying the CTE of SiO2 and CTN,
showing that the simulated stress distribution is sensitive to the
selected mechanical parameters.

I–V characteristics were simulated to examine the VT of the
memory cell at different programmed states. Piezo model
(which includes deformation potential), the density-of-states
(DOS) effective mass model, and the eSubband effective-mass
mobility model were included to capture the effects of
residual stress on electrical properties.16,20 Fig. 2c presents the
simulated transfer characteristics, obtained through incre-
mental step pulse programming (ISPP). During the program
operation, a voltage pulse with increasing amplitudes (13–21 V)
and a xed duration of 1 ms was applied to the selected WL,
while unselected WLs were biased at a pass voltage of 7 V.7,21

Erasure was conducted by applying a 22 V, 10 ms pulse to the Si
substrate.2 Fig. 2d demonstrates a near-linear increase of VT
with higher program voltages by ISPP.14,21 In addition, all cells
were conrmed to have nearly identical initial VT values aer
programming under the same stress condition. Also, it is worth
noting that VT was extracted using the built-in TCAD function,
with a reference current of 1 × 10−7 A.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Analysis and mechanisms of residual stress effects on 3D
NAND reliability

Next, a controlled vertical compressive stress was applied
selectively to the CTN layer to investigate the impact of residual
stress on reliability, while all other conditions were kept
unchanged so that the observed VT shis could be attributed to
stress-induced effects. Accordingly, the wide stress range
considered here should be interpreted as a controlled simula-
tion condition introduced to probe the stress–retention rela-
tionship, rather than as a stress state directly produced by the
process-ow-based structure. Retention simulations were per-
formed under varying stress conditions, as shown in Fig. 3a. For
each residual-stress condition, the selected memory cell was
programmed to the P7 state, and all terminals were then
grounded at 85 °C to start the retention phase. The initial VT
may differ among stress conditions due to stress-dependent
changes in the effective barrier of the charge-trap layers.18

Multiple physical models—including non-local Wentzel–
Fig. 3 (a) Schematic diagram of vertical stress along the channel
direction. (b) Retention characteristics of the 3D NAND cell under
different vertical residual-stress conditions. (c) Band structure varia-
tions under different stress conditions. The inset shows a zoomed-in
view of the simulated conduction band (top) and valence band
(bottom) diagrams. (d) Distribution of trapped electrons (e−) in the CTN
layer of the 3D NAND structure after the program operation. (e)
Variation of trapped-electron density along the cut line under different
residual stress conditions.

© 2026 The Author(s). Published by the Royal Society of Chemistry
Kramers–Brillouin (WKB) tunneling, Poole–Frenkel emission,
Shockley–Read–Hall (SRH), and Auger recombination—were
employed to capture charge loss.20 The CTN trap-related
parameters adopted in the retention simulation are summa-
rized in Table S2.20,22–24 These trap-related parameters were kept
unchanged for all compared stress states, so that the observed
retention difference mainly reects the residual stress effect. As
shown in Fig. 3b, the retention behavior changes markedly
under different applied compressive-stress conditions up to
108 s. To further interpret the retention trends, band-structure
analysis was performed. Charge loss in charge-trap memory
involves multiple mechanisms, among which trap-to-band
emission signicantly contributes to leakage currents.21,25

According to the Poole–Frenkel theory, electron emission from
trap states into the conduction band is highly sensitive to the
effective barrier height.26 A stress-induced shi in the conduc-
tion band can alter this effective barrier, thus affecting the
electron emission rate and the retention performance.27 Our
simulation results, illustrated in Fig. 3c, support this effect by
comparing two residual stress states. Increasing the compres-
sive stress from −0.2 GPa to −2 GPa induces an upward shi in
the conduction band, which further leads to improvement in
the retention time. Here, the band modulation is used to
illustrate the trend of stress-induced changes in the CTN band
prole rather than to provide a strictly quantitative prediction of
the absolute band shi. To provide a clearer understanding of
the factors inuencing retention, we further extracted the
trapped-charge distribution in the CTN layer aer program-
ming, corresponding to the initial state of the retention simu-
lation. As shown in Fig. 3d, the programmed cell exhibits
a nearly saturated trapped-electron region within the CTN layer,
while the unselected cells contain only a small amount of
charge. The extracted results in Fig. 3e show the trapped-
electron values obtained from the programmed CTN region
aer retention under different residual-stress conditions. With
increasing vertical compressive stress, the trapped-electron
value extracted from the same cut line gradually increases,
indicating that a larger amount of stored electrons remains in
the CTN and that charge loss aer retention is reduced under
stronger compressive stress. This tendency is consistent with
the retention-simulation results. It also supports the interpre-
tation that residual stress affects the charge-loss behavior and
inuences the overall retention performance. In addition, we
mainly discuss the vertical stress distribution in this paper,
because it is more directly related to the dominant charge-loss
path across the oxide/CTN layers in the simulation and thus
has a clearer impact on the effective barrier and retention
behavior. Lateral stress can also inuence retention; however,
within the scope of this work, we focus on vertical-stress
modulation.
Retention improvement through SEL-induced stress
engineering in 3D NAND

Building upon previous ndings that increased compressive
stress in the CTN layer enhances retention, we propose
a mechanical stress engineering strategy to further improve 3D
Nanoscale Adv.
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NAND ash reliability based on thermal mismatch. In a 3D
NAND structure, multiple materials are sequentially deposited
and stacked. The thermal mismatch among these materials
plays an important role in determining the overall stress
distribution in the 3D NAND stack.8,28 Therefore, inserting an
additional layer whose CTE is signicantly different from the
original materials can effectively change the overall stress
distribution. By tuning the SEL properties, the stress in targeted
regions can be deliberately engineered. Specically, we intro-
duce an SEL with high CTE (10 × 10−6/K) deposited aer the
poly-Si channel formation, located between the SiO2 ller and
the poly-Si channel (Fig. 4a). In this work, we also studied
different SEL thicknesses (10 and 20 nm) to evaluate their
impact on stress modulation. Notably, the oxide layer is
employed here as a conceptual SEL to validate the stress-
engineering strategy; hence, a specic commercial material
was not designated in this study. Nevertheless, materials such
as tetragonal ZrO2 and CeO2 can exhibit CTE values comparable
to the value assumed here,29–31 suggesting physical feasibility
and motivating future integration studies. However, practical
implementation of such a layer would still require further
process optimization since the insertion of an additional layer
may increase fabrication complexity and affect device geometry
as well as electrical characteristics. In addition, the high CTE of
the SEL may inuence the global stress balance of the full stack,
particularly in ultra-high-stack congurations; therefore, its
thickness andmaterial properties should be carefully optimized
to avoid excessive wafer bowing or warpage during future
process integration. At the local device level considered in this
work, the higher expansion tendency of the SEL induces tensile
stress upon thermal contraction, thereby increasing compres-
sive stress in the adjacent CTN layer (Fig. 4b). This enhanced
compressive stress reduces charge leakage, thus improving
overall retention characteristics. The retention improvement
observed aer SEL insertion therefore indicates that the
Fig. 4 (a) Schematic diagram of the 3D NAND structure after intro-
ducing the SEL layer. (b) Vertical residual stress distribution with and
without the SEL layer along the cut line BB0. (c–e) VT evolution during
retention for multilevel cells with and without SEL insertion.

Nanoscale Adv.
moderate increase in CTN compressive stress generated by the
proposed structure can still contribute to charge-loss suppres-
sion, consistent with the stress-dependent retention trend di-
scussed above.

The results of retention simulations at 85 °C for different
programmed states (P7, P5, and P2; Fig. 4c–e) demonstrate that
a 20 nm SEL induces stronger compressive stress in the CTN
layer and leads to slower VT degradation during retention, but it
also causes noticeable changes in the initial VT values,18

particularly at the lower programmed state (P2). In contrast,
a 10 nm SEL achieves a more balanced improvement in reten-
tion while minimally affecting initial VT values. To further
evaluate the electrical impact of SEL insertion beyond retention
characteristics, the program/erase speed and on-current were
also analyzed. Using the same program/erase conditions as
those reported in the previously published work,1,7 Fig. S2 shows
that SEL thickness has a negligible effect on the programming
speed and only a minor inuence on the erase speed. In addi-
tion, Fig. S3 shows that the on-current gradually decreases with
increasing SEL thickness because the channel compressive
stress becomes stronger. This reduction in on-current can also
narrow the practical read margin during sensing, even when the
retention behavior is improved. Consequently, implementing
an SEL necessitates a careful trade-off between enhanced
retention and electrical drawbacks, such as VT instability and
reduced read current. Among the congurations studied, the
10 nm SEL offers a favorable balance, improving retention with
minimal impact on program/erase speed, VT stability, and on-
current. Practical 3D NAND devices and fabrication processes
involve additional material and process complexities that are
not fully captured in the present simulations. Nevertheless, the
simulations identify a consistent link between increased CTN
compressive stress and reduced retention degradation, sup-
porting SEL-induced residual-stress modulation as a strategy
for improving multilevel storage reliability in 3D NAND ash
memory.
Conclusion

In this study, residual stress distributions induced by thermal
processing were simulated through Sentaurus TCAD. Retention
characteristics were then evaluated under different compressive
stress conditions within the CTN layer. The results show that
higher compressive stress in the CTN layer is associated with
improved charge retention, consistent with stress-induced
modulation of the CTN band prole and reduced thermally
assisted charge loss. Building on these results, we propose
inserting a high-CTE SEL between the SiO2 ller and poly-Si
channel as a potential stress-engineering strategy. Within the
investigated range, the 10 nm SEL provides a relatively balanced
improvement in retention while limiting the associated elec-
trical penalty. The simulation results suggest that this strategy
enhances compressive stress within the CTN, thus showing the
potential to improve retention performance. The results high-
light residual stress modulation as a promising approach for
improving the reliability of advanced 3D NAND ash memory.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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