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Abstract— Kinetic description of carrier transport &
trapping across a charge trap layer (CTL) is essential for the
accurate modeling of 3D-NAND charge-trap flash devices. In
many conventional studies, the immediate thermalization and
trapping is assumed, which result in the over-estimation of
programming speed. To tackle this issue, several approaches
have been proposed to reflect the energy-dependent capture
probability of the tunneling-injected carrier. However, there
were limitations in improving the predictability of
programming behavior in the high-kinetic-energy regime.
Through in-depth CTF modeling studies, we could find out
that it is important to accurately trace the energy loss of
electron through inelastic scattering across CTL for the
accurate fitting across the entire bias region. Our new model
demonstrates superior calibration capability compared to the
conventional approaches without modifying material
parameter depending on program voltage. The over-
estimation of trapped charges in conventional approaches is
mainly caused by the uncaptured electrons having high-
energy injected over high thermal barrier in multiphonon
emission theory. Our model mitigates well programming
slope overestimation and removes unphysical behavior
observed in the injection-energy-independent relaxation
model, which deepens the understanding of charge trapping
dynamics and improves the predictability for process
optimization for next-generation NAND flash technologies.
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I. INTRODUCTION

Charge-trap flash (CTF) memory, particularly in 3D-
NAND architectures, has become a cornerstone of modern
nonvolatile storage, prompting continued efforts to improve
the physical understanding of the atomistic origin of CTF
behavior [1]. A detailed understanding of carrier transport
within the charge trap layer (CTL), as well as the spatial
distribution of trapped charge, is essential for accurately
predicting program/erase and retention characteristics.
However, many conventional studies assume instantaneous
thermalization and trapping, which leads to an
overestimation of programming speed [2,3]. In reality, the
electrons are injected into the CTL with high energy and
undergo energy loss through scattering within the CTL
before being captured. To mitigate these inaccuracies,
various models have been introduced to account for the
energy dependence of carrier capture in the CTL. These
include approaches such as modulating the capture
probability as a function of electron kinetic energy [4,5],
and employing an empirical Gaussian distribution to define
a net generation rate within the CTL [3].

In this study, in addition to conventional approaches, we
demonstrate that accurately tracking the energy loss of
electron due to inelastic scattering within the CTL is crucial

for the precise calibration of CTF devices. We incorporate a
key physical mechanism neglected in previous works: the
injection-energy-dependent relaxation length of high-
energy electrons. This effectively prevents both the
overestimation of the ISPP (Incremental Step Pulse
Programming) slope and unphysical programming curves
observed in the injection-energy-independent relaxation
model.
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Fig.1 Schematic of TONOS stack illustrated with energy band diagrams,
where key physical mechanisms are highlighted using colored arrows. To
indicate the energy of the electron injected into the conduction band, the
calculated kinetic energy was plotted above the conduction band edge as
a dashed line.

II. METHODS

We investigate the programming dynamics of a CTF
device composed of a TiN-Oxide-Nitride-Oxide-Silicon
(TONOS) stack. A schematic of the simulations is shown in
Fig. 1. The simulation framework and parameters are
adopted from previous studies [3—5]. The drift-diffusion,
Poisson, and Shockley—Read—Hall (SRH) equations are
solved self-consistently with trapping and tunneling
mechanisms incorporated within the SRH framework [3,5].
As illustrated in Fig.1, electrons with kinetic energies
exceeding 1 eV is injected into CTL, resulting in two
primary effects: (1) a decrease in capture probability, and
(2) an increase in scattering. The following section provides
a detailed explanation of how effects (1) and (2) are
incorporated into conventional TCAD simulations.

A. Decrease in Capture Probability

The multiphonon emission (MPE) theory for non-
radiative carrier capture describes the transition from a free
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state at the conduction band minimum (CBM) to a bound
state at the trap level [6]. However, in CTF device, free
electrons with kinetic energies exceeding 1 eV are injected
into CTL. As the electron energy increases, the thermal
barrier (E5) for the transition from high-energy free states
to the bound state also increases (Fig.2) [7]. Consequently,
the capture cross section (o,), which represents the capture
probability, decreases exponentially with Ez (g, « exp(-
Ep/kgT)).

To account for the reduced capture probability of high-
energy electrons, we first calculate the kinetic energy of
electrons (En») injected into CTL using

dEkin

dxcry,

Ekin
=qF.pp ——...
qltcrL AerL

(1

where x.r; is a spatial coordinate starting from tunneling
oxide (Tox)/CTL interface [4-5]. Injection energy (Eiy),
i.e., Eun(0), is calculated by subtracting conduction band
energy at the Tox/CTL interface from that at the
substrate/Tox interface. A.r;, denotes the energy relaxation
length, and F; represents the electric field along the CTL.
The capture cross section is modeled as the following
formulation to decay exponentially with increasing Ejin

O = 0y exp(—CO ) Ekin(xCTL)) - (2)

where Cy is the decay factor, and g, denotes the capture
cross section for the transition from the CBM state to the
trap state.
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Fig.2 Schematic illustration of non-radiative electron capture process
based on the MPE theory [6-7]. Electron capture is described with the
transition from a free state to a bound state at the trap level. In CTF device,
free electrons with kinetic energies exceeding 1 eV are injected into CTL,
resulting in higher thermal barriers (Ep) for the transition. Qrand Q, denote
configurations at free and bound state, respectively. Er is trap depth,
Shw is the reorganization energy of trap.

B. Increase in Scattering

For electron energies below 10eV, electrons injected
with higher energy lose their energy over shorter distances
due to increased scattering [8]. This phenomenon has been
observed in silicon nitride [9]. To capture this behavior, the
energy relaxation length in the nitride, A;p;, is modeled as a
decreasing function of the injected electron energy.

ACTL(EI:TI,]') = exp(Cl - Cinn]') or ClE_Cz (3)

inj

where C; and C; are fitting parameters [10].

III. RESULTS & DISCUSSION

We performed simulations on two structures: Silicon-
Nitride-AlO3-Nitride-Oxide-Silicon ~ (SNANOS) and
TONOS stack. In SNANOS stack, the superior calibration
capability of our model is proved. In TONOS stack, we
investigate the impact of injection-energy-dependent
relaxation on CTF programming (PGM) simulation and
explore the applicability of ISPP schedule optimization by
analyzing detailed physical quantities such as trapped
charge density.

A. Calibration Without Changing Material Constants
Depending on Vegm

First, we simulated the SNANOS stack using the
conventional TCAD model without considering kinetic
energy. As shown in Fig. 3(a), the conventional TCAD
model utilizes constant capture cross section which fails to
reflect the abrupt reduction in o at higher electron kinetic
energies, resulting in an overly rapid increase in threshold
voltage (V1) compared to the experimental data—Ileading
to PGM slope overestimation.

To reduce the discrepancy with experimental results,
conventional TCAD model have to adjust intrinsic material
constants such as electron mobility of CTL (pycry ),
tunneling mass (Mmg,,), and trap density (N;) to fit the
measured value of Vr [11,12]. For example, the electron
mobility was set to a value greater than 1 ¢cm?/V -s,
because a higher mobility reduces the amount of charge
captured by traps [11].

However, the experimentally measured mobility of
amorphous silicon nitride (a-SiN) is on the order of 1073
cm?/V s or even lower, whereas values around 1
cm?/V - s are typical for a-Si [13-15]. In the case of CTF
device, the apparent reduction in charge trapping observed
in the experiment, as compared to the simulation, is not due
to more than a 10°-fold increase in electron mobility of a-
SiN, but rather due to high energy electrons which fail to
be captured because of a large thermal barrier Ep, as
explained by MPE theory [6-7].
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Fig.3 PGM curves for the SNANOS stack simulated by utilizing (a)
conventional TCAD model, (b) injection-energy-independent relaxation
model, and (c) injection-energy-dependent relaxation model
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As shown in Fig. 3(b), even when incorporating the
reduction in o, due to kinetic energy of electron while
using a mobility value on the order of 10° cm?/V - s,
results in a decrease in the slope of PGM curves. However,
this approach fails to reproduce the measured data in the
high-bias regime (i.e., high-kinetic-energy regime), as it
does not account for the relaxation length dependence on
the injection energy.

By contrast, our proposed model, which explicitly
accounts for the injection energy, captures the physical
trends across the entire bias range in good agreement with
experimental observations (Fig. 3c). We have found that
our model exhibits high calibration capability, as it can
reproduce experimental results by utilizing the energy
dynamics of electrons without requiring any modification
of material parameters such as p, crr, Meyn, and Ny.

B. Injection-energy-dependent relaxation length

In TONOS stack, to investigate the impact of injection-
energy-dependent relaxation length in detail, we simulate
two cases: (1) an injection-energy-independent relaxation
length and (2) an injection-energy-dependent relaxation
length. In both cases, the programming slope is reduced
compared to the conventional TCAD (Fig. 4a, 4c).
However, when an injection-energy-independent
relaxation length is used, programming becomes less
efficient as programming bias (Vpgm) increases. This
unphysical behavior, inconsistent with experimental
observations, has also been observed in prior study using
an injection-energy-independent relaxation length (Fig. 4(b)
in [4]). This is because, at higher injection energies,
electrons traverse the CTL without sufficient energy loss,
leading to reduced capture probability during transport (Fig.
4b). In contrast, in our model, electrons injected at higher
Vrgum lose energy more rapidly near the Tox/CTL interface
and got more effectively trapped (Fig. 4d).
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Fig4 PGM curves and the trapped charge concentration at 10ms
calculated for the TONOS stack: (a,b) injection-energy-independent
model: (a) PGM curve, (b) trapped charge concentration; (c,d) injection-
energy-dependent relaxation model: (¢) PGM curve, (d) trapped charge
concentration.

Through our study, we have identified the physical
origin of the Gaussian-shaped distribution [3]. When a 1 ms
pulse is applied, the centroid of trapped charge varies with

the applied bias (Fig. 5). At lower biases, electrons
experience less scattering and are captured farther from the
Tox/CTL interface. The left side of the Gaussian
corresponds to the exponentially increasing capture
probability with respect to electron energy, while the right
side reflects the exponential decrease in free electrons due
to trapping at trap sites. This behavior was effectively
modeled by injecting free electrons through a Gaussian-
shaped net generation rate [3].
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Fig.5 Trapped charge concentration after 1 ms program pulses at different
bias voltages (13 V to 19 V).

Our model provides a more physical interpretation of the
experimental observation that ISPP exhibits faster
programming speed than decremental SPP (DSPP) or
constant pulse schemes [16] (Fig. 6a). In the case of ISPP,
electrons are initially trapped farther from the Tox/CTL
interface, resulting in a smaller impact on the Tox electric
field and the tunneling flux (Fig. 6b). In contrast, for
constant pulse and DSPP, electrons are initially trapped
closer to the Tox/CTL interface, which reduces the Tox
electric field and suppresses the tunneling flux in the initial
stage (Fig. 6¢-d).
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Fig.6 (a) Comparison of ISPP, DSPP, and constant PGM curves. Insets
show the corresponding pulse schedules. Time evolution of trapped charge
concentration for (b) ISPP, (c) DSPP, and (d) constant PGM conditions.
(e) incremental, (f), decremental, and (g) constant pulse schemes are
illustrated.
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Using the conventional TCAD model for ISPP scheme
optimization mislead optimization directions. We test three
ISPP schedules: (ISPP1) a fast-ramping over a wide voltage
range, (ISPP2) a slow-ramping over a narrow voltage range,
and (ISPP3) a moderate-ramping over an intermediate
voltage range. ISPP3 appears optimal under the
conventional model, whereas ISPP1 is found to be optimal
with our proposed model (Fig. 7). In our model, ISPP1 is
best schedule, as it promotes charge trapping over the
broadest spatial extent of the CTL. However, such an
analysis is not possible with conventional TCAD models,
where electrons lose energy instantaneously and become
trapped immediately at the Tox/CTL interface.
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Fig.7 Comparison of PGM curves for three different ISPP
schedules. Insets show the corresponding pulse schedules. The
optimal ISPP schedule differs from that predicted by the
conventional model.

IV. CONCLUSION

In this work, we developed a novel carrier energy-
dependent capture model that overcomes the limitations of
existing approaches, including programming slope
overestimation and unphysical programming curves. The
reduced charge trapping observed experimentally,
compared to the simulation, is due to the reduced capture
probability of high-energy electrons, attributed to the large
thermal barrier, consistent with multiphonon emission
theory. In addition, we have found the physical origin of the
empirically used Gaussian function. Compared to
conventional models, our approach shows potential for
more accurate optimization of ISPP schedules.
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