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a b s t r a c t

Non-Arrhenius behavior has been reported in a various temperature range for the retention time of CT
Flash memories. In order to understand the physical origin of the multiple activation energy due to
the non-Arrhenius behavior, we conduct a simulation study using a 3D self-consistent numerical simu-
lator developed in-house. As a result, it is found that both vertical and lateral charge transport in the con-
duction band of nitride layer are responsible for the non-Arrhenius retention characteristic. Also, the
tunneling current through the bottom oxide and a lifetime criteria are turned out to be the key param-
eters which determine the multiple activation energy.

� 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The Charge Trap (CT) Flash memory, based on the nitride trap
layer, is one of the most promising candidates for next Flash mem-
ory generation due to its ability to be scaled down [1]. Especially,
for the 3D vertical NAND (VNAND) flash structure, the CT type cell
is an inevitable choice considering the ease of processing the 3D
structures [2,3]. For actual production of flash cells, it is important
to understand and properly model the data retention characteris-
tics to guarantee the desired lifetime of the device. The widely used
method predicting the data lifetime is an extrapolation using the
activation energy, which is represented by the slope of the
Arrhenius plot, as used in the conventional Floating Gate (FG) cell
[4]. Usually, this method is used under the assumption that the
activation energy is constant (satisfying Arrhenius equation)
within the temperature of interest.

However, it has been continuously reported that the Arrhenius
plot shows not a straight line but shows the multiple activation
energies [5,6]. Several experimental data showing the
non-Arrhenius relation is summarized in Fig. 1(a) for FG cells and
Fig. 1(b) for CT memory cells [5–11]. This characteristics give rise
to the problem that the expected lifetime varies according to the
choice of the activation energy depending on the stress
temperatures.

It is more interesting that there are different kind of
non-Arrhenius behavior in Fig. 1: A decrease of activation energy
((ii)–(iii) in Fig. 1(a), (iii) in Fig. 1(b)), an increase of activation
energy ((iv) in Fig. 1(b)) and recovery after the decrease of activa-
tion energy ((iv) in Fig. 1(a)). Therefore, for more accurate predic-
tion of the device lifetime, a physical mechanism of the retention
phase related to the non-Arrhenius behavior should be understood.

Some authors have been reported about the origin of the multi-
ple activation energy in the CT memory but limited to the decreas-
ing activation energy only [12]. Also, their theoretical model is
based on the 1D model which cannot consider the lateral charge
redistribution [12]. This may be problematic because, until
recently, it has been continually reported that the lateral charge
transport gives a significant effect to the charge retention
[13,14]. The lateral migration was proved in many different ways,
for example, the direct probing method (AFM) [15,16], electrical
measurement [13,17] and theoretical simulation [13]. This lateral
leakage cannot be eliminated by separating the nitride region for
each cells because of the reliability degradation due to the cutting
of the nitride layer [17]. Moreover, the nitride layer cannot be sep-
arated at all for 3D VNAND structure. Hence, it is crucial to con-
sider the comprehensive models including the lateral transport
for modeling the retention phase.

However, to the authors best knowledge, most of previous
retention modeling and simulation works do not comprehensively
considers the structural and physical effects; Some model does not
consider the electron transport in the nitride region [12]. Others
tried to include all the physical equations, yet they are limited in
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the 1 dimensional simulation [17]. There is a report considering
the 2D lateral transport [18]but it does not calculate the tunneling
component and the channel region. Only recently, one can find
some efforts to include 3D comprehensive model to the retention
phase simulation [19,20] including author’s previous work [21].

In this context, it is worthwhile to study the retention charac-
teristics with 3D comprehensive physical models including the lat-
eral/vertical transport, trapping/de-trapping and tunneling in a
self-consistent manner. Hence, in this paper, we used the
self-consistent 3D CT memory simulator [21–23] for investigating
the non-Arrhenius behavior to explain all the trends in Fig. 1. In
this way, the relationship between the multiple activation energies
according to the temperature range and the stored charge trans-
port in lateral as well as vertical direction could be understood.

The P/E cycling also play a central role for the retention as well
as the lateral diffusion [14]. But, please note that it is beyond the
scope of this paper to consider the new trap generation during
the P/E cycling. Here, the pre-stress characteristic condition is only
considered here because the pre-stress measurement data in Fig. 1
indicates the non-Arrhenius behavior. Based on the work on the
pre-stress condition, we expect that the acceleration of retention
due to the P/E cycling also could be accurately modeled.

2. Simulation structure and physics

2.1. Simulation structure

The simulation structures are based on SA-STI (Self-Aligned STI)
SANOS (Si/Al2O3/Si3N4/SiO2/Si) device with 4 nm tunneling oxide,
8 nm Si3N4, 14 nm Al2O3, and 30 nm channel length. In order to
include the actual CT memory structure, the trap layer (Si3N4) is
continuous along the active line as shown in Fig. 2. Because of
the continuous trap layer, there is a leakage current in the lateral
direction through this continuous layer. In this study, three adja-
cent cells are simulated and the device at the center (Gate 1 in
Fig. 2) are programmed only while the adjacent cells (Gate 0 and
Gate 2 in Fig. 2) are biased with 0 V. More study of the effect on

the adjacent cells by the lateral charge spreading can be found in
elsewhere [21].

2.2. Simulation models

For the comprehensive model for the CT memory cells, we
included following key physics in our simulation code: (1)
tunneling from the nitride trap to substrate conduction band, (2)
tunneling from the nitride conduction band to substrate conduc-
tion band, (3) transport of trapped electron (via SRH and Poole
Frankel), (4) transport in the nitride conduction band, (5) transport
in the substrate channel region. We used a 3D in-house simulation
code built for CT memory devices. Some key master equations
and details for each mechanisms are summarized in the following
[21–23].

2.2.1. The tunneling current through the tunneling oxide
The non-local tunneling current (Jn) through the tunneling (bot-

tom) oxide is calculated with

Jn ¼ mqnTox ð1Þ

where n is a charge concentration in the conduction band or traps,
Tox is a tunneling probability of the bottom oxide calculated by the
WKB approximation and m is a hitting frequency. For the program-
ming phase, n is the charge concentration in the substrate m is a hit-
ting frequency in the quasi-bound state which is an electric field
dependent at the channel surface.

2.2.2. The trapped charge loss mechanism
The transport of trapped charge is calculated using the Poole–

Frankel model which can be written as
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where nc is a charge concentration in the conduction band, NT is a
concentration of traps with an energy level Et ; b is the Frenkel con-
stant, E is a local electric field, cn and m are constants. This equation
is solved for the entire nitride region in 3D space.

2.2.3. The transport of carriers in the nitride conduction band
The electron transport in the nitride conduction band is solved

with the drift–diffusion formalism than can be written as

Jn ¼ qlnncEþ qDnrnc ð3Þ

where ln is a mobility and Dn is a diffusion constant. This equation
is also solved for the entire nitride region in 3D space.

2.2.4. Density gradient
The electron distribution in the channel region is calculated

with the density-gradient formalism with quantum potential
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Fig. 1. Arrhenius plot for the retention time extracted from experimental data of (a)
Floating Gate (FG) cells and (b) Charge Trapping memories. The percentage
represents the criteria for the retention time.

Fig. 2. Simulated structures of the SA-STI SANOS device with continuous nitride
(Si3N4). The electron transport in the whole nitride region is calculated. We use Gate
1 for the program and retention while other cells are biased with 0 V.
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