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This paper presents a comprehensive numerical modeling for the threshold-voltage transients of nitride-
based memory devices during programming, erasing and data retention. The developed numerical tool
self-consistently solves the Poisson, continuity and trapping equations in the nitride layer using a
drift-diffusion formalism. The continuity equation has been discretized using the Scharfetter–Gummel
scheme and a modified Gummel-map has been optimized to ensure fully convergence of the equations.
The numerical model is able to describe the memory device operation for different gate bias regimes,
therefore addressing both the program/erase and the retention conditions. Finally, numerical results
are shown to carefully reproduce experimental data on template devices with different gate stack com-
positions, validating the physical assumptions and making the model a valuable tool for nitride memories
investigation and design.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Charge-trap (CT) memory devices are the most promising alter-
native to the floating-gate technology in the NAND architecture.

The (poly)Silicon/Oxide/Nitride/Oxide/Silicon (SONOS) gate
stack was one of the most successful implemented structures,
but showed poor performances due to the compromise between
data retention and program/erase (P/E) window (requiring a thin
tunnel oxide to avoid program and erase saturation) [1].

The TaN/Al2O3/Nitride/Oxide/Silicon (TANOS) structure has
been proposed to solve this compromise, featuring a thicker bot-
tom oxide in the range of 4 nm for long data retention and disturb
immunity and high work-function metal gate with high-k top
dielectric for reduced erase saturation [2]. Barrier-engineered tun-
nel applied to TANOS (BET-TANOS) has been proposed in order to
speed up erase transients with the help of the increased hole cur-
rent through the ONO tunneling barrier [3].

In the recent years several modeling approach has been devel-
oped to describe charge traps devices. Most of them treat electron
transport in nitride in approximated way [4,5] or cover only some
aspects of the CT functionality [6] or are not completely fully con-
ll rights reserved.

uri).
sistent [7]. Only [8] introduces a self-consistent drift-diffusion
solution for electron transport and trapping in the nitride, showing
the impact of the electron transport on program/retention tran-
sients but neglecting the hole contribution. On the other hand hole
transport, trapping and recombination is important when dealing
with modeling of BET-TANOS where the behavior (erase) is com-
pletely ruled by hole injection from the substrate.

In this paper we present a comprehensive numerical model able
to predict the threshold voltage (VT) transients of SONOS, TANOS
and BET-TANOS memory devices for different operating regimes,
including the detailed description of electron and hole transport
and trapping/detrapping in the nitride layer. To this aim, we have
applied the semiconductor formalism to describe the carrier
dynamics in the nitride, including the transport equations and
two (one for each carrier type) new sets of equations taking into
consideration the trapping/detrapping mechanisms that influence
the carrier flow in the conduction and valence bands. The continu-
ity equation has been discretized using the Scharfetter–Gummel
scheme [9] and a modified Gummel-map [10] has been optimized
to ensure fully convergence of the equations. The field dependence
of the carrier mobilities is also taken into account.

The paper is organised as follows: in Section 2 the mathematical
model is discussed, with subsections dedicated to the boundary
conditions, the adopted mobility model and the emissivity models

http://dx.doi.org/10.1016/j.sse.2010.11.004
mailto:aureliogiance@micron.com
http://dx.doi.org/10.1016/j.sse.2010.11.004
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Fig. 1. Calculated nitride memory band profile under program conditions for a
generic structure considered in this work. The electron injection and emission
currents at the nitride edges are also shown.
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for charge detrapping. The numerical implementation and the con-
vergence scheme are presented in Section 3. Section 4 is dedicated
to the discussion of the simulation results and their comparison
with experimental data on different SONOS, TANOS and BET-
TANOS devices. Conclusions are summarised in Section 5.

2. Numerical model

2.1. Basic equations

The equations implemented for modeling the VT transients in
charge trapping devices are a modification of the Arnett’s system
presented in [11], where we have added the contribution of holes
in presence of amphoteric traps [13]. This results in highly coupled
systems where appropriate decoupling scheme must considered as
explained in Section 3. The system is:

@2wðx; tÞ
@x2 ¼ q

eN
ðncðx; tÞ � pvðx; tÞ

þ ntðx; tÞ � ptðx; tÞÞ; ð1aÞ
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In the previous system, q is the electronic charge, �N is the nitride
dielectric constant, Nt, nt and pt are the volume densities of traps
and of trapped electrons and holes in the nitride, nc and pv are the
free electron and hole volume densities in the nitride conduction
and valence bands, en and ep are the total electron and hole emissiv-
ities from the traps (units: s�1) as resulting from the different phys-
ical mechanisms described in Section 2.4. In order to account for the
different trapping rates of amphoteric traps in their neutral, posi-
tive-and negatively-charged state, four different trapping cross-
sections (units: cm2) have been used: rn and rp are the electron
and hole capture cross-sections for neutral traps, while rrn and
rrp are their counterparts in the case of negative-and positive-
charged traps, respectively. Finally, Rn and Rp (units: cm�3 s�1) de-
scribe the net electron and hole recombination rates due to carrier
trapping/detrapping in presence of the electron and hole currents Jn

and Jp that replace the classical SRH terms in a general
semiconductor:

Rn ¼
@ntðx; tÞ

@t
þ Jnðx; tÞ

q
rrpptðx; tÞ þ

Jpðx; tÞ
q
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q
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The system (1) includes the Poisson equation in the nitride, with
electrostatic contributions of both free and trapped charges, and
the continuity equations for electrons and holes in the conduction
and valence bands. The last two equations of (1) describe electron
and hole trapping and detrapping in presence of amphoteric traps.
Note that, due to the amphoteric assumption, the trap density Nt

is unique for both carriers (i.e., both the carriers interacts with
the same physical centre). In addition to these equations, the
hole and electron currents are calculated with the standard drift-
diffusion formalism:
Jnðx; tÞ ¼ qncðx; tÞlnFðx; tÞ þ qDn
@ncðx; tÞ
@x

; ð3aÞ

Jpðx; tÞ ¼ qpvðx; tÞlpFðx; tÞ � qDp
@pvðx; tÞ

@x
; ð3bÞ

where F is the electric field, ln and lp are the electron and hole
mobilities and Dn and Dp are the diffusion coefficients calculated
by means of the Einstein relation (D/l = kBT/q), being kB the
Boltzmann constant and T the absolute temperature. At high elec-
tric fields a modified Einstein relation should be used for the mobil-
ity–diffusion relation (e.g. Arora relation [14] and references
therein). However, due to the negligible impact of diffusion process
at high fields, this correction can be neglected.

2.2. Boundary conditions

To ensure the correct solution of system (1), appropriate
boundary and initial conditions must be used for the program,
erase and retention regimes, to account for the tunneling conduc-
tion of the dielectrics (open boundary condition). To this aim, we
consider a one-dimensional nitride cell structure with the gate
placed on the left side and a nitride layer extending from x = 0
(interface with top dielectric) to x = xN (interface with bottom
dielectric), schematically shown in Fig. 1 under program conditions
and in Fig. 2 for erase. In both figures we have drawn all the current
fluxes involved in the dynamics: from bottom and top of the gate
stack, from the traps towards gate and from/to conduction/valence
band.

2.2.1. Program
Appropriate boundary conditions are given by the electron tun-

neling currents JBOT
e flowing from the substrate to the nitride via the

bottom dielectric and the tunneling conduction of the top dielec-
tric. For electron injection, we considered the electron energy
relaxation (see below) which forces a ‘‘non-classical’’ boundary
conditions not applied at x = xN but rather at the relaxation coordi-
nate xr. The boundary conditions then become:

Jnðxr ; tÞ ¼ JBOT
e þ qncðxr; tÞlnFðxr; tÞ þ qDn

@ncðxr ; tÞ
@x

;

JpðxN ; tÞ ¼ 0;

Jnð0; tÞ ¼ qncð0; tÞv thTCTOP
e ;

Jpð0; tÞ ¼ 0;

ncðx;0Þ ¼ pvðx;0Þ ¼ 0;
ntðx;0Þ ¼ ptðx;0Þ ¼ 0;

ð4Þ
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Fig. 2. Same as Fig. 1 but referred to the erase condition. The hole injection and
emission currents are also shown.
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where vth is the thermal velocity and TCTOP
e is the tunneling trans-

mission coefficient of conduction-band electrons through the top
dielectric, calculated with the Wentzel–Kramers–Brillouin (WKB)
approximation. The first of the previous boundary conditions ac-
counts for the tunneling current contribution to the drift-diffusion
term. This term is evaluated at position x = xr, representing the en-
ergy relaxation point of the injected electrons [15]. The relaxation
mechanism has been proposed in [15] following the works by
[16,17] on SiO2. It is worth pointing out that, due to the presence
of a relaxation length, thinner (than xr) nitride layers should not
exhibit trapping. This is confirmed by many experimental results
of different research groups [18–20]. Finally, the boundary condi-
tion applied to the hole current represents also a good approxima-
tion for SONOS-type devices, having a rather large top oxide
thickness (e.g., 6–8 nm) and therefore negligible hole injection from
the gate to the nitride (for a typical SONOS devices the hole current
coming from gate is 4–5 order of magnitude lower than the electron
one).

2.2.2. Erase
The band diagram is shown in Fig. 2: the bottom interface is

characterized by both hole injection from the substrate ðJBOT
h Þ and

electron emission from traps directly in the substrate or through
conduction band; electron injection ðJTOP

e Þ and possible hole emis-
sion must be accounted for the gate interface. The thermalization
position for electrons injected from the gate is now called xl, while
zero-length thermalization was assumed for holes.

As a consequence, the boundary and initial conditions are:

Jnðxl; tÞ ¼ JTOP
e þ qncðxl; tÞlnFðxl; tÞ þ qDn

@ncðxl; tÞ
@x

;

Jpð0; tÞ ¼ qpvð0; tÞv thTCTOP
h ;

JnðxN; tÞ ¼ qncðxN; tÞv thTCBOT
e ;

JpðxN; tÞ ¼ JBOT
h þ qpvðxN ; tÞlpFðxN ; tÞ þ qDp

@pvðxN; tÞ
@x

;

ncðx;0Þ ¼ pvðx;0Þ ¼ 0;
ntðx;0Þ ¼ n0ðx;0Þ;
ptðx;0Þ ¼ p0ðx;0Þ:

ð5Þ

Here, TCTOP
h and TCBOT

e are the tunneling transmission coefficients
through the top and bottom dielectrics for valence band holes and
conduction-band electrons, respectively. Moreover, n0(x, 0) and
p0(x,0) represent the trapped electron and hole concentrations in
the nitride at the beginning of the erase as obtained at the end of
programming.
2.2.3. Retention
Assuming negative/positive charge trapped in the nitride pro-

grammed/erased cell, the boundary conditions set an electron flux
from the nitride conduction band (or from the gate) to the sub-
strate and gate (or to nitride traps) and hole flux in the opposite
direction.

Jnð0; tÞ ¼ qncð0; tÞv thTCTOP
e ;

Jpð0; tÞ ¼ JTOP
h þ qpvð0; tÞlpFð0; tÞ;

JnðxN ; tÞ ¼ qncðxN ; tÞv thTCBOT
e ;

JpðxN ; tÞ ¼ JBOT
h þ qpvðxN ; tÞlpFðxN; tÞ:

ð6Þ

As initial condition we assumed zero free charge in the nitride
bands and a trapped charge that reflects the distribution at the
end of a programming/erasing step.

In addition to the previous conditions, the tunnel out flux from
the traps towards the gate and/or the substrate is self-consistently
taken in account for program/erase/retention operating regimes
(Figs. 1 and 2).

2.3. Mobility model

Electron and hole mobilities in the nitride conduction and va-
lence bands have been described by the following formula:

lðF; TÞ ¼ l0

1þ l0F
vsat

� �ah i1=a ; ð7Þ

where l0 is the low-field mobility of the carriers, vsat = 1 � 107 �
(300K/T) cm/s is the velocity saturation value and a = 1.109 � (T/
300K)b, with b = 0.66. The previous equation represents a simplified
version of the model reported in [21], able to include temperature
and electric field effects on carrier transport. It is worth pointing
out that usual mobility values quoted for nitride (see for example
[22]) are related to Poole–Frenkel like conduction mechanisms. In
our model, this process is already taken into account by the trap-
ping–detrapping kinetics, and our mobility strictly refers to the
transport properties of carriers in the conduction and valence bands
where diffusion coefficient is constant and related only to the local-
lattice parameter [23].

2.4. Emissivity models

The carrier emissivity phenomena must be carefully modeled
due to the different ways a carrier can be emitted from a trap
and the unknown relative weight of the different phenomena.
We have considered the following contributions to the total emis-
sivity coefficient en:

en ¼ mthPth þ mttPtt þ mphPph; ð8Þ

where Pth and Pph are the thermal and multi-phonon assisted tun-
neling emission probabilities from a trap to the nitride conduction
band, Ptt represents the direct trap-to-trap emission probability
and mth, mtt and mph are the corresponding attempt-to-escape fre-
quencies. The thermal emission coefficient has been calculated
according to [24]:

Pth ¼ e�ðET�KFcÞ=kBT ; ð9Þ

where ET is the (positive) trap energy position with respect to the
nitride band and the term KFc accounts for the barrier reduction
in presence of an electric field F. Trap-to-trap emission has been in-
cluded by means of the transition state theory [25], resulting in:

Ptt ¼ e�Eb=kBT ; ð10Þ
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Fig. 3. Emission probability calculated for the different mechanisms as a function of
the electric field for a 1.5 eV traps depth at 320 K temperature (a) and (b) as a
function of temperature at a field of 2 MV cm�1.
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where Eb is the energy barrier involved in the transition between
two traps (0 < Eb < ET, related to the average distance between two
traps in the nitride layer). This contribution results negligible from
the fitting of the data presented in Section 4. This is mainly due to
the fact that fits of Section 4 give a nitride traps density of the order
of 1019–1020 cm�3 that corresponds to an average trap-to-trap dis-
tance of the order of 2.2–4.6 nm, enough to consider non-interact-
ing traps (Eb � ET). Finally, the multi-phonon assisted tunneling
probability to the nitride conduction band was calculated modify-
ing [26] approach:

Pph ¼
X1

n¼�1
InðzÞe nWph=ð2kBTÞ�S cothðWph=2kBTÞð ÞTCðET þ nWphÞ; ð11Þ

where Wph is the (single mode) phonon energy that is considered in
the range of 40 meV, S is the Huang–Rhys factor [26], In is the mod-
ified Bessel function of order n evaluated at z = S/sinh(Wph/(2kBT))
and TC is the transmission coefficient from the trap spatial position
and energy ET + nWph to the nitride conduction band.

To estimate their relative weight, Fig. 3a shows the calculated
emission probabilities of (9) and (11) as a function of the electric
field at T = 320 K, assuming a trap energy depth ET = 1.5 eV and
c = 0.5 (i.e. Poole–Frenkel emission): it can be seen that multi-pho-
non emission dominates over thermal emission at high electric
fields, i.e. for P/E conditions, contrary to low electric field regime,
i.e. for retention. The temperature dependence of the emission
probabilities is displayed in Fig. 3b, referring to a fixed electric field
F = 2 MV cm�1. Multiphonon emission dominates at low tempera-
tures, due to its low activation energy, while thermal emissions
dominate at high temperatures.
Fig. 4. Modified Gummel-map used: the initial guess is used to solve Poisson,
electron and hole continuity equation; after that, the coupled trapping equations
are brought to convergence and the full systems convergence is checked.
3. Numerical treatment

In order to solve numerically system (1) and determine the VT

transient of the memory device under program, erase or retention
conditions, the free and trapped electron and hole concentrations
must be calculated as a function of x and t. To this aim, equations
have been discretized in the spatial (index i, space step hi) and in
the time (index k, time step s) domains using the standard
central-difference scheme for the Poisson equation and the
Scharfetter–Gummel approximation for the current density
equations [9]. Referring to electrons (holes are treated in a similar
way), the following system results where B(y) = y/(ey � 1) is
the Bernoulli function and Bpos = B(l/D(wi+1 � wi)) and Bneg =
B(l/D(wi � wi+1)):
wk
i�1�2wk

i þwk
iþ1

h2
i

¼ q
nk

c;i
þnk

t;i
�pk

v ;i�pk
t;i

eN

nk
c;i
�nk�1

c;i
s ¼ Dk

n;i

h2
i

nk
c;i�1Bneg;i�1

h
þ nk

c;iþ1Bpos;iþ1 � nk
c;iðBpos;i þ Bneg;iÞ

i
� Rk

i

nk
t;i
�nk�1

t;i
s ¼ Jk

n;i
q rn Nt;i � nk

t;i � pk
t;i

h i
� ek

n;in
k
t;i �

Jk
p;i

q rrnnk
t;i:

8>>>>><
>>>>>:

The trapping dynamics is hidden in the term Rk
i allowing the use of

tridiagonal solver for both the Poisson and continuity equations.
The time solutions stability is obtained using implicit numerical
methods: backward-Euler scheme for the continuity equations
and two-step backward-differential-formula for the trapping
equations.

Fig. 4 shows the adopted Gummel-map. The initial guess is used
to solve the Poisson and continuity equations, then solving the
coupled electron/hole trapping equations until convergence. The
residuals of the main cycle for each equation are shown in Fig. 5:
Poisson equation rapidly converges, while trapping equations re-
quire a higher number of iterations, though eventually converging
even for strongly-coupled systems. Fig. 6 shows the calculated VT

transients (test case: ONA stack composition: 4.5/7.5/13 nm during
P/E at VG = ±18 V) for different mobility values ranging from 10�5 to
102 cm2 V�1 s�1 and considering or not the self-consistency calcu-
lation. Self-consistent solution for program/erase transient is dif-
ferent from the not-self-consistent one (that means transport not
correlated with electric field) only at the initial time (below
1e�7 ls): this confirms what was previously inferred in [11] about
trapping efficiency in the nitride being only related to the trap
properties and not to the free charge transport in bands. This is also
the reason why [4,5] obtain good data fitting: electrical signature
of the self-consistent calculation is not visible during program
and erase measures. Moreover the VT evolution does not depend
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on electron and hole mobilities, except for small differences in the
early stage of the program operation, when very low mobility val-
ues are used. This is no strictly valid when the applied electric field
is low, as in the case of retention transients where new phenomena
appear. In fact in [12] a charge redistribution inside nitride is
experimentally proven and to address correctly this, the redistribu-
tion must be the result of the charge transport in conduction band
consistently with electric field and emission.

The effect of the boundary condition applied in the relaxation
point xr is shown in Fig. 7 where electrons back-diffusion from
the energy relaxation point toward the injecting oxide interface
is clearly highlighted in the inset as function of temperature.
4. Simulation results

To test our model we have applied the numerical code to a
different tests case coming from published data. All the TANOS,
SONOS and BET-SONOS/BET-TANOS devices have been considered
where, apart from the different stack composition, different nitride
layer has been used resulting in different trapping parameters. Due
to the complexities and numbers of the physical phenomena con-
sidered in our model we list the fixed parameter applied to any
curves: relaxation rate k = 3.1 eV/nm, exponential for thermal
detrapping c = 0.5, phonon energy for multi-phonon emission
Wph = 40 meV, mobility parameters b and vsat as declared in Section
2. Considering the wide range of data presented in literature the Nt,
ET, r and en should be used as fitting parameters depending of ni-
tride properties. Nevertheless the resulting fits showed below have
given almost a constant value for escape frequencies (thermal
mth ’ 108 s�1, multi-phonon mph ’ 106 s�1 and trap-to-trap tunnel-
ing mtt ’ 0 s�1) and for the traps energy depth (ET ’ 1.5 eV for stoi-
chiometric SiN and ET ’ 1.3 eV for Si-rich SiN with a gaussian
distribution width rE = 0.2 eV). Also we have used for the dielectric
relative constant the following: �oxide = 3.9, �nitride = 6.5,�alumina =
10.3.
4.1. SONOS devices

Fig. 8 shows the comparison between our numerical results for
program/erase and the experimental data extracted from [27],
referring to a SONOS device with a 3/5/4.5 nm ONO stack. The trap
spatial profile is assumed U-shape like, as suggested in [27] and in
[28] for the silicon-rich nitride (but this is not relevant in fitting the
results: a uniform distribution can be also assumed with the same
average traps level). Calculated results were obtained with a bulk
trap density Nt = 4 � 1019 cm�3 with a peak trap concentration at
interfaces of Nint = 2 � 1020 cm�3. Other parameters are rn =
10�15 cm2,rrn = rrp = 5 � 10�15 cm2 and rp = 10�19 cm2. Note that
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our simulator is able to reproduce the saturating behavior during
program (due to the balance between trapping and emission of
electrons in the traps) and in erase, due to the leakage current
through the top oxide: this is a typical behavior of the SONOS de-
vices and it is not observed in the TANOS ones. The dis-agreement
between simulation and data for the program case at VG = +10 is
related to the fact that we have used the same parameter for all
the nitride fabrication processes (making a differenziation only
for Si-rich and stoichiometric nitride as explained before) without
any optimization for any single case; moreover we think that this
difference can be also appointed to the intrinsic measure variability.
Fig. 9 shows the free and trapped electron concentration in the ni-
tride of program at a fixed time t = 1 ms and VG = 10 V. The free elec-
tron concentration slightly decreases for deeper positions in the
nitride due to the capture mechanism, while the trapped electron
profile is correlated with the U-shape spatial distribution of the trap
density. A similar result for holes is shown in Fig. 10 for the erase
condition at a fixed time t = 1 ms and VG = �10 V. The slight
decrease of the hole concentration in the valence band is due to
the low values of the trapping and recombination cross-
section rp and rrp. The effect of the barrier for hole tunneling
toward the gate, creating an accumulation layer, is also evident.
We note that for this particular case the contribution to the thresh-
old voltage by the trapped holes is negligible while in the case of
BET-TANOS (see below) is the responsible of the negative threshold.
109

1.2x109

C
B 

el
ec

tro
ns

 [c
m

-3
]

0 1 2 3 4 5
Position [nm]

1018

1019

1020

Tr
ap

pe
d 

el
ec

tro
ns

 [c
m

-3
]

1010

1011

Fig. 9. Simulated electron concentration in the nitride traps (left) and in the nitride
conduction band (right) of a SONOS device (3/5/4.5 nm of ONO stack) during
program at t = 1 ms and VG = +10 V.
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Fig. 10. Analogous to Fig. 9 but referred to holes during erase t = 1 ms and
VG = �10 V. Note the effect of the barrier between nitride and top oxide, resulting in
accumulation of holes at the nitride boundary.
Fig. 11 shows the free electron concentration in the nitride con-
duction band during an erase operation. Electrons that are emitted
from the nitride traps drift under the influence of the electric field
toward the tunnel oxide interface, where they pile-up due to the
oxide barrier before tunneling into the substrate. The VT variation
during erase is caused by electron loss from the nitride conduction
band and traps to the substrate.

4.2. TANOS devices

TANOS devices has been considered [2] to overcome the limita-
tion of the SONOS stack erase saturation by the adoption of a thick-
er high-K blocking oxide (Alumina) and a metal gate with high
work-function (TaN). Comparison between simulation results and
experimental data are shown in Fig. 12 where ONA stack is 4.5/
6.5/15 nm [2]. A uniform trap spatial profile was assumed, with a
trap density Nt = 6 � 1019 cm�3 and rn = 10�14 cm2. The model well
reproduces the non-saturating behavior during erase due to the re-
duced back-tunneling electron current from gate.

4.3. Barrier-engineered tunnel devices

To explore the importance of the hole contribution in the
modeling of the advanced charge traps devices we have analyzed
data coming from [3] where the tunnel oxide of SONOS and TANOS
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Fig. 11. Electron concentration in the nitride conduction band during an erase
operation for a SONOS devices VG = �10 V.
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Fig. 15. (a) Trapped electrons and (b) conduction electrons during retention at
473 K for a TANOS device (4.5/6/10 nm of the ONA stack).
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has been replaced with an engineered tunnel made with an ONO
stack to favour the hole current injection from the substrate
during erase. Different compositions of the engineered tunnel
(ONO) have been considered: in the case of BET-TANOS
3/2/1.5 nm, 1.5/2/2.5 nm, 1.5/2/3.0 nm while in the case of
BET-SONOS 1.3/2/2.5 nm. We point out that due to the experimen-
tal approach the top oxide of the engineered barrier has been real-
ized with the oxidation of the nitride giving a band structure
similar to the SION layer. In Fig. 13 the comparison between sim-
ulation and data has been reported for erase transient curve at
VG = �18 V; the following parameter are used in the simulation:
a uniform trap spatial distribution with a trap density Nt = 6 �
1019 cm�3, rn = 10�15 cm2, rrn = rrp = 2 � 10�16 cm2 and rp = 5 �
10�17 cm2. The decreasing of the erase performances found in the
case of BET-TANOS with ONO layer of 3/2/1.5 nm with the respect
of the standard TANOS is due to the different EOT between the two
architectures (higher for the BET-TANOS case) and to the fact the
used ONO is too thick to have a significant hole injection. In the
case of the other engineered tunnel stack, band structure increases
a lot the hole current from the substrate resulting in a very low
negative threshold at the end of the erase. Considering the data
with BET-SONOS the difference with the respect to the BET-TANOS
cases is due to the back-tunneling current coming from gate.
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Fig. 14. Comparison of the retention simulation results with the experimental data
[29] for a TANOS (4/5/10 nm of ONA stack). Line are the simulations and symbols
the experimental data.
4.4. Retention

Fig. 14 shows a comparison between our retention simulations
and experimental data at various temperatures for the TANOS
structure considered in [29]. Fig. 15a shows the trapped electron
profile for different retention times at T = 473 K: trap emission
takes place towards the bottom oxide, consisting mainly in elec-
tron tunneling directly from traps to the substrate. Fig. 15b shows
the corresponding conduction-band electrons: the large electron
accumulation close to the bottom oxide with respect to the alu-
mina side is related both to the higher trap emission (field-driven)
and to the higher tunneling barrier.

5. Conclusions

We presented the mathematical and numerical implementation
of a physics-based simulator for charge-trap memory devices, able
to describe the program/erase and retention VT transients. The sim-
ulator is based upon the semiconductor formalism for the descrip-
tion of carrier transport and trapping in the nitride layer, solving
the equations using the Scharfetter–Gummel approach, and suit-
ably extending it to consider the trapping phenomena with the
help of the appropriate equations. Transient-time simulations con-
vergence is obtained with a modified Gummel-map able to work
also in the case of strong coupling among the equations. Simula-
tions show very good agreement with respect to the experimental
data in a large number of different operating and physical condi-
tions, making the simulator a valuable tool for research and devel-
opment of these devices.
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