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Abstract—We present a new algorithm for the exact solu-
tion of the system of equations describing charge trap-
ping and transport across the dielectric stack of nitride-
based charge trapping memories. The algorithm is im-
plemented in a physical MANOS model accounting for 
temperature effects and charge trapping into the Al2O3 
blocking layer. The model reproduces threshold voltage 
shifts measured at different temperatures on different 
MANOS stacks. 

I. INTRODUCTION 
Nitride-based charge trapping devices like MANOS [1] 

are considered a promising alternative to conventional 
Floating Gate technology for scaled NAND Flash, since 
they provide a better immunity to capacitive coupling be-
tween adjacent cells and allows reducing the vertical charge 
loss through the tunnel oxide. The optimization of MANOS 
memory performance and reliability demands for a deep 
understanding of the physical mechanisms governing de-
vice operations. This requires accurate simulation models 
to interpret experimental results and to derive the trapped 
charge distribution, as well as to understand the effects of 
temperature (T) and charge trapping into the alumina. 
These two fundamental aspects are usually not accounted 
for by the physics-based MANOS models presented in the 
literature [2]-[5]. In addition, the existing models adopt 
computationally expensive iterative methods to solve the 
equation system describing charge trapping and transport 
across the MANOS stack. 

In this scenario, we present a physical MANOS model 
accounting for temperature effects and charge trapping into 
Al2O3 blocking oxide layer. A new algorithm is developed 
to find the exact solution of the system of equations de-
scribing charge trapping and transport across the stack. The 
model is used to reproduce threshold voltage VT shifts 
measured at different T on different MANOS stacks.  

II. PHYSICS-BASED MODEL 
The flow chart of the model we developed to simulate 

MANOS operations is shown in Fig. 1(a). The core of the 

model is represented by the system of differential equations 
in space and time given by Poisson’s Equation (PE), which 
is solved to calculate the electric fields and the potential 
profile across the multilayer stack, and drift-diffusion (DD) 
and charge balance (CBE) equations, which are solved self 
consistently to derive the density of free, nF, and trapped, 
nT, electrons/holes in nitride and alumina layers. The equa-
tion system is solved self consistently by discretizing space 
and time into a matrix of bins (indexes i and j, respective-
ly).  
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�) � )� ! )��� is the simulation time step, q is the elec-
tron charge, μ is the constant electron mobility, ������ is the 
electric field in the ith region, *+ is the Boltzmann’s con-
stant, ," is the length of each region. ������ is the current 
density entering the ith region, whereas ��"#$��� and �%&���  

Figure 1. (a) Flow chart of the model developed to simulate TANOS 
operations. (b) current fluxes considered in each region. 
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are the current densities due to charge trapping and emis-
sion into/from the ith region, respectively. ��"#$���  is com-
puted using Shockley-Read-Hall theory [6], whereas �%&��� 
accounts for thermal emission (TE), JEM_TE, [7], and trap-to-
band tunnel (TBT), JEM_TBT, mechanisms [8] 
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=>��� and =%��� are the capture and emission rates, respec-
tively. The exact solution of the equation system (1)-(3), is 
derived using a new algorithm, described here without lack 
of generality for the case of the electron (e-) transport in 
nitride. Equations (1) and (2) can be rewritten to express �
�����  and �������� as a function of �
���  and ������ 
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A � ," 	D�E  is a constant and D� � 
*+F 	E (is the diffu-
sion coefficient. @��� � G
������ ," D�E � HI, B��� ��	,"=>��� � 	D� ,"E � and C��� � �%&��� � 	,"�
����� J)E  
are determined at the beginning of each simulation time 
step by calculating ������, =>��� and �%&��� , which depend 
only on the profile of the trapped charge calculated at the 
previous time )���. Writing (6) and (7) for the N spatial re-
gions leads to a system of 2N-1 equations with 2N+1 un-
knowns given by the currents G������ K ���L����I and by 
the free electron densities M�
��� K �
L��N. The system 
can be solved by imposing the proper boundary conditions 
for the DD equation at the layer interfaces 
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JTUN and JOUT are the electron current densities entering the 
conduction band (CB) of the first region (i = 1) and leaving 
the CB of the last region (i = N), see Fig. 1(b). POUT, the 
tunneling probability of the free electrons at the 
Si3N4/Al2O3 interface, and JTUN are calculated using the 
model reported in [9], which considers a multi-phonon 
Trap-Assisted Tunneling (TAT) conduction mechanism, 
including random defect generation and charge quantiza-
tion effects at the Si/SiO2 interface. Substituting (9) in (7) 
written for the last region (i = N) allows calculating �
��� 
as a function of ������ 
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Equation (10) can be rewritten as  

�
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where W��� � 	,"
������QPO� � B���, X��� � H and Y��� � C���. Equation (11) can be generalized by observing 

that the substitution in (10) of (6) and (7) written for the (N-
1)th region allows calculating �
����� as a function of ��������. Since the same procedure can be adopted for the 
remaining regions, we can write 

�
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where 
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The coefficients W���, X��� and Y��� are calculated at the 
beginning of the simulation time step, since they depend on 
quantities that depend only on the profile of the trapped 
charge calculated at the previous time )���. 

Once W���, X��� and Y��� have been calculated for every 
region, equations (12) and (7) can be used to derive the pro-
file of the free electron density �
, starting from the first 
region where ������ � ��O� (��O�is calculated). The �� pro-
file is finally determined from the �
 profile by using (4). 
The same procedure is adopted to derive nF and nT profiles 
in the alumina layer, provided that the correct boundary 
conditions are used for the DD equation. 

Equations (6), (7), (12)-(15) represent a fast alternative 
method (compared to the iterative methods proposed and 
adopted in the literature [5], [10]) to achieve a closed-form 
accurate solution of the equation system (1)-(3). Note that 
the minimum time step adopted in simulations should not 
exceed ∼10ms in order to guarantee a high accuracy and the 
self-consistency of the derived solution. 

III. MODEL RESULTS 
Model simulations allow reproducing threshold voltage 

shifts measured during P/E operations and retention in 
TANOS devices manufactured by different technologies 

 
Figure 2. Program ΔVT shifts measured (symbols) and simulated (lines) 
on TANOS devices with different tOX/tN/tAL stacks. Simulations are per-
formed taking into account (solid lines) and neglecting (dashed lines) 
charge trapping into the alumina layer. 
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[6], [8], [11]. In this paper we will focus on simulation re-
sults reproducing the effects of charge trapping in alumina 
and temperature on TANOS devices operation and reliabili-
ty. Devices considered in this work are MANOS capacitors(
with different SiO2/Si3N4/Al2O3 layer thicknesses. The SiO2 
tunnel oxide was thermally grown on the (100) Si substrate, 
followed by the silicon nitride layer deposition. Al2O3 
blocking layer was grown using the atomic layer deposition 
technique. A post-deposition annealing at 1100°C is used to 
obtain the Al2O3 γ crystalline phase. PVD TaN was then 
deposited to complete the gate stack. 

The model  described in the previous section allows 
both  reproducing VT shifts and estimating the contribution 
of alumina trapping to the total P/E VT shift and its depen-
dence on stack composition (i.e. on the ratio between ni-
tride and alumina thicknesses, tN/tAL). Fig. 2 shows the pro-
gramming transients measured on samples having (a) high 
and (b) low tN/tAL ratio. Simulations reproduce very well 
the experimental data in the whole voltage and time range 
using a single set of electron trap parameters for nitride 
(NT=4.5⋅1019 cm-3; σT=8.5⋅10-15 cm2; ET=1.6÷2.6 ± 0.2eV 
below CB) and alumina (NT=2⋅1019 cm-3; σT=8⋅10-15 cm2; 
ET=1.9÷2.7 ± 0.2eV below CB). In devices having a high 
tN/tAL ratio, the charge trapping into the Al2O3 layer is neg-
ligible, as confirmed by simulations performed considering 
and neglecting the alumina  contribution, which  are supe-
rimposed, see Fig. 2(a). In fact, most of the electron charge 
injected through the SiO2 layer during program is trapped 
in the thick nitride layer. As a consequence, only a limited 
fraction of electrons can reach the alumina CB and, there-
fore, is available for trapping in the alumina defects. 

  

Conversely, data measured on the stack with a low 
tN/tAL ratio cannot be reproduced if electron trapping into 
Al2O3 defects is neglected, and corresponding simulations 
exhibit an early saturation, see dashed lines in Fig. 2(b). 
The contribution of electrons trapped into alumina to the 
total VT shift ranges from 15% to 25%, depending on the 
program voltage and on the nitride/alumina thickness ratio.  

 Threshold voltage shift measured during erase in TA-
NOS devices are shown in Fig. 3 for two different stack 
compositions. Again, the experimental data are accurately 
reproduced by simulations performed considering the simu-
lated electron distribution after program and a single set of 
hole (h+) trap parameters for nitride (NT=6⋅1019 cm-3; 
σT=2⋅10-14 cm2; ET=1.9÷2.7 ±0.2eV below the valence 
band, VB) and alumina (NT=2⋅1019 cm-3; σT=1⋅10-14 cm2; 
ET=1.6÷2.4 ± 0.3eV below VB). Interestingly, simulations 
show that hole trapping in alumina is negligible regardless 
of both the erase VG and the tN/tAL ratio. This because the 
high offset between nitride and alumina valence bands 
(∼3eV) prevents h+ from reaching the Al2O3 layer. 

The proposed model takes into account also the strong 
T dependence observed in P and E operations, see Fig. 4. 
As can be seen, threshold voltage curves observed during 
P/E transients increase with the temperature [8].(This effect 
is due to a linear increase of the Al2O3 dielectric constant 
κAL with temperature [8], [12] that we estimated in 20%-
25% over 125K by reproducing the CV curves measured on 
TANOS capacitors, see Fig. 5. A similar variation of κAL 
has been measured on nMOS capacitors with a 150Å thick 

 
Figure 3. Erase ΔVT shifts measured (symbols) and simulated (lines) on
TANOS devices with different stacks.  
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Figure 5. C-V characteristics measured (symbols) and simulated (lines) 
on a TANOS capacitor at different temperatures. The inset shows the 
extracted variation of the alumina dielectric constant (κAL) with tempera-
ture. 
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Figure 6. Schematic representation of the band diagram of a TANOS 
device under program at different temperatures. 
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Figure 4. (a) program and (b) erase ΔVT shifts measured (symbols) and
simulated (lines) at different T. 
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alumina layer as gate dielectric [8], proving that the effect 
is related only to the alumina. By including the linear varia-
tion shown in Fig. 5 in the MANOS model, simulations re-
produce very accurately the experimental VT shifts in the 
whole T range considered, see Fig. 4. In fact, an increase of 
κAL leads to a reduction of the electric field and thus of the 
voltage drop across the Al2O3 layer that, in turn, results in 
higher voltage drops across SiO2 and Si3N4 (since the vol-
tage applied to the stack is constant), as schematically de-
picted in Fig. 6. The final effect is an increase of the SiO2 
electric field, which raises the electron current injected into 
nitride CB leading to higher P/E speed, as described by the 
model in Fig. 4. 

IV. CONCLUSIONS 
We presented here a novel algorithm for the fast solu-

tion of the equation system describing charge trapping and 
transport in MANOS memory devices. The model is shown 
to reproduce accurately the effects of both temperature and 
charge trapping into alumina on MANOS P/E operations 
and reliability. 
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