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Abstract— We present a model for tunneling currents in
highly degraded CMOS devices. In this field not only well
established tunneling mechanisms like Fowler-Nordheim
and direct tunneling are important to consider, but also
defect-assisted tunneling mechanisms such as elastic and
inelastic trap-assisted tunneling and hopping processes
between defects. In our work the interaction of several
defects in the tunneling process is taken into account.
The multi-trap assisted tunneling current is dominant for
heavily degraded devices with dielectric thicknesses above
approximately 3-4nm. The filling of traps with carriers
leads to space charge and is thus changing device param-
eters such as threshold-voltage or saturation currents.

I. INTRODUCTION

State-of-the-art CMOS devices are subject to steadily grow-
ing stress conditions. As the reduction of the applied voltages
does not keep up with the miniaturization of actual devices the
electric fields across dielectric layers are constantly increasing.
Especially for non-volatile memory cells high electric fields
are necessary in order to achieve quick write and erase cycles.
Due to the repeated high-field stress, defects can arise in the
dielectric leading to tunneling currents even at low fields. This
stress-induced leakage current (SILC) [1], [2] plays a major
role in the determination of the retention times of non-volatile
memory cells.

There are many approaches to model trap-assisted tunneling
(TAT). One approach is to model the defect assisted tunneling
process including a single trap. For each possible trap position
tunneling from the cathode to the trap and further to the anode
is considered, yielding a trap occupancy function which is
used to calculate the tunneling current [3]. This single-TAT
approach works very well for slightly degraded devices or
devices with thin gate dielectrics. For thicker dielectrics with
a high defect density it is reasonable to assume that also the
interaction of two or more traps in the tunneling process takes
place [4].

For the modeling of multi-trap assisted tunneling (multi-
TAT) approaches like a two-trap process [5], [6] or a multi-
trap process considering hopping of carriers between distinct
defects [7] have been presented. Recently, anomalous charge
loss in floating-gate memory cells has been reported [4], where
a two-trap model was used to reproduce the measured data.

For correct modeling of such highly degraded devices an
approach is presented which rigorously computes TAT current
assisted by multiple traps [8]. In this model hopping processes
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Figure 1: The formation of traps randomly distributed across
the oxide of a MOS structure.

between all oxide defects are taken into account. Also the
filling of oxide traps with carriers, leading to space charge in
the oxide and therefore to a shift of the threshold voltage, is
accounted for.

II. MULTI-TRAP ASSISTED TUNNELING MODEL

The model for the simulation of SILC in highly degraded
devices is based on inelastic, phonon-assisted tunneling [9]
with the tunneling-rate proposed by Herrmann and Schenk [3].
These approaches are extended for modeling the interaction of
multiple traps in the tunneling process.

A. Inelastic Phonon-Assisted Tunneling

The defect-assisted tunneling process of an electron from
the cathode to the anode via a trap is considered as two-step
process. Electrons are captured from the cathode, relax to the
energy level of the trap by emitting one or more phonons with
the energy hw, and are then emitted to the anode. This process
is inelastic as the electron energy is not conserved during the
tunneling process. Fig. 2 depicts this process including the
phonon emission.

B. Single-Trap Assisted Tunneling

When only one trap is considered in the tunneling process
the tunneling current density can be modeled as the sum of
capture and emission rates R; in each trap multiplied by the
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Figure 2: Inelastic tunneling process including a sole trap. The
excess energy of the tunneling electron is released by means
of phonon emission.

trap cross section Az,

The energetic position of the trap &r with respect to the
conduction band edge determines the trap cross section [10]
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where mg;e denotes the electron mass in the dielectric, which
is used as a fitting parameter.

The single-TAT and the multi-TAT models differ in the
way R; is calculated. When only single-trap processes are
considered (see Fig. 2) the rates are determined by [3]

R, = chth,(l — ft;) s Re, = T(;th,ft,, . 3)

Here, R., and R., are the capture and emission rates of
the considered trap, respectively, and Ny, denotes the trap
concentration. In the stationary case the capture and emission
rates must be equal R., = R., = R;. The trap occupancy f,
can be directly calculated as f;, = 7. '/(75' 4+ 7, ") where
the inverse capture and emission times can be evaluated as [3],
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In these expressions, gc(€) and ga(€) denote the density of
states in the cathode and anode, respectively, and the symbols
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Figure 3: Multi-trap assisted tunneling process. The tunneling
rate R; of a specific trap is determined by all capture and
emission times to and from the trap.

cn, and e, are computed as

(&) =co >  Lmd(E —Em), (6)
E-&
en(E) = co exp ( kBTLT) S LndlE ~ &), O
with
co = (477)2A$12(h@o)?’/(hgg,Sim) ; (8)
(hOg) = (¢*h*F? /(2 maia))"/? . 9)

The summation index m denotes the number of discrete
phonon emissions, &, is the phonon energy, and L,, is the
multiphonon transition probability [3]. The symbols fc and
fa are the Fermi distributions, T and T the transmission
coefficients from the cathode and the anode, F' the electric
field in the dielectric, and &g gio2 the band gap of SiOs.
The transmission coefficients were evaluated by a numerical
WKB method which yields reasonable accuracy for single-
layer dielectrics. This model has been used in a more or less
similar form by various authors [12], [9], [11].

C. Considering Multiple Traps

Recently, however, anomalous charge loss in memory cells
has been observed and was explained by conduction through
a second trap [5]. The single-trap model can be extended for
this case, and the rate equations become (see Fig. 3)

R, Re,
Toon Ney (1= fi) = (7 5 Ney for (1= fe) + 7a; 5 Ny foy) = 0
Teoos Vo (1= fi) + 7, 5 Ny foy (1 = fup) = Tey y Ny fry =0,

Re, Re,
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Figure 4: SILC simulations for a set of MOS devices at 1 V
gate bias. The oxide has a constant trap concentration.

where instantaneous transitions between occupied and free
traps are assumed. For thicker dielectrics it is quite reasonable
to assume that an arbitrary number of traps assist in the
conduction process. We therefore extend the model to n traps
where the capture and emission rates are evaluated as

k—1

Re, = ZTQ,iNtkfuﬂ — fir) s (10)
1=0
n+1

Rek = Z Te;iNtkftk(l — ftl) (11)
i=k+1

The values for fi, and f,,,, which are the trap occupation
probabilities at the cathode and the anode, are set to 1 and O
respectively. This way the cathode acts as electron source and
the anode as electron sink.

From the capture and emission rates the following equation
system can be set up

Z "Ny fo (1= fo) =

n+1

Z e,” ftk fti) k=1,2,...n
i=k+1

from which the values of all trap occupation probabilities have
to be calculated. This is performed within MINIMOS-NT using
a Newton method with the cost function Fj for a trap at
position k
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and the values of the derivatives in the Jacobian matrix
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Figure 5: The trap occupancy f; in the oxide of a 1.5nm
MOS transistor at 1 V gate bias.

A typical number of unknowns of the equation system is
15, depending on the dielectric thickness and trap energy.
The computational effort remains negligible compared to the
total device simulation time. The multi-trap assisted tunneling
current density can then be obtained from the capture or
emission rate

- qz Z cj LNtlftJ

ITIT. APPLICATION

The implementation of these models into the device- and
circuit-simulator MINIMOS-NT [13] allows the two- and
three-dimensional study of single- and multi-trap assisted
tunneling as well as direct tunneling mechanisms. Fig. 1 shows
the gate oxide with randomly distributed traps generated by
a transient stress simulation. Such results can be used for the
investigation of trap-assisted tunneling models.
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A. Tunneling Current

Fig. 4 shows a comparison of SILC simulation results
assuming three different tunneling mechanisms, namely direct
tunneling, single-TAT, and multi-TAT. The models have been
applied to a set of MOS transistors with gate dielectric
thicknesses ranging from 1.5nm up to 9nm. The gate is
biased at 1V, source and drain are kept at 0 V. For both, the
single-TAT and the multi-TAT simulations, the trap energy
is set to 2.8eV below the dielectric conduction band with
a constant trap density of 9 x 107 cm™3 across the oxide.
In the multi-trap simulation the tunneling current is several
orders of magnitude higher than in the single-trap simulation.
This is due to the fact that the multi-TAT current includes
the single-TAT component as a limiting case. The multi-TAT
model considers the capture and emission processes from the
cathode and to the anode, respectively, and also the capture
and emission processes involving all other trap centers. This
leads to the comparably high multi-TAT component in devices
with thicker oxides. It has to be considered, though, that this
high current is mainly due to the assumption of uniformly
distributed trap concentrations across the oxide. The direct
tunneling component loses importance for thicker dielectrics
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but dominates for thin dielectrics as found in logic CMOS
devices. For miniaturized devices with thicker oxides and
higher trap densities multi-TAT processes become increasingly
important.

B. Trap Occupancy

Fig. 5 depicts the resulting trap occupancy within the oxide.
A MOS transistor with 1V gate bias was simulated. It can
be seen that the trap occupancy f; is remarkably lower in
the multi-TAT case. The reason is the higher probability for
electrons to tunnel to one of the neighbor traps compared to
tunneling to the anode as it is the only possibility in the single-
TAT model.

C. Threshold Voltage Shift

The implementation of this model into the device simulator
MINIMOS-NT allows the simulation of the effect of charged
defects on the threshold voltage of memory devices. The space
charge density in the dielectric is calculated as

p(r) = qfy(x)Ni(z) (13)
and added to the Poisson’s equation
VeV = —(po + prar) - (14)

Fig. 6 outlines the threshold voltage V; for different oxide
thicknesses. The direct tunneling model, applying the com-
monly used Tsu-Esaki approach, does not account for the
filling of traps in the oxide. Therefore the threshold voltage
is not shifted compared to the simulation without a tunneling
model. The new multi-TAT model predicts an increase in V;.
This higher threshold voltage is due to the filled and therefore
negatively charged traps.

IV. CONCLUSION

We presented a new trap-assisted tunneling model for the
simulation of CMOS devices with highly degraded dielectrics.
The model considers inelastic tunneling processes between
several defects in the gate dielectric. The model has been
applied to a variety of devices with different oxide thicknesses.
It has been compared to single-trap and direct tunneling
processes. We show that for thicker dielectrics with high
defect density the inclusion of multiple traps is crucial for
the simulation of both, quantum mechanical gate currents and
the shift of threshold voltages. Thin dielectrics, on the other
hand side may be as well treated using the single-TAT model.
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Figure 6: Comparison of the threshold voltage V; of MOSFET
structures with different oxide thicknesses.
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