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Abstract

We present a set of models for the simulation of gate dielectric leakage, wearout, and breakdown. The leakage model accounts for
direct and trap-assisted tunneling through the dielectric layer. Wearout is caused by the leakage-induced creation of neutral defects
at random positions in the dielectric layer, which, if occupied, degrade the threshold voltage of the device. Gate dielectric breakdown
is triggered by the formation of a conductive path through the insulator. To allow trap characterization and for the simulation of
fast transients the modeling of trap charging and decharging processes is outlined. The models have been implemented into a three-
dimensional device simulator and are used for the characterization of ZrOz-based dielectrics and for the study of gate leakage and

wearout effects in standard CMOS inverter circuits.
© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

Shrinking of gate dielectric thicknesses of submicron
CMOS transistors demands the use of alternative gate
dielectrics such as ZrO,. These materials, however, suf-
fer from high defect densities which degrade the device
performance. Therefore, the gate dielectric reliability
becomes a crucial issue not only for non-volatile mem-
ories but also for logic applications. However, state-
of-the-art device simulators do not properly account for
this effect. While the current transport through high-x
dielectric layers either by direct [1] or defect-assisted
tunneling [2] has been studied intensely applying so-
phisticated methods, modeling of dielectric breakdown
has been investigated only recently [3]. Since the pro-
cesses of leakage, trap creation, and dielectric break-
down are physically directly related, we propose a set
of models which directly link the simulation of direct
and trap-assisted leakage current with the creation and
occupation of traps and the occurrence of breakdown.

*Corresponding author. Tel.: +43-1-58801/36016; fax:+43-1-
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The random trap placement leads to a statistical fluc-
tuation of the threshold voltage and the gate current den-
sity. We find that this variation is reduced for thinner
dielectrics. The implementation of these models into
the general-purpose device simulator MINIMOS-NT [4]
also allows to investigate the effect of gate leakage
and wearout on circuits such as a standard CMOS in-
verter. We see no significant degradation of circuit per-
formance due to gate leakage, while dielectric wearout
leads to a shift of the transfer characteristics and dielec-
tric breakdown deteriorates the slew rate of the circuit.

The paper is structured as follows. In Section 2 the
models for leakage, wearout, and breakdown are de-
scribed. The trap-assisted tunneling model is enhanced
to describe transient trap charging in Section 3. In Sec-
tion 4 statistical simulations with random trap place-
ment are carried out, and Section 5 shows the effect of
gate leakage and dielectric wearout on the transfer char-
acteristics of inverter circuits. A summary and conclu-
sions are presented in Section 6.
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Figure 1. Random trap distribution in a MOSFET dielectric
layer simulated by MINIMOS-NT.

2. Leakage, Wearout, and Breakdown

We distinguish three processes which happen sequen-
tially and finally trigger breakdown. Starting from a
fresh dielectric layer with low trap concentration or no
defects at all, the direct tunneling current gives rise to
the creation of neutral defects. These defects cause trap-
assisted tunneling, leading to two detrimental effects.
First, some of the existing traps become occupied by
electrons, which degrades the threshold voltage of the
device. Second, new defects are created in the dielectric
layer. The location of the traps is assumed to be ran-
dom within the layer, while a constant energy level and
a specific charge state (positive or negative) is assumed.
Finally, if a conductive path through the dielectric is
formed, a localized breakdown occurs and the current
density increases according to the conductivity of the
dielectric layer.

2.1. Modeling of Leakage

Gate leakage is modeled as the sum of direct and trap-
assisted tunneling. Assuming a fresh and defect-free
dielectric layer, only direct tunneling is present which
is modeled following the commonly applied Tsu-Esaki
approach [5] where the gate current density is given as

Emax
J= %f TC(E)N(E)dE, . (1)
Emin

The symbol TC(€,) in this expression denotes the
quantum-mechanical transmission coefficient TC(&,)
which can be computed by several methods [6]. We
have used a numerical WKB method to allow for con-
duction band discontinuities as encountered in the mod-
eling of high-x dielectrics, since this method represents
a sound compromise between accuracy and computa-
tional effort.
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Figure 2. Trap-assisted tunneling transition by inelastic
phonon emission.

The supply function N (£) is calculated from Fermi-
Dirac distributions at both sides of the dielectric.
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The current through the dielectric layer gives rise
to the creation of neutral defects which are randomly
placed in the dielectric layer, as shown in Fig. 1 for a
three-dimensional simulation.

The defects give rise to additional trap-assisted tun-
neling which is modeled via inelastic phonon-assisted
transitions [7, 8]. Fig. 2 shows the basic trap-assisted
tunneling process through the gate dielectric. Electrons
are captured from the cathode, relax to the energy of the
trap £ by phonon emission with energy m#Aw, and are
emitted to the anode. The trap-assisted tunneling cur-
rent is found by integration over the dielectric thickness

B taiel NT(:r)
Jt - CI/; TC(ZE) + Te(s‘:) dﬂ:! (3)

where Np(z) is the trap concentration and 7.(z) and
Te(z) denote the capture and emission times calculated
from

i) = Emcn(s,mmfafl(s)de @
7 = /m en(&,2)T(E)(1 — £.(€))dE .
&y

&)

In these expressions, ¢, and e, denote the capture
and emission rates, f; and f. the Fermi distributions,
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Figure 3. Drain current as a function of time for differ-
ent dielectric thicknesses.

and T} and T’ the transmission coefficients from the left
and right side of the dielectric, respectively. The capture
and emission processes are described by their respective
probabilities as suggested by Herrmann and Schenk [7],
and the transmission coefficients were evaluated by the
same numerical WKB method as used for the direct cur-
rent calculation.

2.2. Modeling of Wearout

While the neutral defects cause trap-assisted tunnel-
ing and gate leakage, only the occupied traps lead to
threshold voltage degradation and wearout of the gate

dielectric. This is modeled by an additional space
charge component
p(z) = QT Nr(z)fr(z) (6)

where fr denotes the trap occupancy and Q1 the trap
charge state. Due to this charge the threshold voltage of
the device degrades over time. This is shown in Fig. 3
for devices with different dielectric thicknesses. Here,
an initial trap concentration of 2 x 10'®* cm~* and a trap
energy level of 2.75eV was assumed. It can be seen that
the wearout process is characterized by a region of slow
threshold shift where chare in the dielectric builds up.
As soon as a certain number of traps in the dielectric is
reached, the threshold voltage is suddenly reduced and
dielectric breakdown follows.

Note that the assumption of inelastic phonon-assisted
tunneling implies that, depending on the bias condi-
tions, only a fraction of the traps in the dielectric layer
might be occupied [9].
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Figure 4. Dielectric breakdown for a 3 nm SiO; layer as
a function of gate bias.
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2.3. Modeling of Breakdown

The neutral and charged defects create percolation
paths in the dielectric, which eventually connect the gate
with the substrate [3]. The traps are placed randomly
with a fixed trap energy, as shown in Fig. 5. The defect
concentration N is assumed to be proportional to the
total injected charge @Q; via

Nt =CQf, ™

as proposed by Degraeve et al. [10], who found values
of C = 5.3 x 10719 cm =188 As™%% and o = 0.56 for
dielectric thicknesses between 7.3 and 13.8 nm. Since
no measurements for state-of-the-art logic devices have
been available, these values were used for the thinner
dielectric layers, too.

As soon as a percolation path through the dielectric is
created, the dielectric layer loses its insulating behavior
and the current suddenly increases. The gate current
density is shown in Fig. 4 for a 3nm layer of SiO3 as a
function of time for different gate voltages assuming an
initial trap concentration of 1016 cm=3,
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Figure 5. Two-dimensional cut through the dielectric
layer showing the random trap placement (darks spots).
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Figure 6. Trap occupancy fr(x) in the dielectric layer
during a decharging process as a function of time.

The time-to-breakdown strongly decreases and the
gate leakage strongly increases with higher gate bias.
However, the gate current density after breakdown can
no more be described by a tunneling process. Mea-
surements indicate that the gate current after breakdown
is related to the gate voltage by a simple power law
I = KV, where the parameter K reflects the size of
the breakdown spot, and the parameter p is in the range
of 2—5[11]. This expression can be used to account for
the effect of dielectric breakdown in circuit simulations.

3. Modeling of Transient Trap Charging

To predict the transient behavior of fast switching
processes, the charging and decharging dynamics of the
traps must be considered. The concentration of occu-
pied traps at position z and time ¢ is generally described
by the rate equation

No@) LD = Moy IR o)

where 7. and 7, describe the capture and emission time
of the trap. For the stationary case the time derivative on
the left-hand side is zero and (3) can be derived, while
for the transient case, the time constants must be evalu-
ated in each time step. The occupancy function can be
calculated iteratively by

fr(z,t;) = A; + Bifr(z, tiz1) )

where A; and B; depend on the capture and emission
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Figure 7. Transient trap charging currents for a ZrO,
layer [12].

times at the time step ¢; by [9]

T (2, t:) At 1-C;
= e BWakh g :
A 1+C; 1+ C;
C.i _ 'rrgl(z,t,-)At,-.
2
Here, At; = t; — t;—1 and t; denote the dis-

cretized time steps. Once the time-dependent occu-
pancy function in the dielectric is known, the tunnel cur-
rent through one of the interfaces at time ¢; is

tdiel

Jie(ti) =q NT(a:)TL_r1 (z,t;) dz . 9)
0

In this expression the symbols 1 and r denotes the con-
sidered interface (left or right) and the time constants 7
and 7 are calculated from

T (@ t) = T (2, t) —

Fr(z, t) [T;l}(x, t:) + 731z, t,-)] .

Note that the current through the two interfaces is,
in general, not equal. Only after the trap charging pro-
cesses are finished, the capture and emission currents at
the interfaces are in equilibrium [13]. The trap occu-
pancy during such a decharging step is shown in Fig. 6.

This model can be applied to the characterization of
traps in the dielectric layer. Fig. 7 shows the step re-
sponse of two MOS capacitors with ZrO, dielectrics an-
nealed in reducing and oxidizing conditions [14]. The
gate voltage is first fixed at a value of 2.5 V to achieve a
steady initial trap occupation.
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Figure 8. Probability distribution of the gate leakage current
in a 3.5 nm dielectric (left) and a 7 nm dielectric right) at an
electric field of 1 MV/cm.

Then, the gate voltage is turned off and the result-
ing gate current is measured over time. The resulting
transient gate current peak exceeds the static gate cur-
rent by orders of magnitude. Furthermore, especially
for the oxide annealed in forming gas atmosphere, the
gate current decays very slowly with a time constant in
the order of a second. This may be caused by a differ-
ent trap distribution in the oxide or even different trap
energy levels which lead to a different time constant for
the decharging process [12].

4. Statistical Simulations

The random trap creation in the dielectric layer im-
poses an element of uncertainty in the gate current cal-
culation. To investigate the resulting gate current densi-
ties arising from this random trap placement, we per-
formed a set of 500 simulations for devices with a
3.5nm and a 7 nm dielectric layer at a gate voltage of
3.5V and 7 V, respectively. Source, drain, and bulk con-
tacts were grounded, so the electric field in the dielectric
layer is the same in both structures. The probability dis-
tribution of the resulting gate current density is shown
in Fig. 8. It can be seen that the thinner dielectric layer
has a much smaller variance as the thicker layer. This
can be attributed to the fact that the traps can be placed
in a wider region for the thicker dielectric, while they
are confined to a thinner region in the 3.5 nm dielectric.
This observation is in qualitative agreement with results
of Larcher [2] from a one-dimensional study adopting
random trap placement and Gaussian distributed trap
energy levels.
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Figure 9. Transfer characteristics of a CMOS inverter
for positive and negative trap charges (left) and for
the case of dielectric breakdown with different leakage
currents.

5. Circuit Simulations

To investigate the effect of the presented models on
CMOS circuits, a CMOS inverter was simulated using
the mixed-mode capabilities of MINIMOS-NT. Follow-
ing a recent work of Rodriguez et al. [15], nMOS and
pMOS devices with a gate length of 130 nm and an ox-
ide thickness of 1.5 nm were assumed. The supply volt-
age was set to 1.2 V. First, the effect of gate leakage was
studied.

The nMOS tunneling current exceeds the pMOS tun-
neling current by orders of magnitude due to the fact
that at low positive bias, the pMOS tunneling current
is composed of holes tunneling from the substrate to
the gate, facing a high energy barrier and high effective
mass in the oxide [16]. The nMOS, on the other hand, is
biased in inversion and leads to tunneling current orders
of magnitude higher. However, even for a gate current
density in the order of 100 Acm~2, the effect on the in-
verter characteristics was hardly visible.

The trap charge, on the other hand, strongly degraded
the threshold voltage as shown in the left part of Fig. 4,
where positively charged traps shift the transfer char-
acteristics to the left (decreasing threshold voltage) and
negatively charged traps shift the transfer characteristics
to the right (increasing threshold voltage).

Finally, the effect of dielectric breakdown was in-
vestigated by including an additional current source be-
tween the gate and drain contacts of the transistors. This
leads to a strong degradation of the inverter characteris-
tics as shown in the right part of Fig. 4 for different cur-
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rent values. This is in qualitative agreement to results
presented in [15]

6. Summary and Conclusions

We presented a set of models for the description of
leakage, wearout, and breakdown of dielectric layers
suitable for two- and three-dimensional device simula-
tion. Leakage is modeled by a combination of direct and
trap-assisted inelastic tunneling and leads to the creation
of neutral traps in the dielectric, which take part in the
trap-assisted tunneling process and, if occupied, cause a
threshold voltage shift. Over time, the random creation
of defects in the dielectric layer eventually results in the
formation of a conducting path. For fast transient pro-
cesses, it is necessary to model charging and decharging
processes. The model was used to investigate the prob-
ability distribution of gate leakage currents and to study
its effect on CMOS inverters. It was found that with
reduced oxide thickness, the statistical variance of the
gate leakage is reduced. The leakage has only minor ef-
fects on the transfer characteristics of CMOS inverters,
but the threshold voltage shift due to occupied traps and
the high gate current after breakdown may be a show-
stopper for the use of these devices in circuits.
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