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Abstract

We developed a new toolkit for simulating the
breakdown behaviors of high-k dielectric using Monte
Carlo method. The simulation is performed by consid-
ering the microscopic migration of oxide vacancies (Vo).
The impact of Vo-generation barrier energy and
Vo-migration barrier energy is investigated. Both the
cases of four migration directions and eight migration
directions are studied in our simulation. The results
show that the treatment of eight migration directions is
more reasonable by considering the experimental re-
ports in literatures. The toolkit developed in this work
can be used for studying the breakdown process in
high-k gate dielectrics in MOS transistors and the
set/reset process of resistive switching layers in RRAM.
1. Introduction

The integrated circuit based on CMOS transistors is the
building block of the information evolution in the past dec-
ades. According to Moore’s law, the gate length of MOS
transistors is scaling down for several decades. However,
this scaling is expected to be approaching to its physical
limit, and to scale the transistor further, high-k gate dielec-
tric has been used to replace SiO» to suppress the sever gate
leakage current. Even though lots of studies about high-k
gate dielectrics have been conducted, some important issues
about the reliability of high-k gate dielectrics, like break-
down process are not totally understood [1]. On the other
hand, high-£ dielectrics (HfO,, Al,O3 ef al.) are also widely
studied in other applications, like RRAM devices.

Since in both the cases of transistors and RRAM devic-
es, there will be a large electrical field through the dielectric,
understanding the breakdown behaviors is critical. In the
microscopic model, the breakdown process in high-k dielec-
trics is studied by considering the oxygen vacancy forming
and transfer under electrical fields [2-3]. This is because
usually there are amounts of oxygen vacancies in a high-k
dielectric due to its ionic oxide character.

In this work, we simulated the breakdown behavior of
high-k dielectric by constructing a 2-D resistor network. The
1-V characteristic between two Vo sites is linear. Otherwise,
the I-V characteristic of two resistors is described as [4-6]:
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The probability of Vo generation is decided by the equation
(2). As can be seen in the equation, the probability could be
modulated by the grid potential. An external electric field
can increase the probability of Vo generation, significantly.
We used Monte Carlo method to simulate the motion of Vo
and O?. At each step, we generated a random number cor-
responded with the probability to decide whether to move or
not. Fig. 1 shows the total microscopic process simulated in
our study. Fig. 2 shows the simulation flow. Key parameters
used in our simulation are listed in Fig. 3. In our simulation,
Vo possible motion paths are not only the traditional
4-directions [6] but also other four directions, as shown in
Fig. 4.

2. Results and Discussion

Fig. 5 shows the current evolution in the dielectric under
a continuous stress. There are three typical stages of the
current evolution. In the first stage, the current increases
slowly and with a rapidly increase in the second stage and
then becomes stable in the final stage. Fig. 6 shows the Vo
distribution, local potential and current refer to the stress
time (a)-(d) in Fig. 5. At the time (a), only sparse Vo could
be found, and the potential is uniform. Therefore, the local
current is relatively small. At the time (b), there are more Vo
generated, and the potential distribution becomes more and
more nonuniform. Also, Vo tends to align at the place where
the electrical field is high. The current increases a little near
the Vo site. The time (c) is a special and important timing.
At this timing, Vo forms a conductive channel for the first
time. Once the conductive channel is formed, the current
will increase significantly. At the time (d), the conductive
channel will increase a bit and then the system will be in a
final stable state. We compared the cases of different energy
barriers in our simulation. Fig. 7 shows the current evolution
of different Vo generation barriers and Vo migration barriers.
The simulation results show that the low interface Vo barrier
will enhance conductive channel forming process which
indicates that improving the interface might be a promising
way to avoid TDDB in high-k gate dielectrics. Fig. 8 shows
the current evolution of both using only 4-directions and
improved 8-directions. The final Vo distribution by using
8-directions simulation tends to form one thick conductive
channel rather than two or more thin conductive channel
which often appears in the 4-directions simulation. A thicker
conductive channel should be more reasonable compared
with experiments according to the experimental results in
literatures [7-8]. Fig. 9 shows the Weibull distribution of
breakdown time extracted from our simulations. The linear-
ity verified our simulation is self-consistence. This fact re-
flects the stochastic behavior of the failure mechanism of
dielectric.
3. Conclusions

In this study, we have presented a dielectric breakdown
simulation toolkit. The toolkit can be used for simulating the
breakdown process based on the Vo generation and migra-
tion, and O* migration under the external electric field. We
also found that the treatment of 8-directions migration is
more reasonable than the 4-directions one.
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Fig. 1. The micromechanics of Vo
and O% in high-k dielectric.
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Fig. 4. Vo migration directions. White
arrows represent the traditional four
directions. Golden arrows represent the
additional four directions used in this work.
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Fig. 5. The current evolution of high-k
dielectric breakdown under continuous
external electric field stress.
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Fig. 7. Current evolution of different Vo
generation barrier and Vo migration
barrier. It can find that lower Vo
generation barrier at the interface will
result in more serious breakdown. Inner
figure represents Vo distribution.
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Fig. 2. Simulation flow.

Fig. 3. Key parameters used in this

Key Parameters Value
Vo_i: Initial Vo concentration 0.5%
v: Vibration frequency lel3
El: Vo_ge_nefatlon 116V
barrier inside
E2: Vo generation barrier _
at the interface 10-1lev
E3: Vo migration barrier 1.0~1.2eV
R1 1e3Q
R2 le10 Q
Length 25 nm
Thickness 5nm
Distance between 0.5 nm

two Vo sites

simulation.
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Fig. 6. (1) Vo distribution (2) Potential distribution (3) Current distribution.
The 12 inner figures above represent simulation with 8 directions while the 12
inner figures below represent simulation with 4 directions. Figure (a)~(d)
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Fig. 8. Current evolution of 4-directions
and 8-directions method. It can find that
8-directions methods will form a thick
conductive channel rather than several thin
channels, which is more reasonable.
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Fig. 9. Weibull distribution simulated
The breakdown
judgement is plotted in the inner figure.
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our toolkit.
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