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Abstract—A simulation method for the TDDB of the BEOL
oxide is investigated based on the 3D particle Monte Carlo
simulation model which can evaluate the random motion of Cu
ions in the oxide. While the conventional models do not consider
the percolation theory of the TDDB phenomenon, the new model
is based on the percolation model so that more rigorous physics
can be considered. Also, the new method enables the statistical
analysis of TDDB for the BEOL oxide. From the simulation
study, it turns out that the assumptions of the previous models
result in inaccurate characteristics and mechanisms. We expect
that the simulation framework proposed in this paper could not
only lead us to deeper physical insights but also could be readily
applied to predict the reliability under the realistic conditions of
the interconnect such as the 3D damascene structures or Cu-liner
systems and so on.

Index Terms—Back-End-Of-Line (BEOL) oxide, Time Depen-
dent Dielectric Breakdown (TDDB), Monte Carlo simulation,
Interconnect, Percolation theory

I. INTRODUCTION

As the device technology node becomes continuously scaled
down, the reliability of the Cu/low-k/Cu interconnect system,
which is widely used as a Beck-End-Of-Line(BEOL) pro-
cess, is considered as one of the limiting factor for further
integration [1]-[5]. Especially, Time Dependent Dielectric
Breakdown (TDDB) of the BEOL oxide, which is triggered
by the injection of Cu™ ions into the BEOL oxide, is one
of the critical issue of the interconnect reliability [1]-[4],
[6]. Therefore, theoretical modeling of the TDDB of BEOL
oxide is required for understanding the physics and predicting
the lifetime of the interconnects for the present and next
technology node.

However, a main drawback of the conventional models [1],
[2] is that the criterion for the oxide breakdown is assumed
to be the point when the concentration of Cu™ at the cathode
reaches a certain critical value. Thus, models using such a
“critical density criterion” may mislead the TDDB prediction
since the “percolation” model, which is the underlying phys-
ical picture of the oxide breakdown [7], [8], is not included
[3]. In addition, they can only predict the average value of the
breakdown time (¢gp) without information on its distribution.
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TABLE I
COMPARISON BETWEEN BEOL OXIDE TDDB MODELS.

Hwang [2] Chen [1] This work
Criterion for Density at Density at Percolation
breakdown cathode cathode model
Statistical
- no no yes
analysis
Dimension 1D 1D 3D
Transport Drift and Diffusion Drift and
model of Cut diffusion only diffusion

For comparison between the previous and our model, we
summarize key aspects of them in Table I.

The Authors have introduced a simulation framework using
3D Monte Carlo (MC) particle simulation for the TDDB
simulation of BEOL oxide [9]. In this paper, we investigated a
proposed simulation framework for calculating t5p of BEOL
oxide and its statistical properties. Since this model is based
on the particle MC, the percolation path formation by Cu™
particles could be naturally considered in evaluating tpp
with statistical information. With the simulation results, we
discussed about the role of Cu transport and trap generation on
the TDDB characteristics of BEOL oxide with more rigorous
physical pictures.

II. MONTE CARLO SIMULATION METHOD FOR CU™T
INDUCED TDDB

For the simulation, the following steps are considered within
one simulation time step for the TDDB model: 1) Calculate
the discrete position of each Cu™ particle in the BEOL oxide
according to the applied stress time. 2) Obtain the discrete
position of the traps responsible for the breakdown. 3) Check
whether the percolation path from the anode to the cathode
is present or not (The percolation path is made up by TDDB
traps). More details and the flowchart of the simulation can be
found in elsewhere [9]. Here, we will review the simulation
method [9]-[11] for reader’s convenience.

For the first step, We calculate all the trajectories of each
Cu™ particle by adopting the Langevin equation [12] that
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describes the Brownian motion of the particle in 3D space
as

%:—Fu—i—A(t)—i—K/m (1)

where u is a velocity, m is a mass of the particle, A represents
the white noise and K is a local electric field. In the above
equation, I' is a dynamical friction which can be written as
kT
I'= ) 2)
where D is the diffusion constant of the particle. The local
electric field (K) changes due to the distribution of the Cu™
particle and is updated for every time step by solving the
Poisson equation.

In order to solve (1), Chandrasekhar [12] derived equations
which can be used for MC simulations. The derivation can be
successfully adopted for many systems including the mixed
particle MC simulation on the semiconductor problems [13]
and oxide degradation problems of MOSFET device [10], [11].
Here, we follow Chandrasekhar’s derivation with notations in
[13] to solve the position and velocity of the copper particle in
the BEOL oxide if the initial values of the position (x() and
velocity (ug) at time ¢y are given. For 1D case, the position
and the velocity at ¢ = tg + At, are described as follows [12],
[13]:

K K
r=x0+T "1 - e‘FAt)(uo - =)+ ?At +o,w1 (3)

r
—TAt K —T'At
u = uge + ?(1 —e )+ xowwr + oypwa (4)
where
2
00 = FY2 0, = G2 0,0, = GV2(1— g1z (5)
) s Qulz GF

and F, G and H can be written as follows:

F =al ?(20At — 3 4 4e T2 — ¢ 72141 ©)
G = al“*l(l — 672FAt) (7

H=oal'"2(1 — e 1242 )]

In the above equations, w; and ws are Gaussian random
variables with unit variance so that x(¢) and wu(t) are deter-
mined stochastically. The equations described above can be
easily extended to the 3D space with six independent Gaussian
random variables.

The chemical process of the Cu injection at the anode
interface between Cu electrode and oxide is known to be
somewhat complicated [14]. In this simulation, we assumed
that all the process of Cu ionization and injection can be
represented by the following reaction equation

k
Cu=> Cut +e” 9)
kT‘

After solving above equations, the spatial profile of the Cu™
particles can be obtained for each time step as shown in Fig. 1.

L

] ercoheon path |
[ pereoton o

4 8 o °

percol
o b—
o9 °

Fig. 1. Spatial profile of diffusing particles in a sample device under the
influence of an electric field (1 < to < t3 < t4). For each time step, the
drift-diffusion of the particle and the presence of percolation path is calculated.
Figure (d) shows the moment when the percolation path is generated.

For the second step, the position of the trap responsible for
the TDDB is obtained based on the profile from step 1) as
shown in Fig. 1. Some authors speculate that the nonbridging
oxygen (NBO) atoms is generated by the Cu™ ions and this
may serve as the TDDB trap (Cu-induced trap model) [15].
However, there are no clear explanation on the form of the
TDDB trap. Besides, the previous TDDB models of BEOL
oxide assumes implicitly that the Cu™ ion serves as the TDDB
trap. Hence, we firstly investigated the assumption that Cu™
itself is an active TDDB trap (Cu-trap model). After that, we
have compared the Cu-trap model with the Cu-induced trap
model.

For the third step, we make a judgement whether the
percolation path is formed or not. Once the percolation path of
Cu™ is formed as shown with blue line in Fig. 1 (d), the oxide
breakdown occurs. To reduce the simulation time, we used the
k-d tree data structure for saving coordinates of Cu ions and
the dijikstra algorithm [16] for the path finding from the anode
to cathode. Since this is O(NlogN) algorithm, the simulation
time is reduced compared to the brute-force method which is
O(N!) algorithm.

III. SIMULATION RESULTS

The Weibull plot of ¢{zp under various electrical field is
shown in Fig. 2 calculated by the above mentioned method.
We used identical 100 parallel capacitors with the length of
100nm, the width of 100nm and the thickness of 30nm. The
simulation result follows the Weibull distribution similar to the
experimental results (straight line in Weibull plot).

From the data in Fig. 2, the field dependence of the tpp
is depicted in Fig. 3. Also, the simulation result from Hwang,
et al [2] is shown in Fig. 3. It is interesting point that the
field dependence obeys the power-law (E™) if the percolation
model is considered while Hwang’s calculation shows the v/ F
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Fig. 2. Weibull plot of breakdown time calculated by 3D MC simulation for
TDDB of BEOL oxide under various electric field (1IMV/cm-6.5MV/cm).
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Fig. 3. Field dependence of the breakdown time (63.2% failure) under TDDB
stress. After inclusion of the percolation model, the field dependence follows
the power-law.

dependence [2]. Since other physical models such as drift-
diffusion and boundary conditions are same for both calcula-
tions (refer TABLE 1), it can be inferred that the conventional
“critical density criterion” does not reflect the “percolation”
nature of TDDB phenomenon. About the measurement result
on the field dependence of the breakdown time, there are
controversial arguments because some experimental results
show VE dependence [2], [6], [17] but others show power-
law model [18], [19]. Only our theoretical approach which
includes “percolation” nature gives a power-law model thus
we expect that our MC methodology may give a hint to resolve
the controversy.

The thickness dependence of the tpp is also calculated as
shown in Fig. 4. As the oxide thickness decreases, the average
of tpp is reduced following the power-law dependence. The
increase of the distribution is also observed, which is a unique
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Fig. 4. Weibull plot of breakdown time calculated by 3D MC simulation for
TDDB of BEOL oxide under various oxide thickness (10nm-100nm).

[precursor] + [Cu ‘] — [percolation trap]

[Cu™] = [percolation trap]

Ln(-Ln(1-F(t)))
LI LI LA LA L LA LA A LA B

10°

10*

10°

-6 1

-
o
w

time (s)

Fig. 5. Weibull plot for different definition of a percolation trap. If the
percolation trap is assumed to be generated after the reaction of precursor
and Cut, the distribution of ¢tz p becomes wider.

capability of our MC simulation framework.

It should be noticed that the distribution of ¢pp predicted
by the simulation is too narrow compared to the measurement
results [1], [2], [18]. Interestingly, after the inclusion of the
rate equation of new trap generation induced by Cu™ (such as
nonbridging oxygen [15]), the distribution becomes wider as
shown in Fig. 5. Hence, it seems that that statistical analysis is
crucial since the statistical parameter may reflect key physical
mechanisms of the BEOL oxide breakdown.

IV. CONCLUSION

In order to model the TDDB of the BEOL oxide, we adopt
the 3D MC method coupled with percolation model. It turns
out that the assumptions of the previous models, without
considering the percolation model, results in inappropriate
characteristics and mechanisms so that our approach may
resolve some controversy in the field dependence model [1],
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[18]. Also, we found that the appropriate conversion mecha-
nism from the diffusing Cu™ to the active TDDB trap should
be considered in order to predict accurate statistical properties.

The potential of the proposed simulation framework can be
summarized as two folds: Firstly, it could be used to study
the physical mechanisms of BEOL oxide breakdown so that it
can resolve some controversies in the measurements [1], [18].
Secondly, we expect that this simulation framework can be
readily used for the practical analysis considering real device
characteristics such as the 3D damascene structures [20], the
Cu-liner systems and porosity of low-k dielectrics and so on.
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