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Abstract

High-voltage dielectric breakdown of thick amorphous silicon dioxide capacitors for galvanic insulation is experimentally
investigated and analyzed through numerical simulations carried out with a commercial TCAD tool. Silicon oxide
metal-insulator-metal capacitors are used as back-end inter-level dielectric layers in integrated circuits. The large biases
such devices must sustain and the material intrinsic defectivity give rise to a leakage current which is responsible of
degradation and failure. Therefore, the understanding of the degradation mechanisms of the insulator is an essential
prerequisite for its safe operation. For this reason, high-voltage dielectric breakdown measurements have been performed
under DC-stress conditions on thick metal-insulator-metal structures with different oxide thickness and, in order to gain

insight on the role of defects on breakdown, numerical simulations have been compared to experiments.
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1. Introduction 30

Metal-insulator-metal (MIM) capacitors embedded in
the back-end inter-level dielectric layers are used for ana-
log and RF applications [1, 2, 3]. To this purpose, sili-
con dioxide (SiOg) is the best insulator candidate because
of its near-ideal properties. However, the device degra-
dation and failure are limited by the charge buildup in
pre-existing defect sites of the oxide layer. This is mostly
related to the plasma-enhanced chemical vapor deposition
(PE-CVD) process adopted for the deposition of tetraethyl
orthosilicate (TEOS) for back-end galvanic insulation and
to the specific properties of the structures made through
several deposition steps due to their thicknesses in the mi-
crometer range [4, 5, 6]. Due to the very high biases these
structures must sustain, charge injection at the contacts
leads to a leakage current that limits the device perfor-
mance and reliability [7], together with charge build-up in
the bulk of the oxide [8]. 45

As far as the physical mechanisms responsible for the
breakdown are concerned, many studies have been carried
out for very thin oxides, such as gate oxide structures in
CMOS technologies, in the past. It is widely accepted
that breakdown in thin oxides is due to the formation of s
percolation paths connecting cathode and anode caused
by the generation of defects in the bulk oxide [9]. Thus,
the breakdown field typically increases with the film thick-
ness [10]. Viceversa, in thicker oxides it has been shown
that impact ionization plays a relevant role in the defini- s
tion of the breakdown. This is confirmed by some works
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on devices with oxide thickness in the range of 10 — 100
nm[11, 12], but much less is known about even thicker
oxides, such as those used for galvanic insulation appli-
cations. Since stacked dielectrics have long been used in
commercial products, the reliability of the technology is
empirically well established, but very few works are based
on a self-consistent theoretical framework [6].

The main motivation of this work is to accurately de-
scribe the breakdown mechanisms in thick oxides through
a TCAD-based modeling approach which can be useful for
the development and optimization of capacitances in inte-
grated high-voltage systems.

2. Test structures and experiments

Fig. 1 shows a cross section of the high-voltage MIM
capacitor used in this work. The electrodes are in tantalum
nitride (TaN). The high voltage is applied to the circular
top metal electrode (diameter d &~ 150 pm), while the
bottom metal electrode is grounded. TEOS material is
used as intermetal dielectric. The ring contact ensures
protection of the device from external disturbances and
acts as grounded lateral boundary condition. The distance
between the ring contact and the top metal is at least 10
times the oxide thickness and has been kept constant in
every measure performed.

Voltage-ramp measurements have been carried out un-
der DC stress conditions. The DC voltage stress was per-
formed by applying a stair-case voltage ramp at a con-
stant rate until the breakdown condition was reached. The
stair-case rampage is applied to avoid the displacement
current. Capacitors with different oxide thicknesses (tox)
have been investigated. In order to apply the same stress
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Figure 1: Schematic view of the TEOS capacitor.

conditions to all the samples, different voltage-ramp rates
(Viate) have been used for each device in order to have
the same oxide-field rate, defined as Eyate = |Viate|/tox.-
As far as DC ramps are concerned, the top metal acts as
a cathode while the bottom metal acts as anode. The
oxide field ramp rate used for all samples is Fiate =
0.073MVem~ts™1. Five tox in the range between 0.6um
and 15um have been investigated. All measurements have
been carried out at room temperature, namely 7" = 25°C.
The nominal thickness of the devices under study, the cor-
responding voltage-ramp and the oxide-field rates are re-
ported in Table 1.

Table 1: Nominal oxide thickness, voltage ramp rates and oxide field
ramp rates applied to the MIM structures used in experiments.

tox (pm) [Viate| (V/s)
0.6 4.4
0.9 6.6
7.0 51
10.0 73
15.0 110

Fig. 2 shows the current density J as a function of
the oxide electric field Eox = |V|/tox, with V' the volt-
age applied at the top electrode. Measurements were per-
formed up to the breakdown for the devices with thickness
0.6pm and 0.9um. The J-E characteristics show a similar
trend. At low fields, up to about Egx = 6MV/cm, the
relevant increase of the current is due to charge injection
at contacts [8]. At intermediate fields, namely 6MV /cm
< Fox < 8MV/cm, the current saturation indicates that
the charge trapping is the predominant physical effect in
this region, as the injected charges are trapped in oxide
defects and cannot contribute to the current, while the
electric field at the cathode is reduced limiting the chargeiq
tunneling effect [8]. At higher fields (Fox > 8 MV/cm)
the current increases again up to the breakdown: impact
ionization plays a relevant role in this portion of the char-
acteristics as shown in the following section.

The breakdown of the thicker oxides was investigatedios
by hard-breakdown measurements by applying the same
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Figure 2: Measurements of the current density as a function of the
oxide field up to the breakdown for the devices with thickness 0.6pm
and 0.9um.

ramp-rate up to breakdown. Fig. 3 shows the breakdown
field as a function of the film thickness for each device
under study. A weak dependence is observed. The break-
down field slightly increases with tox for the thinner ox-
ides, while it decreases for longer tox, following a depen-
dence which could be ascribed to the impact ionization as
explained in [6].
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Figure 3: Breakdown field as a function of the oxide thickness for
samples with thicknesses up to 15um. Experiments: open symbols.
Simulations: solid line.

3. Modeling and simulations

Conduction in SiO9 has been modeled by using the drift-
diffusion (DD) transport equation with suitable physical
parameters. Among them, the energy structure for the
conduction and valence bands, the presence of distributed
defects in the band gap and the tunneling injection at the
contacts have been accurately addressed [8, 13, 14]. Two
uniform distributions of traps have been explicitly defined
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by fixing their energy dependence, density and capture
cross-section [8]. Trapping and de-trapping mechanisms
have been taken into account by using a first-order detailed
balance equation for each trap as available in the TCAD
tool [15]; the trap equations are solved consistently along
with Poisson and electron and hole transport equations. A
cylindrical symmetry has been assumed in order to predict
the realistic 3D circular structure.

As far as the high-field transport is concerned, the effect
of avalanche due to impact ionization cannot be neglected
in order to have a complete picture of the relevant physi-
cal mechanisms [16]. For this reason, the impact-ionization
generation has been taken into account in our simulation
setup by activating the Okuto-Crowell model [17]. Fig.
4 shows the ionization coefficient for electrons compared
with the experimental data reported in [16]. Slight differ-
ences are observed between the experimental data and the
calibrated Okuto TCAD model, especially at high electric
fields. However, it should be pointed out that TEOS oxides
tend to show different electrical properties with respect to
thermally grown SiOq, such as different Schottky barriers
[18], thus affecting also the impact ionization mechanism.
No specific indication was found for the impact-ionization4s
coeflicient of holes, as avalanche is mostly due to electrons
in SiO5. The same ionization coefficient is thus used also
for holes.
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Figure 4: Electron avalanche coefficient as a function of the electric °
field at room temperature. Symbols: experimental data in [16]. Solid
line: calibrated TCAD model at room temperature.

Fig. 5 shows the TCAD results of the current density
versus the oxide field at T' = 25°C. Experiments are quali-i7o
tatively reproduced: the current level in the intermediate-
field portion of the characteristics, the breakdown field and
its slight dependence on the oxide thickness are correctly
captured by simulations, indicating that the most relevant
physical mechanisms have been taken into account andirs
properly modeled.

The predicted breakdown fields are reported in Fig. 3:
even if a slight overestimation is found with respect to the
experimental data, the overall dependence on the oxide
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Figure 5: Current density as a function of the oxide field up to the
breakdown for different oxide thickness. Symbols and lines: exper-
iments. Lines: Simulations at tox = 0.6um, tox = 0.9um and
tox = 15um.

thickness is fairly captured by simulations in a wide range
of thicknesses, indicating that impact ionization plays a
relevant role in the breakdown of such devices.

In order to gain further insight on the mechanisms re-
sponsible of the breakdown, the electric field across the
devices with thicknesses 0.9um and 15um has been ex-
tracted and is reported in Fig. 6(A-C)(dimensions not
in scale) at the biases corresponding to the onset of the
avalanche breakdown. Firstly, it should be noted that
the electric field distribution of the thinner oxide (Fig.
6A) notably differs from that of the thicker oxide (Fig.
6C). The thinner oxide approximately behaves like a one-
dimensional parallel-plate capacitor, with the electric field
being smaller near the cathode, becoming greater mov-
ing towards the anode, reaching its maximum value in
its proximity and rapidly laterally decreasing far from the
top metal corner. The maximum field sustained by the
thinner oxide at the onset of the avalanche breakdown is
about F = 11MV/cm when an eternal nominal electric
field Eox = 9.4MV/cm is applied. The impact-ionization
generation shows its maximum value at the corresponding
maximum electric field (not shown). Avalanche is thus ini-
tiated by electrons flowing in the high field at the anode.
The thicker oxide is characterized by having two electric
field peaks: the first one is in the same position as the one
of the thinner oxide, i.e., in the proximity of the anode
(Fig. 6C), while the second one is close to the top metal
corner, with the high-electric field profile extending over a
wide region of the device. The cutlines in the longitudinal
direction at the top side of the capacitance show that the
second peak gives rise to a significant impact-ionization
generation, leading to a large amount of current density
6(B-D).

As a consequence, the thickness dependence of the
breakdown field is substantially modulated by the electric
field profile in the proximity of the corner, the extension of
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which is strongly dependent on the oxide thickness, which
acts as a scaling parameter.
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4. Conclusions

TCAD calculations have been proven to be a useful tool,,

for the study of breakdown in back-end thick oxides char-

acterized under DC-stress conditions.

Simulations sug-

gest that the impact-ionization generation is the dominant

mechanism of the breakdown in capacitances with thick-,,,

nesses from 1pym to 15um. The effect of the 2D geometry
has been analyzed nicely explaining the measured charac-
teristics.
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Figure 6: Electric field within the oxide layer for two thicknesses and cutlines of the impact-ionization generation rate and the current density
along the Y axis (black lines in the leftmost figures).

A. Electric field distribution for tox = 0.9um at Egx = 9.4MV /cm (onset of avalanche breakdown).

B. Impact-ionization generation rate along the Y coordinate in proximity of the top metal contact.

C. Electric field distribution for tox = 15um at Fox = 9.0MV/cm (onset of avalanche breakdown).

D. Current density along the Y coordinate in proximity of the top metal contact.

X and Y axes have arbitrary units. The same scale is used on every X axis, while different scales have been used for the Y axes due to
the different thicknesses. The distances from the two cutlines to the respective top metal contacts are the same. For the schematic of the
structure, see Fig. 1.



