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Novel TCAD approach for the investigation of
charge transport in thick amorphous SiO,
iInsulators

Federico Giuliano, Susanna Reggiani, Elena Gnani, Antonio Gnudi, Mattia Rossetti, Riccardo Depetro,
Giuseppe Croce

Abstract— A TCAD approach for the investigation of
charge transport in thick amorphous silicon dioxide is
presented for the first time. Thick oxides are investigated
representing the best candidates for integrated galvanic
insulators in future power applications. The large electric
fields such devices experience and the pre-existing defects
in the amorphous material give rise to a leakage current
which leads to degradation and failure. Hence it is crucial to
have a complete understanding of the main physical mech-
anisms responsible for the charge transport in amorphous
silicon oxide. For this reason, metal-insulator-metal struc-
tures have been experimentally characterized at different
high-field stress conditions and a TCAD approach has been
implemented in order to gain insight into the microscopic
physical mechanisms responsible of the leakage current.
In particular, the role of charge injection at contacts and
charge build-up due to trapping-detrapping mechanisms in
the bulk of the oxide layer have been investigated and mod-
eled to the purpose of understanding the oxide behavior
under DC and AC stress conditions. Numerical simulations
have been compared against experiments to quantitatively
validate the proposed approach.

Index Terms—Silicon oxide;
TEOS;

Insulators; Reliability;

[. INTRODUCTION

Metal-insulator-metal (MIM) capacitors embedded in the
back-end inter-level dielectric layers have been recently pro-
posed for analog and RF applications [1]-[3]. Silicon dioxide
(SiO9) is the main insulator in the electronics industry be-
cause of its near-ideal properties; however, ultimate device
degradation and failure is still limited by charge buildup in
defect sites of the oxide layer. Moreover, tetraethyl orthosil-
icate (TEOS) capacitors for galvanic insulation are complex
structures made through several oxidation steps due to their
large thickness subject to high electric fields [4]. The TEOS
PE-CVD process is a low temperature deposition technique
usually adopted for interlayer dielectrics. It allows to grow
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thick SiO- films, however the dielectric tends to show different
electrical properties with respect to thermally grown SiOs
[5], [6]. TEOS SiOy is known to provide a high leakage
current due to a lower conduction band offset and is found to
have a much larger density of preexisting defects. However,
charge transport characterization and modeling has rarely been
studied [5], [7]. Thus, charge build-up in the bulk of the
oxide and charge injection at the contacts can significantly
modify the electric field distribution across the device so that
an undesired leakage current may arise that limits the device
performance and reliability [8]. For this reason, a detailed
knowledge of charge injection and transport mechanisms of
such materials under high electric fields plays a key role in
improving the reliability of such devices.

Concerning conduction, since very few free charges are
present in the conduction band of an insulator at equilibrium,
electrons usually are supplied by the cathode contact and a
high electric field is necessary for an appreciable leakage
current to flow through the insulator. Thus, transport in the
oxide is usually referred to as injection-limited conduction [9],
[10]. The most relevant mechanisms that give rise to injection-
limited current contribution are the thermionic emission, which
consists in the classical emission over the metal-insulator bar-
rier and the Fowler-Nordheim tunneling through the energetic
barrier, which usually becomes relevant at high electric fields
and usually is the most relevant contribution in SiOs due to
the quite high metal-insulator barrier..

A second important contribution to the leakage current in
insulators is the so called bulk-limited current, which is due
to a combination of ohmic conduction, space-charge limited
current and trap-assisted conduction. In particular, emission
mechanisms from traps, which can be either over the barrier
(Poole-Frenkel emission) or under the barrier (pure tunneling
or phonon-assisted tunneling), play an important role in amor-
phous materials like the TEOS SiOs.

Concerning defects, in the last decades trapping phenomena
have been investigated by different experimental techniques
and many different types of traps in SiOy can be found
in the literature [11]-[13]. Defects typically present in SiO-
have been extensively investigated also theoretically [14], [15].
However, it should be noted that the exact nature of the defects
present in this material is process-dependent, so even if it was
possible to have an overall estimation, it is difficult to deter-



mine their energy levels and cross sections unambiguously.
Moreover, the majority of the analyses on oxide traps in the
literature address the role of defects in thin gate oxides which
feature the presence of silicon at least at one side of the oxide
layer, thus Si/SiO- near-interface properties are investigated
rather than bulk properties [16], [17]. Regarding bulk SiOs,
researchers have had to rely on theoretical calculations in order
to determine the density distribution and position of the traps
which are difficult to measure [18]-[20].

An example of modeling approach was shown in [7] where
the tunneling current, the impact-ionization generation and the
effect of capture and emission of traps were used to describe
the leakage current characteristics of metal-insulator-silicon
devices. As far as traps are concerned, Si/SiO, interface traps
were considered to be dominant with respect to SiO» bulk
ones. Interface traps were calibrated against thermally grown
SiO4 and used to predict the leakage current of an annealed
TEOS SiO, showing very similar J-E characteristics. The non-
annealed TEOS SiO,, which is the subject of this study, was
not simulated and no indications on the specific modeling of
bulk traps, which are expected to play the main role in MIM
structures, were reported in the work.

For such reasons, a TCAD-based comprehensive model of
charge transport in oxides is highly desirable as it would be a
key instrument for the development and optimization of ultra-
compact capacitances in integrated high-voltage systems. The
TCAD framework would allow for the study of the full stack
of materials once they are appropriately modeled. Thus, the
goal of this work is to provide an efficient TCAD model for
Si05 which captures the most important physical mechanisms
responsible for the leakage current. For this purpose, we
characterized thick back-end MIM structures in DC and AC
regimes, we extrapolated the main transport features concern-
ing traps and modeled them in a TCAD setup.

[I. TEST STRUCTURES AND EXPERIMENTS

Fig. 1 shows a cross section of the high-voltage MIM
capacitor used in this work. Two tantalium nitride (TaN)
planar electrodes define the capacitance: the bottom metal is
deposited on silicon and is grounded, the top metal is grown
on top of the subsequential intermetal dielectrics forming the
thick insulating region and is biased to positive/negative high
voltages. TEOS processes are used for the oxide deposition.
The nominal thickness of the capacitor is tox = 0.9 um. The
I-V characteristics of the MIM structure have been measured
by applying a negative voltage to the top electrode. No relevant
issues concerning with device variability were observed, thus
the characteristics of single samples are used as references for
the analyzed curves.

Contacts have a circular shape with a diameter d ~ 150
pm. Since d >> tox, one can assume that the device
behaves as a parallel plate capacitor. In order to validate
this assumption, devices with different perimeter to area ratio
have been measured to obtain the bulk and perimeter current
densities at different biases. The comparison between the total
current and the bulk contribution is reported in Fig. 2 where
the current density is represented as a function of the applied
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Fig. 1. Schematic view of the TEOS capacitor. The nominal thickness
of the oxide is 0.9 pm.

electric field Fox = |V|/tox, with V the voltage applied
at the top electrode. At electric fields over 5.5 MV/cm, the
bulk contribution dominates over the perimeter one. For this
reason, the MIM structure can be modeled as a simple 1D
planar capacitance neglecting the perimeter contribution to the
current.

A forward and backward negative voltage ramp has been
applied at the top metal with a relatively slow rate: it allows
for the study of electron injection from top metal and of charge
trapping effects. The negative bias applied allows us to study
charge injection from the top contact. Measurements with two
different ramp rates, namely 6 V/s and 24 V/s, have been
performed to study the transient charge trapping. The voltage
ramp rate has an impact on the filling probability of the traps
due to the trapping time constants, which are proportional to
the capture cross-sections [21]. A shorter sweeping can avoid
or minimize injected carriers to be trapped leading to a larger
injection current.

One can observe that the slower ramp of Fig. 2 features a
significant reduction of the current density at high fields, which
can be ascribed to a larger trapping with respect to the faster
one. The slow current increase is mostly due to the electric
field pinning due to charge trapping at the injecting electrode,
reducing the tunneling through the barrier. A relevant hystere-
sis loop is observed in the curves of Fig. 2. The presence of
a relevant hysteresis indicates that a great amount of charge
has been trapped in the oxide and suggests that the energetic
position of the trap levels is placed deep in the oxide band gap.
In fact, the electron emission probability from shallower traps
would be greater, giving rise to a larger current and resulting in
a less pronounced (or even absent) hysteresis. Charge injection
slightly changes between the forward and the backward ramp
due to the trapped charge which can significantly modify the
electric field distribution within the oxide and consequently
the band diagram, as shown in the upper diagram of Fig. 2.
The extracted bulk contribution is compared with the total
one: a steep increase of the curves is shown at low fields, in
accordance with the expected tunneling injection. The high
current in the fast ramp at low fields is a hint that charge
injection from the metal contact is dominant over charge



trapping effects, which would significantly limit the current
level. The lower current measured in the slow ramp case at
higher electric fields (Fox > 5.5 MV/cm) is ascribed to an
enhanced charge trapping mechanism: the slower increase of
the voltage bias allows a larger charge trapping within the
oxide.
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Fig. 2. Top: Oxide band diagram modifications due to the trapped
charge. Charge trapping modifies the internal electric field distribution
leading to different injection probabilities between the forward and the
backward ramp.

Bottom: Measured current densities as a function of the electric field.
Two voltage ramp-rates have been applied, namely 24 V/s and 6 V/s.
For the faster ramp both the total measured current (squares) and the
bulk contribution (circles) are represented.

In order to gain insight on the contribution of the thermionic
emission to the injected current, the slow ramp characteristics
has been measured also at a temperature 7' = 100 °C and 1" =
150 °C. Fig. 3 shows the current curves measured at different
temperature conditions from 7" = 25 °C to 7' = 150 °C. The
temperature dependence is weak, with a limited shift at low
electric fields where the injection contribution is expected to be
the dominant one with respect to charge trapping as indicated
by Fig. 2. Thus, the injected current by tunneling mechanisms
plays the main role up to Fox = 6 MV/cm.

Finally, measurements under DC and AC stress condi-
tions were carried out in order to assess the role of trap-
ping/detrapping effects in such kind of structures (see Fig.
4). The negative DC voltage of —650 V is applied to the
MIM stucture for a stress time up to 10* s. By observing the
measured DC current in log scale (Fig. 4, inset) a decreasing
curve was found, which can be ascribed to charge-trapping
transient mechanisms depending on the characteristic capture
cross-sections. The DC characteristics are strictly related to the
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Fig. 3. Slow voltage ramp measurements at different temperature
conditions up to breakdown: T' = 25 °C, T = 100 °C and T' = 150
°C.

trapping rate, i.e. the capture cross-sections and trap densities,
as well as to the trap energy levels: the more charge is trapped,
the faster the current will decrease over time. It can be used
as a further verification of the calibration of trap parameters
after the fitting of the voltage ramp characteristics.

The bipolar AC square voltage, with pulses of 650 V and
period of 14 s (reported in the uppermost part of Fig. 4), is
applied to the MIM under study for 120 s. The time delay
of the first recorded point after the bias switch has been kept
constant to 1 s for the duration of the measurement process.
The recorded current transients are reported in Fig. 4, the
first semiperiod is negative. In this case, the same trapping
transient observed in the DC case appears at the beginning
of the first semiperiod, followed by a relevant detrapping
transient significantly increasing the current at the beginning
of the positive semiperiod. A clear asymmetry is observed
in the trapping transients, which can be ascribed to different
metal/oxide interfaces for the top and bottom electrodes. An
average current density at long stress times is found which
seems to reach a regime condition in the last few periods.

We cannot exclude that defect generation may be present
during the applied stress. However, the regular periodic be-
havior reached after the first few periods is a clear hint that
the defects eventually generated at the longest stress times
produce negligible effects in the current transients. Detrapping
mechanisms show a fast recovery which needs to be accurately
accounted for.

In the following, the SiOs transport modeling is addressed
by assuming the most relevant physical models and fixing their
parameters using reference data from the literature (Section
IIT). The experimental data reported here have been used as
a reference to model and fit the bulk trap densities and their
relative parameters, as detailed in Section IV.

I1l. MODELING APPROACH

The conduction model in amorphous materials can be
described by using a drift-diffusion (DD) transport model with
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Fig. 4. Top: AC stress applied voltage. The amplitude is 650 V and the
period is 14 s.

Bottom: Current versus time semi-log plot of the AC (lines+symbols)
and negative polarity DC (symbols) characteristics. The first semiperiod
of the AC characteristics has negative polarity. Inset: log-log current plot
of the DC measurements.

suitable physical parameters, such as the energy structure, the
presence of distributed trap densities in the material band gap
and proper boundary conditions, in order to correctly account
for charge injection at the contacts [10], [22]. 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 [23]: the model explicitly takes into account
the occupation rate of each trap by coupling the capture and
emission rates to the conduction and valence band of the SiO,.
In order to properly account for the trapping and de-trapping
effects, the Poisson equation is solved along with the transport
and continuity equations of electrons and holes. The trapped
charge is explicitly accounted for in the Poisson equation. This
approach requires to explicitly define each type of defect, as it
will be described in more details in the next section, by fixing
their energy dependence, densities and capture crosse-sections.
Any field-enhanced effect on the capture and emission rates
has been assumed to be modeled in the capture cross-section
of each trap. Hence, the DD transport equations for electrons,

holes, the trap rate equations for different traps and the Poisson
equation have been calculated self-consistently on the full
domain. The oxide region of interest was treated as wide-
band gap semiconductor with appropriate physical parameters,
in order to simulate the generation, transport, and trapping of
carriers.

The electronic structure of SiO2 has been intensively investi-
gated experimentally and theoretically. In [24], the properties
of thermal SiO5 on silicon were reported, showing that the
band gap, according to the experiments on internal photoe-
mission, can be as low as 8.06 eV [25].

Moreover, the theoretical band calculations show that the
electron effective mass tensor is isotropic and the electron ef-
fective mass is equal to 0.5 mg. The hole effective mass tensor,
on the contrary, is anisotropic and shows two mass values,
1.3 mg (light holes) and 7.0 mg (heavy holes) [24]. For this
reason, the energy gap, the density of states and the carriers
effective masses in the conduction and in the valence band and
the intrinsic hole and electron mobility of the semiconductor
material have been modified and set to the known values for
silicon oxide. The energy gap has been set to the commonly
accepted value Fg = 8.9 eV [26], while the conduction and
valence band density of states are Ng = 9 - 10'® cm™3 and
Ny = 2.6-10' cm~3, respectively. However, given the recent
works on TEOS indicating a possible reduction of the gap, we
checked the role of the bandgap value by simulating the same
devices with F¢ = 8 eV. As reported by [6], [38] experiments
show that TEOS-based structures exhibit an energy barrier at
the contact as low as 2.5 eV, leading to a significant increase
of the leakage current with respect to thermally-grown SiOs.
In our simulations the energy barrier at the contact has been
kept fixed to 2.5 eV. Thus, no significant variations have been
observed due to the specific value of Eg. Such quantities
provide the amount of free charges in the bulk.

Mobile electrons and holes in SiOs exhibit significantly
different mobilities. Hole mobility ranges from 10~ *!to 10~*
cm?V~1s~1 depending on electric field and temperature [27],
[28], while electron mobility ranges from 20 to 40 cm?V ~1s~!
[29], [30], [31]. The transport of holes through the oxide
is believed to be due to mechanisms such as trap-mediated
valence band conduction or hopping transport by tunneling be-
tween localized trap sites in the SiO5 bandgap [32]. However,
simplified drift-diffusion based models have been successfully
used to approximate carrier transport in SiOs films [33], [34].
As both contacts are metal electrodes forming a Shottky barrier
with the oxide interface much lower for electrons than for
holes, in this contribution electron injection is expected to
dominate. This is confirmed by the numerical simulations
showing negligible hole-injection current. We implemented
constant mobility models for both electrons and holes, with
the effective mobilities reported in I [22], [27].

As far as high electric fields (up to 7 MV/cm) are concerned,
impact ionization cannot be neglected if one wants to have a
complete picture of the relevant physical mechanisms [35].
Thus, the impact-ionization generation has been taken into
account in our simulation setup using the van Overstraeten-De
Man model [36] fitted against the experimental and theoretical
data in [35]. Fig. 5 shows the TCAD calibrated avalanche



TABLE |
TCAD parameter set for SiO2 and TaN: metal Work Function (®,),
metal-oxide Energy barrier (Eg), Energy bandgap (Eg), conduction
and valence band denstity of states (IN¢ and Ny/) and electron and
hole mobility (e and pp) are reported.

Parameter Value
D, (eV) 4.4 37]
Eg (eV) 2.5 [38]
Eg (eV) 8.9
N¢ (em™3) 9.10'8
Ny (cm™3) 2.6 - 1019
fe (cm?2V—1s—1) 21
pun (em?2v—ls—1y | 1.1074

coefficient against experimental data as a function of the
electric field. The phonon energy was changed to 153 meV,
consistently with the indications in [35] showing a limited
temperature dependence of the impact-ionization generation
in SiO,. With such parameters, the full set of transient drift-
diffusion equations was solved in the oxide region.
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Fig. 5. Electron avalanche coefficient as a function of the electric field.
Symbols: experimental data in [35]. Solid line: calibrated TCAD model.

In fact, at high electric fields, a significant number of
electron-hole pairs is generated by electron impact ionization,
as reported in Fig. 6 in which it can be noted that in
the intermediate-field regime (Fpox = 6.5 MV/cm) electron
avalanche scattering rate is up to 10 orders of magnitude
greater than its low-field regime (Fox = 4 MV/cm) coun-
terpart. At greater fields, namely Fox = 8.7 MV/cm, the
electron avalanche scattering rate is even greater and the
ionization integral approaches the value of 1 corresponding
to the breakdown condition.

Concerning charge injection from the electrodes, it has been
properly taken into account by defining a Schottky barrier
at the contacts with an energetic barrier Fg = 2.5 eV [38]
and by calculating the tunneling probability of electrons using
a nonlocal tunneling model based on the Wentzel-Kramers-
Brillouin (WKB) approximation [23], [39]. The electron tun-
neling mass has been properly adjusted to 0.5 mg. Voltage
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Fig. 6. Electron avalanche scattering rate as a function of the position
across the device thickness at Fopx = 4 MV/cm (low field regime),
Fox = 6.5 MV/cm (intermediate field regime) and Fox = 8.7 MV/cm
(high field regime).

ramp simulations with ramp rate of 24 V/s with no traps have
been performed at different temperatures in order to investigate
charge injection at contacts. Fig. 7 shows the current density as
a function of the applied electric field. The current temperature
dependence is very weak, indicating that tunneling dominates
over Schottky emission.
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Fig. 7. Analysis of charge injection: current density as a function of
the oxide field at two temperature conditions, namely T' = 25 °C and
T = 150 °C. Simulations have been performed with no traps. Inset:
Metal-insulator band diagram.

As mentioned in the previous sections, despite the type
of defects typically present in SiO, are well known and
extensively studied [14], many results can be applied only
to very thin oxides featuring the presence of silicon at the
interface.

Both acceptor and donor traps are usually present in silicon



oxide. However, the implementation of both electron and hole
traps would introduce many complications in our model and
would make it much more difficult to handle. Anyway the
injection of holes is negligible as shown in Fig. 8 where the
electron and hole current densities are reported as a function
of the applied electric field, thus only acceptor traps have been
implemented.
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Fig. 8. Electron and hole current densities as a function of the applied
electric field from simulations for a voltage ramp stress with ramp rate of
6 V/s.

V. MAIN ROLE OF TRAPS

As far as electron trapping is concerned, we have defined
only acceptor-type traps for electrons, i.e. defects that are neu-
tral when empty and carry a negative charge when occupied
by an electron. A uniform spatial distribution is assumed for
all traps.

Concerning the energy level of the traps, it should be
pointed out that, being SiOs an amorphous material, energy
bands arise instead of discrete trap levels. For this reason we
have defined two uniform distributions with a width of 0.5
eV each with mean energies F; = 6.3 eV and Fy = 6.5
eV, where the oxide valence band has been taken as the
reference level. These values are in quite good agreement with
the results reported in [14] corresponding to the four-state
hydrogen bridge and hydroxyl center defects, respectively. In
Fig. 9 the energetic distribution of the traps is represented.
The total net concentration of the two traps is N; = 7.5-10'8
cm~3 for the deeper trap and Ny = 1.5 - 10'8 cm=3 for the
shallower.

The determination of trap cross-sections requires a special
attention for transient responses. In the past years, many
authors have reported measurements of electron capture cross
sections [40]-[44], with values ranging from 10~'3 cm? to
10718 c¢m?, so cross sections are not unambiguously deter-
mined. We have used two different cross sections of respec-
tively o3 = 1.1 - 10" cm? and oy = 9- 1071 cm?, in
fair good agreement with the values reported in [45], where
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TABLE Il
Trap parameters used for the two trap distributions. Mean energy of the
trap level, trap width, electron capture cross section and trap density
are reported for each type of trap. The parameter E is referred to the
top of the conduction band, taken as the reference level.

Parameter Trap 1 Trap 2
ET1 (eV) 6.3 6.5
AFE (eV) 0.5 0.5
oe (cm?) 1.1-1071% 9.10715
Nr (em=3) | 7.5-10%®  1.5.10'8

it has been shown that two different electron cross sections
exist which differ by as much as 1-2 orders of magnitude.
This choice allows us to better describe the transient response
of the DC stress characteristics on the full time range covering
4 orders of magnitude.

The second important aspect to take into account in order to
have a complete representation of the physics of the device,
is the definition of the field-enhanced emission mechanisms
which play a relevant role at high fields. To this purpose, the
cross-section is defined as a function of enhancement factors
modeling the Poole-Frenkel effect and the Hurkx trap-assisted
tunneling, both available in the TCAD tool [23]. As far as the
Poole-Frenkel effect is concerned, the emission cross section
enhancement factor is calculated as follows:

1 w1

Fppzﬁ[l—F(a—l)@ ]—5 (1)
1 ¢F

= — | —— 2

@ kT TEQEPF ( )

where F is the electric field, q is the electron charge, T the
temperature and € pr the Poole-Frenkel permittivity of SiOs.
It should be noted that the typical square-root dependence
is valid only if one assumes a coulombic potential for traps
[46], [47]. Other potentials lead in some cases to integrals



which cannot be solved analitically. By using this model we
are implicitly assuming that we are dealing with a coulombic
potential, which is a reasonable hypothesis.

In addition to the Poole-Frenkel model, the emission due
to tunneling at high fields, namely the Hurkx model [48],
has been considered because at very high electric fields the
tunneling from traps to the conduction band is not negligible
and can dominate over the Poole-Frenkel emission [49]. Such
effect is expected to play a key role in the AC stress conditions.
This hypothesis has been checked by extracting the total
trapped charge during a square-wave AC stress with pulses
of 650 V and period of 14 s, where the impact of charge
trapping and detrapping is supposed to be dominant. In Fig.
10 we report a comparison of the trapped charge near the top
electrode between a simulation obtained by activating both
the Hurkx and the Poole-Frenkel models and an analogous
one in which only the Poole-Frenkel model has been used. It
is clear that by activating the Hurkx model it is possible to
have an appreciable charge de-trapping during the stress. Thus
the Hurkx model implemented in Synopsys TCAD has been
activated [48].
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Fig. 10. Trapped charge concentration as a function of time for a square
wave AC stress near the top contact. Continuous line: simulation per-
formed activating the Hurkx model; Dashed line: simulation performed
without the Hurkx model.

V. TCAD ANALYSES OF THE EXPERIMENTAL RESULTS

The TCAD results are compared against J-V experiments
in different regimes to check the validity of the proposed
transport model. Fig. 11 shows the slow voltage ramp stress
current densities as a function of the applied electrical field
up to breakdown at different temperatures, namely 7' = 25
°C, T = 100 °C and T' = 150 °C. The low-electric field
part of the characteristics is strictly related to the charge
injection due to tunneling effect. At intermediate electric fields
the current is mainly limited by charge trapping effects: this
indicates that the cathode field is decreasing due to significant
electron trapping in the bulk of the oxide, which in turn
limits the tunneling current. In the high-field regime, namely

between 8 MV/cm and 10 MV/cm, one can notice the effect
of impact ionization, as also shown in Fig. 11, bottom, where
simulations without the avalanche generation are reported. The
slight difference observed in the current levels at different
temperatures in the intermediate fields regime can be ascribed
to the effect of temperature on the trapping rates. However, the
temperature dependence of the breakdown field due to impact-
ionization generation is limited, as confirmed by the simulation
lines crossing at a field of 9.2 MV/cm, consistently with the
phonon energy of 153 meV [35].
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Fig. 11. Top: Current density as a function of the applied electric field
for voltage ramp stress up to breakdown. Three temperature conditions
are represented, namely T' = 25 °C, T' = 100 °C and T' = 150 °C.
Symbols: experiments; Solid and dashed lines: simulations.

Bottom: Current density as a function of the applied electric field for the
voltage ramp stress up to breakdown at T' = 25 © C. The experimental
measures (symbols) are compared to simulations performed with the
avalanche model (solid line) and without it (dashed line).

Concerning the faster ramp shown in Fig. 12, despite the
peak current slightly differs from the experimental value (by
about a factor of 2), the hysteresis is very well reproduced, in-
dicating that the amount of trapped charge during the stress is
in quite good agreement with the experimental data. Moreover,



the slope of the decreasing part of the ramp is nicely captured
by simulations. The low field deviation from the tunneling
contribution might be due to defect-related conduction, as
a trap assisted tunneling from contacts [5], [6]. However,
at high fields the latter is not relevant with respect to the
tunneling contribution. In the backward ramp the trap assisted
tunneling is suppressed because traps are charged and the
WKB tunneling behavior is observed.
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Fig. 12.  Current density as a function of the applied electric field for

voltage ramp stress up to Fox = 6.75 MV/cm. Two ramp rates have
been used, namely 24 V/s and 6 V/s. Symbols: experiments; Solid line:
simulations.

The trap parameters, such as energy distribution and cross
section, can be investigated by analyzing the DC-stress char-
acteristics. Fig. 13 show the current density versus time
characteristics for the constant voltage stress at Fox = 6.65
MV/cm. Simulations with different sets of trap parameters are
reported. The solid black lines of Fig. 13 are in fair good
agreement with the experimental results. Changing either the
mean energy of the traps or the electron capture cross section
can have a great impact on the current, leading to a non correct
prediction of experimental data. In particular, setting a smaller
cross section for both traps (blue dashed curves of Fig. 13)
leads to a nearly rigid shift of the log-log characteristics: the
less charge is trapped, the greater the current will be. It should
be noted that the slope of the straight line in the log-log plot
is directly related to the traps depth within the energy bandgap
of the insulator, as demonstrated by the dot-dashed curves of
Fig. 13 which feature a modification of only the mean energy
of the traps with respect to the best choice of trap parameters.
Thus we can conclude that our choice of the energy levels can
capture the relevant mechanisms.

In order to assess the role of detrapping mechanisms,
the AC-stress characteristics have been taken as the main
reference. Fig. 14 shows the experimental versus simulated
AC current characteristics obtained with two different setups:
in the first one (dashed line of Fig. 14) the Poole-Frenkel
model has been activated and the Hurkx model has been
turned off; in the second one (solid line of Fig. 14) both

10-5 """" Trr T T Trr T LML
+ Experiment
. Simulation (calibrated)
< 10 . - = Sim-o, =7.1x10" cm? | 3
é’ \ — - — Sim - ET,1=5-2 eV
> 107
£ 3
c
(0]
2 10°
C
o
S
(@] 10°
10-10 I 1 1 1 1
0 100 200 300 400 500
Time (s)
10—5 E " M B LA B LA B | ™
E o E
F,x=6.65 MV/cm ]
~ 10°F 3
£ 3
o
< o]
> 107 3
£ E
C
k5 [
< 10%E E
c 3 S E
2 + Experiment N
3 10° i S?mulation (calibr?:ed)2 \
£ [— — Sim-oc_,=7.1x10"" cm 3
[ |~-—sim-E, =5.2eV .
10-10 Y ......'.l AT R BTV R SV
0.01 0.1 1 10 100 1000 10000
Time (s)

Fig. 13. Top: Semi-logarithmic current plot comparison of experimental
data (symbols) and simulation results (solid and dashed lines) for a
constant voltage stress performed at Fyx = 6.65 MV/cm.

Bottom: Log-log current plot comparison of experimental data (sym-
bols) and simulation results (solid and dashed lines) for a constant
voltage stress performed at Fox = 6.65 MV/cm.

The black solid lines were obtained with the calibrated parameters for
all the traps (reported in Il), while the blue dashed and red dash-dotted
lines were obtained by changing only the capture cross section and the
trap level of the first trap, respectively.

models have been activated. The sole Poole-Frenkel model
is not capable of reproducing the observed recovery of the
current at each half-wave, which is strictly related to de-
trapping mechanisms. However, the current recovery can be
at least qualitatively captured by activating also the Hurkx
model for the emission cross section enhancement. This is a
hint that trap-assisted tunneling is not negligible at the electric
fields under consideration and has to be properly modeled as
well as the Poole-Frenkel effect.

Finally, in order to gain further insight on the charge
trapping and detrapping dynamics, Fig. 15 and 17 show the
trapped charge across the device at different instant of the
DC and AC transient simulations, respectively. For the DC
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bols+line: experiments; Solid lines: simulations with the Hurkx model;
Dashed line: simulations without the Hurkx model.

stress condition, also the electric field distribution across
the insulator has been reported in Fig. 16. The two stress
conditions show very different behaviors. In the DC stress
(Fig. 15), even if the great majority of the total charge is
trapped in the first instants of the simulation, charge buildup in
the oxide continues for hundreds of seconds up to a saturation
condition. In addition, one can observe that more charge is
trapped near the top contact, as expected, as it is the injecting
contact thus causing charge accumulation in its proximity. As
clearly shown by Fig. 16, the trapped charge is responsible for
a consistent modification of the electric field, which increases
near the the anode and decreases in proximity of the cathode
contact. Differently, in the AC stress (Fig. 17) the saturation
condition seems to be reached at shorter times with respect to
the DC counterpart. Moreover, charge buildup is significantly
enhanced near the two contacts, while a slight emptier region is
formed in the center of the device. In fact, the two electrodes
act in succession as injecting contacts leading to a greater
charge trapping which is not possible in the center of the oxide
due to a different balance between trapping and detrapping
mechanisms.

VI. CONCLUSIONS

A compact TCAD model has been presented to investigate
conduction mechanisms in high-voltage silicon oxide thick
TEOS capacitors for galvanic insulation. The most important
conduction mechanisms, i.e. charge injection at the electrodes
and trap-assisted capture and emission processes have been
modeled in order to reproduce the electrical behavior of
the device in different stress conditions: constant voltage
stress, AC stress and voltage ramp. The role of traps has
been extensively investigated. Despite it is not possible to
determine unambiguously the exact nature of defects being
silicon oxide an amorphous material and the type of traps
being process-dependent, it has been shown that it is possible
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Fig. 16.  Electric field distribution across the oxide layer for the DC-
stress. Three instants are represented: t = 1 s (solid line), t = 40 s
(dashed line), t = 100 s (dotted line).

to reproduce the leakage current of thick capacitors with a
proper choice of trap parameters such as concentration, cross-
section and energy level. Numerical simulations have been
nicely compared against experiments up to the breakdown
regime validating the proposed approach, which can be used
to study galvanic insulators in their high-field regime thus
guiding design optimization of such devices.
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