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Abstract
The hot electron injection model presently available in the TCAD tools has been investigated against experiments
on new test devices to the purpose of gaining an insight on its predictability in the context of the new-generation
technologies. The study has been carried out on electron emission in extremely high electric fields, as expected in
power LDMOS devices at the onset of avalanche breakdown, reaching for the first time injection probabilities as high
as 0.01. The numerical analysis clearly showed that the new Si/SiO2 interfaces experience different features with
respect to the old ones. The TCAD method based on the deterministic solution of the Boltzmann equation can
accurately capture such effects.

1. Introduction
One of the key challenges in building devices for
analog and high-voltage applications in advanced
technology platforms is given by their reliability
concerns. The scaling of CMOS devices inevitably leads
to hot-carrier-stress instability and charge injection [1].
This leads to the need of predictive models suitable for
the design stage. Recently, a TCAD approach has been
proposed based on the deterministic solution of the
Boltzmann equation through the Spherical Harmonic
Expansion (SHE-BTE) [2]. The model was
implemented in the Synopsys TCAD tool [3] and was
shown to fairly reproduce the charge-injection
experiments reported by Ning [4]. It accounts for the
microscopic scattering mechanisms caused by acoustic
and intervalley phonons, ionized impurities, and impact
ionization and uses the band-structure quantities
obtained from the nonlocal empirical pseudopotential
method for relaxed silicon up to the fourth band, which
starts at about 3.23 eV. It is expected that more bands
appear at higher energies, but the SHE-BTE solution is
assumed to be accurate for the description of the
relevant injection probabilities as they are mostly
characterized by the distribution function close to the

Si/SiO2 energy barrier (3.1 eV) further corrected by the
barrier-lowering effects when high fields are applied [4,
5]. The tail of the distribution function usually shows an
exponential decrease, thus the description of the bands
and scattering rates at energies higher than about 4 eV
should not significantly affect the hot-carrier injection
predictions. In addition, the injection model based on
the BTE-SHE solution was recently applied to
nanoscale devices to verify its predictions on
inhomogeneous cases, and it demonstrates to reproduce
the Monte Carlo gate current densities and the
experimental gate-to-drain current ratios without any
calibration [6]. Thus, it is expected to give a rigorous
prediction of hot-carrier injection probability even in
analog and power devices.
In this work, the Synopsys-TCAD hot-electron
injection model has been adopted to reproduce the
experiments of new test devices. The numerical analysis
clearly showed that the new Si/SiO2 interfaces
experience different features with respect to the old
ones.
2. Test structures and experiments
A conventional n-channel MOSFET fabricated
with a BCD process has been used with an additional

Fig. 1. Schematic view and bias conditions of the nchannel MOSFET with sub-surface emitter region used to
inject carriers in the MOSFET substrate.

sub-surface emitter region to control the electron
injection from the forward-biased emitter-base junction
into the MOSFET substrate (Fig. 1). The device has a
7nm-thick gate oxide. The body (p-well) of the
MOSFET has a near-surface boron concentration of
about 3 × 1017 cm−3. The experiments are performed at
constant temperature T = 25 ◦C, controlled by a
thermo-chuck. The device has been biased at zero
drain-to-source voltage, above threshold (VG =1.4 ÷
7V) to modulate the oxide electric field Eox, and with
different negative body voltage (VB= 0 ÷ -5V) to
modulate the depletion region below the gate. Electrons
have been injected by forcing IE = -100A, the body
voltage is swept from 0 to -5 V and the collector, body
and gate currents are monitored. The injection
probability (Pinj) is equal to the ratio between the gate
and collector current.
For a preliminary analysis, Pinj measured for
different VG has been reported in Fig. 2 as function of
the distance d from the Si/SiO2 interface where the
potential energy in the substrate is equal to the barrier
height. The drift-diffusion TCAD simulations, carried
out by solving the electron and hole transport equations
accounting for the corresponding impact-ionization
generation terms, have been calibrated against the IC-VB
experiments, as they clearly show the effect of
avalanche with a significant increase of IC with
decreasing VB leading to IC even larger than IE for VB <
-4.5 V. The calibrated TCAD simulations have been
used to extract d at different VB. Due to the larger
doping concentration, a significant reduction of d is
experienced by the new devices. The barrier height as a
function of Eox has been initially modelled according to
[4] because it showed good predictions on devices with
different doping profiles. By modelling the emission

Fig. 2. Injection probability as a function of the distance d
from the Si/SiO2 interface. Black symbols: Ning
experiments [4]. Open blue symbols: experiments carried
out on the new devices for different Eox, reported as
functions of d accounting for barrier lowering. Closed blue
symbols: new experiments as functions of d without
barrier lowering. Dashed lines where calculated as Pinj = A
exp (-d/λ) following [4].

probability with the expression Pinj = A exp (-d/λ), with
A and λ fitting parameters (dashed curves in Fig. 2), the
new data (open blue symbols) clearly show a different
barrier dependence with respect to Ning experiments
(open black symbols). By assuming a zero Schottkybarrier lowering, trends in accordance with Ning data
have been obtained (Fig. 2, closed blue symbols).
3. TCAD simulations of the SHE-BTE
The accurate simulation of hot electron injection is
a complex task as underlined in [5]. At high energies,
the phonon and impact-ionization scattering are
expected to determine the shape of the distribution tail,
thus we checked the parameters in the TCAD model
and changed the impact-ionization rate consistently
with the data reported in [5] and references therein
(Fig. 3). The SHE-BTE scattering rates nicely compare
with the Monte Carlo data up to 5eV.
The structure of the device reported in Fig. 1 has
been used to create the simulation deck for the new test
structures and the devices reported by Ning (“15-12-8”
in [4]). In Fig. 4, the electron energy distributions at the
Si/SiO2 interface obtained by the SHE-BTE solution
are compared for both devices at the maximum VG and
VB. The tail of the distribution function in the new
structure is significantly higher than the old device due
to the larger doping concentration. As expected, the

Fig. 5. Measured and simulated probability of injection
into SiO2 as a function of the square root of the oxide field
at three different body biases. Measured data (symbols)
show a weak dependence on Eox at high injection
conditions, which is in accordance with the results shown
in Fig. 2. Solid lines: TCAD predictions without barrier
lowering. Dashed lines: TCAD predictions with barrier
lowering. TCAD results with barrier lowering switched off
show the best fitting with experiments.

was not reached by the old structures.
Fig. 3. (Top) Total electron-phonon and (bottom) impactionization scattering rates computed with SHE-BTE in
comparison with the ones adopted in [5]. Default
parameters are used for phonon rate, while a different
parameter set is used for the second one.

new devices cover a range of hot-carrier energies which

Fig. 4. Electron density as a function of energy computed
with the SHE-BTE code in the new and old test structures
at the maximum body biases.

4. TCAD calculations of the gate current
The implemented gate current model available in
[3] covers tunnelling and thermionic emission
components and accurately fits the Ning experiments as
shown in [2]. It takes into account the image potential
barrier lowering and the scattering probability within
the oxide. More specifically, the probability of electrons
moving from silicon to oxide without scattering is given
by Pins= exp (-r0/λins), with r0 the distance of the barrier
peak in the oxide, and λins the mean free path in the
insulator. The gate current is calculated from the
solution of the SHE-BTE and is proportional to Pins. By
observing the results of Fig. 2, the comparison between
new and old experiments provides the indication that a
much smaller barrier lowering is experienced in the new
structures, thus the corresponding image-potential
barrier-lowering model [2, 5] has been switched off in
the TCAD simulations. A slight calibration of the
barrier height has been applied (EB0=3.0 instead of
3.1eV). In addition, a significant oxide scattering has
been assumed, leading to a strongly reduced mean free
path. In Fig. 5, the TCAD results of Pinj as a function of
Eox by ignoring the barrier-lowering effect on the
barrier height (but keeping the oxide scattering effect)

The study has been carried out on electron emission in
extremely high electric fields, as expected in power
LDMOS devices at the onset of avalanche breakdown,
reaching for the first time injection probabilities as high
as 0.01. The numerical analysis clearly showed that the
new Si/SiO2 interfaces experience different features
with respect to the old ones. The TCAD method based
on the deterministic solution of the Boltzmann equation
can accurately capture such effects, confirming to be an
interesting approach for future analyses.
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Fig. 6. Measured and simulated probability of injection
into SiO2 as a function of the square root of the oxide field
at three different body biases. Symbols: “15-12-8” Ning
experiments [5], showing an exponential increase with the
square root of Eox. Solid lines: TCAD results with barrier
lowering switched off and the default value for λins.
Dashed lines: TCAD results with barrier lowering
switched off and λins = 0.3nm. The best fitting with
experiments is obtained by using the default value for the
insulator mean free path.

nicely reproduce the measured data for all biases, while
numerical data assuming the barrier lowering show a
clear overestimation at larger biases. The best fitting is
obtained by using λins = 0.3 instead of 2 nm. In Fig. 6,
the TCAD simulations on the old device by ignoring the
barrier-lowering effect on the barrier height have been
reported as functions of Eox: the dependence on Eox is
still high enough to accurately fit Ning experiments,
provided that the usual value of λins is adopted [2, 3].
The obtained results showed that, on the one hand, the
barrier lowering effect is not observed at very high Eox
and is not necessary to fit the experiments. On the other
hand, the scattering rate at the oxide barrier seems to be
much more relevant in the new devices with respect to
the old ones as different values of the mean free path
have been extracted against experiments, which might
be related to the different process features such as
oxide growth conditions and chemical composition.
5. Conclusions
In this work, the hot electron injection model
presently available in the TCAD tools has been
investigated against experiments on new test devices to
the purpose of gaining an insight on its predictability in
the context of the new-generation BCD technologies.
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