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Abstract—Charge transport in thick amorphous silicon dioxide
capacitors for integrated galvanic insulators is experimentally
investigated and analyzed through numerical simulations carried
out with a commercial TCAD tool. The material intrinsic defec-
tivity and the large biases applied to such devices give rise to a
leakage current which is responsible for degradation and failure.
Hence it is crucial to have a complete understanding of the
charge-transport main physical mechanisms in amorphous silicon
oxide. In particular, charge injection at contacts and charge
build-up due to trapping/de-trapping mechanisms in the bulk of
the oxide are expected to play a crucial role and their complex
coupled interaction needs to be investigated via a TCAD-based
approach. For this reason, time-dependent dielectric breakdown
measurements at constant-current stresses and voltage-ramp
stresses up to breakdown have been performed on thick metal-
insulator-metal structures, and numerical simulations have been
carried out so to predict the failure mechanisms. To this purpose,
special attention has been devoted to the physical modeling of
defects and impact-ionization generation.

Index Terms—Silicon oxide; Insulators; Reliability; TEOS

I. 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
(S8i09) is the main insulator in the electronic industry because
of its near-ideal properties; however, the degradation and
failure of MIM devices is still limited by charge buildup in
pre-existing defect sites of the oxide layer. Among the specific
issues, such capacitors are thick structures in the micrometer
range. They are obtained through several deposition steps in
order to sustain high electric fields [4].

The tetraethyl orthosilicate (TEOS) is usually adopted as
a precursor for the interlayer thick oxides in the plasma-
enhanced chemical vapor deposition (PE-CVD). Such tech-
nique allows to deposit thick SiOy films in the back-end
with good physical properties, but they are known to show
a much larger density of preexisting defects with respect to
the thermally grown SiOs on top of silicon bulks. The latter
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characteristic leads to higher leakage currents while, when
compared to thermally-grown oxides on silicon [5], [6], the
internal electric fields can be significantly modified by charge
build-up, further limiting the expected device performance
and reliability [7]. In addition to this, the final application
as galvanic insulators implies that very high electric fields
are applied. Due to the high electric fields, carriers can gain
sufficient kinetic energy to generate electron-hole pairs, i.e.,
to give rise to non-negligible impact-ionization generation,
which needs be taken into account in order to have a complete
description of the main physical mechanisms responsible of
the breakdown of such devices. For these reasons, a TCAD-
based model capable of correctly handling charge transport,
trapping and de-trapping mechanisms and avalanche onset in
such kind of bulk oxides can be a useful tool for the devel-
opment and optimization of galvanic insulators in integrated
high-voltage systems. Thick back-end MIM structures have
been characterized under constant-current, and voltage-ramp
stresses with voltage ramps in DC and AC conditions up to
breakdown and the main transport features concerning charge
injection, traps and avalanche generation have been modeled
in a consistent TCAD setup.

II. 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 bottom metal is deposited on silicon and is
grounded, while the high voltage is applied to the circular top
metal (diameter d ~ 150 pum). The TEOS material is used as
intermetal dielectric. The parallel plate capacitor has a nominal
thickness tox = 0.9 pum. No relevant issues concerning with
device variability were observed, thus the characteristics of
single samples are used as reference for the analyzed curves.

Constant current stresses have been applied to the MIM
under study at different temperatures until the breakdown
condition was reached measuring the voltage at the top contact.
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Fig. 1. Schematic view of the TEOS capacitor.

For each temperature, three targets of current density have
been used as reported in Table I.

Forcing current directly through the capacitor leads to
very long voltage rise-times, as dV/dt = I/C, with T the
current flowing through the insulator which is very low, C the
capacity of the MIM and V the applied bias. To avoid this
issue, the following approach is used: at £ = 0, a constant
voltage is applied to the capacitor, the current is measured
and considered as the target current level. In order to avoid
current reduction due to charge trapping, a small voltage ramp
is applied at fixed time intervals of 10s. The new voltage
required to force the target current is thus found and set.

Fig. 2 shows the applied electric field calculated as Fox =
|[V|/tox, with V the voltage applied at the top electrode,
as a function of the stress time for each current stress and
temperature under study.

Table I. Temperature conditions and current targets used in experiments.

T=25°C T=150°C
J1 (A/em?) | 1.4-1078 1.6-1078
Jo (A/lem?) | 3.0-1078 3.6-10"8
J3 (A/lem?) | 6.3-108 7.5-108

The application of a constant current stress substantially
allows to keep constant the flux of carriers injected into the
oxide during time. The oxide-field increase is an indication
of the charge trapping in the oxide. The voltage increase
stops when an electric field of about 9 MV/cm is reached,
and saturates for longer stress times as shown in Fig. 2. The
voltage saturation is a clear indication of the onset of avalanche
condition leading to breakdown. It should be noted that the
blocking field is almost independent of the current forced in
the device and temperature with a value of F5R ~ 9 MV/cm.

In order to gain further insight on the trapping effects
and the physical mechanisms involved in the breakdown of
such devices, voltage-ramp measurements have been carried
out under AC and DC stress conditions. The DC stress was
performed by applying a voltage ramp at a constant rate of 6
V/s to the sample until the breakdown condition was reached.
The bipolar AC square-wave voltage was applied with pulses
of increasing amplitude and a period of 0.82 s up to the
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Fig. 2. Constant current measurements performed on the SiO2 TEOS thick
capacitor. Two temperature conditions have been tested, namely 7" = 25 °C
(close symbols) and 7" = 150 °C (open symbols).

breakdown. Both cases are depicted in detail in Fig 3. 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 [8]. More specifically, a short time
sweeping can avoid or minimize trapping of carriers, leading
to a larger injection current. In order to fairly compare the
outcomes of the different stress conditions, the AC stress was
carried out with the same voltage ramp rate of the DC one,
namely 6 V/s, which was shown to be slow enough to lead to
a significant charge trapping [9]. Moreover, in order to reduce
undesired displacement current effects, after each positive or
negative ramp, the voltage was kept constant to V' = 0 for 0.2
s, as shown in Fig. 3, bottom.

Fig. 4 shows the current density as a function of the
applied electric field for the AC and DC voltage-ramp stresses.
Concerning the AC measurement, the plotted data have been
extracted at the center of the time interval at the voltage
peak for each period, so that the greatest current recorded
for each period is reported. The two characteristics show a
similar trend. The first part of the characteristics at low fields,
up to about Fox = 6 MV/cm, shows a relevant increase of
the current due to charge injection at contacts. The current
saturation observed at Fox > 6 MV/cm is a clear indication
that charge trapping is the predominant physical effect in this
region, as the injected charges are trapped in oxide defect
sites and cannot contribute to the current, while the electric
field at the contact is reduced limiting the charge tunneling.
The current is greater in the case of an AC stress because the
polarity change allows for de-trapping at the anode contact
thus maintaining the electric field higher at the injecting
electrode with respect to the DC stress allowing for a larger
charge tunneling. At higher fields (greater than 8 MV/cm) traps
become filled and the current starts increasing again up to the
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Fig. 3. Top: AC square wave signal applied to the MIM under study. Negative
and positive ramps are highlighted.

Bottom: Magnification of the applied signal. The applied voltage to the peak
voltage ratio is plotted as a function of time. The period is 7" = 0.82 s.

breakdown, with a slight anticipation in the AC regime: the
AC breakdown field is FABg = 8.6 MV/cm, while the DC
one is FBE = 9.1 MV/cm. Impact ionization should play a
relevant role in this portion of the characteristics.
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Fig. 4. Current density as a function of the applied electric field for the AC
and DC stresses.

III. TCAD MODELING OF THE S105

The conduction model of the TEOS SiO5 can be described
by using a drift-diffusion (DD) transport model with suitable
physical parameters, such as the energy-band structure, the
presence of distributed defects in the material band-gap, the
impact-ionization generation and the tunneling injection at the
contacts [9]-[11].

As far as the defects are concerned, we mostly based pur
modeling approach on previous works dealing with thermally-
grown SiOs. The experimental data on TEOS oxide structures
clearly show the need of a set of two traps with different
energy levels. 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 [12]; the
trap equations are solved consistently along with Poisson and
electron and hole transport equations. The trapped charge is
explicitly accounted for in the Poisson equation. This approach
requires to define each type of defects by fixing the energy
dependence, the concentration and the capture cross-section.
Any field-enhanced effect on the capture and emission rates
has been assumed to be modeled in the capture cross-section
of each trap.

We have defined only acceptor-type traps for electrons, i.e.,
defects that are neutral 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 SiO,
an amorphous material, energy bands of traps arise instead
of discrete trap levels. For this reason, we have defined two
uniform distributions of traps in bands of 0.5 eV width with
mean energies F; = 6.3 eV and Fs = 6.5 eV, where the
oxide valence band has been taken as the reference level.
The energy distribution of traps is represented in Fig. 5,
showing also the different distribution functions adopted for
the bands. No significant sensitivity to the energetic function
was observed when comparing simulation results carried out
with the uniform distribution and the equivalent Gaussian
functions.

The determination of trap cross-sections requires a special
attention to transient responses. In the past years, many authors
have reported measurements of electron capture cross sections
[13]-[17], with values ranging from 10~!3 cm? to 10~ '8 cm?.
We have used two different cross sections of respectively o1 =
1.1:107° cm? and 0 = 9-1071® cm?, in fair good agreement
with the values reported in [18].

The trap parameters are reported in Table II.

As far as the high-field transport is concerned, the effect of
avalanche due to impact ionization cannot be neglected in a
complete picture of the relevant physical mechanisms [19].
Thus, the impact-ionization generation has been taken into
account in our simulation setup using the van Overstraeten-De
Man model [20] fitted against the experimental and theoretical
data reported in [19]. Fig. 6 shows the calibrated ionization co-
efficient against experimental data as a function of the electric
field. The phonon energy was fixed to 153 meV, consistently
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Fig. 5. Energy distribution of traps. Both the uniform distribution adopted and
the equivalent densities with Gaussian functions are plotted. The valence band
has been taken as the reference level, i.e. Ex; = 0. The point (Ec — Ev/)/2
represents the mid-band gap. A band-gap Eg = 8.9 eV is assumed for SiO2.

Table II. 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 traps. The parameter E is referred to the top
of the valence band, taken as the reference level.

Parameter Trap 1 Trap 2
Er (eV) 6.3 6.5
AFE (eV) 0.5 0.5
oe (cm?) 1.1-1071%  9.10715
Nt (em™3) | 7.5-10%  1.5.10!8

with the indications in [19] showing a limited temperature
dependence of the electron impact-ionization coefficient.

IV. SIMULATION RESULTS

The TCAD setup described in the previous Section has been
applied to reproduce the experimental data of the constant-
current and the AC and DC stresses. To this purpose, a quasi
stationary current ramp has been applied up to the desired
current level, and a constant-current stress is directly applied
to the simulated device. Fig. 7 shows the TCAD results of the
oxide field versus time at 7' = 25 and 150 °C. Experiments
are qualitatively reproduced, indicating that the rate at which
charge is trapped is in agreement with the experimental data,
predicting ESY and the corresponding time to breakdown.

In order to gain insight on the internal phenomena producing
the observed breakdown, the electric field distribution across
the device is plotted at T = 25 °C, J = 6.3 - 1078 A/cm?
for three stress times, namely ¢; = 1s (at the beginning of the
stress), to = 100s (during the voltage increase) and t3 = 1000s
(after the breakdown condition is reached), as shown in Fig.
8. Charge injection from the top electrode (z = 0) leads to a
charge trapping dynamics and a clear increase of the internal
field towards the bottom contact. The maximum field reached
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Fig. 6. Electron avalanche coefficient as a function of the electric field.
Symbols: experimental data in [19]. Solid line: calibrated TCAD model at
room temperature. Dashed line: calibrated TCAD model at 7" = 150°C.

o]

/Lines: T=25°C 1
Symbol+Line: T=150 °C |
—— J=1.4x10°A/cm?| |
— — J=3.0x10°A/cm®
— - — J=6.3x10°A/cm®
—a— J=1.6x10°A/cm?| ]
SF —e— J=3.6x10°A/cm?|
J=7.5x10°A/cm?| {

~

D

Oxide field (MV/cm)

1000 10000 100000

Time (s)

100

Fig. 7. Simulations of the oxide field plotted as a function of time at different
temperatures, namely 7" = 25 °C (lines) and 7' = 150 °C (lines+symbols).

near the bottom electrode at the longest time is as large as 10.5
MV/cm, comparable with the breakdown strength of bulk SiO,
[19].

In order to further assess the role of trapping mechanisms
in the observed constant-current TDDB dynamics, the trapped
charge across the device has been extracted from simulations
at T =25°C, J=6.3-10"% A/cm? at t; = 1, 100 and 1000
s, as shown in Fig. 9. It can be noted that at short stress times
the trapped charge distribution is substantially flat across the
device and simply tends to increase uniformly. Differently, at
t = 1000 s the trapped charge is higher near both contacts with
respect to the central portion of the device. The trapped charge



This is further confirmed by the avalanche generation rate
plotted in Fig. 10, where it can be noted that, for long stress
times, the generation of electrons gradually increases moving
towards the bottom contact. This means that the largest number
of generated electrons is close to the anode.
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Fig. 8. Electric field distribution across the device at 7' = 25 °C and J =
6.3 -10~8 A/cm? for three different stress times.
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Fig. 9. Total trapped charge across the device at 7" = 25 °C and J =
6.3-10~8 A/cm? for three different stress times.

in the proximity of the top contact is mainly due to electron
injection from the cathode: an accumulation of charges trapped
in the defects is found in the region where the lowest electric
field is observed, while a significant trapped-charge emission
is expected to play its role at larger electric fields in the middle
of the layer. On the other hand, the enhanced trapping near
the bottom contact is an effect of avalanche generation which
becomes relevant at long stress times due to the even larger
field. In fact, the electrons are generated by impact ionization
across the device especially near the anode. Those excess
electrons can either be emitted from the bottom contact or
be trapped, leading to an enhanced trapping concentration in
the proximity of the anode.

10" . . . 3
"0 10" U I
510”— ,/"/ /,”’ ]
L R -

7 4
Stk | 7/ ——t=1s -
S fall 7 — — t=100s | [O]
S10%EQ |1, —-—t=1000s |3
= . 7 =g
810"k g o 3
° : ] // T=25°C
Sq0°L b J=6.3x10"A/cm* | ]
C E 3
S i ]
S 10°F E
< ]

108 [ N 1 s 1 " 1 N 1

0.0 0.2 0.4 0.6 0.8

Position (um)

Fig. 10. Avalanche generation rate across the device at 7' = 25 °C and
J =6.3-10"8 A/cm? for three different stress times.

Concerning the AC and DC stresses, a square wave signal
and a voltage ramp at a constant rate have been applied to
the simulated device. Fig. 11 shows the TCAD results of
the current density versus the oxide field for the two stress
conditions. The low-electric field (Fox < 6 MV/cm) part of
the characteristics is strictly related to the charge injection due
to tunneling effect. The difference between simulations and
measurements might be ascribed to a perimeter contribution
to the total current and trap assisted tunneling effects from the
electrodes which are not taken into account in simulations. At
intermediate electric fields (up to 8 MV/cm) the current is
mainly limited by charge trapping effects. Simulations are in
good agreement with experiments, indicating that the relevant
charge trapping mechanisms are properly modeled and cali-
brated. In the high-field regime, namely over 8 MV/cm, the
effect of impact ionization can be noted. The slight anticipation
of the observed breakdown field in the AC regime with respect
to the DC stress condition is nicely captured by simulations.

The total trapped charge and the electric field across the
device have been plotted in Fig. 12 and Fig. 13 at two different
oxide fields, namely Fox = 6 MV/cm (in the charge-trapping
portion of the J-E characteristics) and Fpox = 8.5 MV/cm
(just before the AC breakdown). The two stress conditions
show different behaviors with some common features. In both
stresses, even if the great majority of the total charge is already
trapped at Fox = 6 MV/cm (Np a~ 10'® cm~2 ), charge
buildup in the oxide continues until the breakdown condition is
reached (Fig. 12). However, while the charge distribution in the
DC regime is substantially flat at low fields, in the AC regime
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more charge is accumulated near both contacts, as expected,
because charge is injected from both of them alternately. At
high fields, the distribution in the DC case shows more trapped
charge near the top contact as it is the injecting electrode,
while for the AC regime the distribution is similar to the low-
field case with the trapped charge being greater near the two
contacts with respect to the DC case.

Concerning the electric-field distribution (Fig. 13), at low
biases a nearly flat distribution for both the AC and DC
regimes is observed, while at greater biases the trapped charge
causes a modification of the local electric field, and a greater
field is observed in the AC regime with respect to the DC one
especially near the contacts explaining why the AC breakdown
is slightly anticipated.

V. CONCLUSIONS

A TCAD model has been presented to investigate conduc-
tion mechanisms in high-voltage silicon oxide thick TEOS
capacitors embedded in the back-end inter-level dielectric
layers. The TCAD has been proven to be a useful tool for
the study of transport in TEOS oxides, as they tend to show
different electrical properties with respect to thermally grown
SiO,. The role of traps has been extensively investigated.
Different stress conditions, such as constant-current time de-
pendent dielectric breakdown and AC and DC voltage ramp
stresses up to breakdown, have been analyzed in order to
investigate the role of the main physical mechanisms involved
in the breakdown of such devices. The reported predictions
are in nice agreement with experiments up to the breakdown
condition. From the comparison of TCAD simulations with
experiments, we can conclude that impact-ionization is the
most relevant mechanism involved in the breakdown of such
devices along with the significant charge trapping in the oxide
bulk.
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12 3 T T T i T i T T
——DC - F,,=6 MV/cm E
"E - - DC-F,,=85MVicm '
Frop G Focewen |
S i AC - F,,=8.5 MV/cm /.f"
S of —~ &3
G 8FF =7 g_
£ R 5
o 7E 7/ 3
w 75 /'// ]
6F

5 é ] L 1

0.0 0.2 0.4 0.6 0.8

Position (um)

Fig. 13. Electric field distribution across the device under AC and DC regimes
at two different oxide fields, namely Fox = 6 MV/cm (in the cherge-trapping
portion of the J-E characteristics) and Fox = 8.5 MV/cm (just before the
AC breakdown).

REFERENCES

[1] C. C. Hung, A. S. Oates, H. C. Lin, P. Chang, J.L. Wang, C.C.
Huang, and Y.W. Yau, New understanding of Metal-Insulator-Metal
(MIM) capacitor degradation behavior, IEEE 45th Annual International
Reliability Physics Symposium, Phoenix, AZ, USA, pp. 630-631, April
15-19, 2007. DOI: 10.1109/RELPHY.2007.369985.

[2] P. Mahalingam, D. Guiling, S. Lee, Manufacturing challenges and
method of fabrication of on-chip capacitive digital isolators, IEEE Inter-
national Symposium on Semiconductor Manufacturing, Santa Clara, CA,
USA, pp. 1-4, October 15-17, 2007. DOL: 10.1109/ISSM.2007.4446870.

[3] R. Higgins, and J. McPherson, TDDB Evaluations and Modeling of
Very High-Voltage (10 KV) Capacitors, IEEE 47th Annual International



[4]

[6]

[7]

[8]

(10]

(11]

[12]
[13]

[14]

[15]

[16]

[17]

[18]

(19]

[20]

Reliability Physics Symposium, Montreal, QC, Canada, pp. 432-436,
April 26-30, 2009. DOI: 10.1109/IRPS.2009.5173292.

S. Shin, Y.P. Chen, W. Ahn, H. Guo, B. Williams, J. West, T.
Bonifield, D. Varghese, S. Krishnan, and M. A. Alam High Voltage
Time-Dependent Dielectric Breakdown in Stacked Intermetal Dielec-
tric, IEEE 56th Annual International Reliability Physics Symposium,
Burlingame, CA, USA, pp. P-GD.9-1-P-GD.9-5, March 11-15, 2018.
DOI: 10.1109/IRPS.2018.8353669.

W. Wu, S. Rojas, S. Manzini, A. Modelli, D. Re, Characterization Of
SiO2 Films Deposited By Pyrolysis Of Tetraehylorthosilicate (TEOS) ,
Journal de Physique Colloques, Vol. 49 (C4), pp.C4-397-C4-400, 1988.
DOI: 10.1051/jphyscol:1988483.

M. Sometani, R. Hasunuma, M. Ogino, H. Kuribayashi, Y. Sugahara
and K. Yamabe, Suppression of Leakage Current of Deposited SiO2 with
Bandgap Increasing by High Temperature Annealing, ECS Transactions,
Vol. 19 (2), pp. 403-413, 2009. DOI: 10.1149/1.3122105.

E.F. Runnion, S.M. Gladstone, R.S. Scott, D.J. Dumin, L. Lie, and J.C.
Mitros, Thickness Dependence of Stress-Induced Leakage Currents in
Silicon Oxide, IEEE Transactions On Electron Devices, Vol. 44, No. 6,
pp- 993-1001, June 1997. DOI: 10.1109/16.585556.

Dieter K. Schroder, Semiconductor Material And device Characteriza-
tion, John Wiley and Sons, Inc., Third Edition, 2006.

F. Giuliano, S. Reggiani, E. Gnani, A. Gnudi, M. Rossetti, R. Depetro,
G. Croce, Novel TCAD Approach for the Investigation of Charge
Transport in Thick Amorphous SiO2 Insulators, IEEE Transactions
on Electron Devices, Vol. 68, No. 11, pp. 5438-5447, 2021. DOI:
10.1109/TED.2021.3100309.

P. C. Arnett, Transient conduction in insulators at high fields, Journal
of Applied Physics 46, pp. 5236-5243, 1975. DOI: 10.1063/1.321592.

J.F. Verwey, E.A. Amerasekera and J. Bisschop, The physics of SiO2
layers, Reports on Progress in Physics, Vol. 53, No. 10, pp. 1297-1331,
1990.

Synopsys Inc., Sentaurus Device User Guide M-2016.12, 2016.

T.H. Ning, High-field capture of electrons by Coulomb-attractive centers
in silicon dioxide, Journal of Applied Physics, Vol. 47, No. 7, pp. 3203-
3208, 1976. DOIL: 10.1063/1.323116.

N.S. Saks, and M. G. Ancona, Determination of Interface Trap Cap-
ture Cross Sections Using Three-Level Charge Pumping, IEEE Elec-
tron Device Letters, Vol. 11, No. 8, pp.339-341, Aug. 1990. DOL:
10.1109/55.57927.

D. J. DiMaria, F. J. Feigl, and S. R. Butler, Trap ionization by electron
impact in amorphous SiO2 films, Applied Physics Letters, Vol. 24, No.
10, pp. 459-461, 1974. DOI: 10.1063/1.1655011.

P. Solomon, High-field electron trapping in SiO2, Journal of Applied
Physics, Vol. 48, No. 9, pp. 3843-3849, 1977. DOI: 10.1063/1.324253

J. Albohn, W. Fiissel, N. D. Sinh, K. Kliefoth and W. Fuhs, Capture
cross sections of defect states at the Si/SiOz interface, Journal of Applied
Physics, Vol. 88, No. 2, p. 842-849, June 2000. DOI: 10.1063/1.373746.
M.H. Chang, J.F. Zhang, and W.D. Zhang, Assessment of Capture Cross
Sections and Effective Density of Electron Traps Generated in Silicon
Dioxides, IEEE Transactions On Electron Devices, Vol. 53, No. 6, pp.
1347-1354, June 2006. DOI: 10.1109/TED.2006.874155.

D. Arnold, E. Cartier, and D. J. DiMaria, Theory of high-field electron
transport and impact ionization in silicon dioxide, Physical Review
B, Vol. 49, No. 15, pp. 10278-10297, Apr. 1994. DOI: 10.1103/Phys-
RevB.49.10278.

R. van Overstraeten and H. de Man, Measurement of the lonization Rates
in Diffused Silicon p-n Junctions, Solid-State Electronics, Vol. 13, No.
1, pp. 583-608, May 1970. DOI: 10.1016/0038-1101(70)90139-5.



