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Abstract—We present the first physics-based model for hot-
carrier degradation which is able to capture degradation in
both short- and long-channel SiON nMOSFETs. Degradation is
considered to be due to the breaking of Si-H bonds at the SiON/Si
interface. Contrary to previous modeling attempts, our approach
now correctly considers the intricate superposition of multivibra-
tional bond excitation and bond rupture induced by a solitary hot
carrier based on experimentally confirmed distributed activation
energies. All processes are treated as competing pathways, leading
to bond dissociation from all vibrational levels. These rates
are determined by the carrier acceleration integral and by the
bond energetics. The acceleration integral is calculated using the
carrier energy distribution. Corresponding distribution functions
are found by a thorough solution of the Boltzmann transport
equation. We demonstrate that electron-electron scattering plays
the dominant role. As for the bond energetics, we consider the
dispersion of the activation energy as well as its reduction induced
by the interaction of the bond dipole moment with the electric
field. All the model ingredients are incorporated into the same
simulation framework based on the deterministic solver of the
Boltzmann transport equation, ViennaSHE.

Index Terms—hot-carrier degradation, physics-based model,
deterministic Boltzmann transport equation solver, MOSFET,
interface traps.

I. INTRODUCTION

Hot-carrier degradation (HCD) is a highly complex phe-
nomenon, which involves a wide hierarchy of physical effects.
This hierarchy connects the microscopic level of defect gen-
eration with the device physics level [1-4]. HCD is widely
adopted to be due to the dissociation of passivated Si-H bonds
at or near the dielectric/semiconductor interface. This dissoci-
ation is induced by the charge carriers in the channel which
interact with the bonds. The efficiency of such an interaction is
defined by energies deposited at the interface by carriers from
the ensemble moving through the device. Therefore, the crucial
link in the aforementioned hierarchy between the device and
microscopic levels is the carrier transport treatment, which is
essential for a proper capture of bond-breakage kinetics as well
as for modeling of the degraded transistors. Thus, an adequate
description of carrier transport based on the thorough solution
of the Boltzmann transport equation (BTE) is expected to be
the central aspect of any physics-based hot-carrier degradation
model. These considerations already reflect the complexity
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Fig. 1: The schematic representation of the model structure. The model is
incorporated into the Boltzmann transport equation solver ViennaSHE. The
ViennaSHE framework allows to consider all the aspects of the problem
consistently, namely carrier transport, the kinetics of defect generation, and
modeling of the degraded devices.

of the HCD problem, which can be therefore separated into
three subtasks: (i) carrier transport treatment by solving the
Boltzmann transport equation (BTE), (i) description of defect
generation kinetics at the microscopic level, and (iii) modeling
of the degraded devices, see Fig. 1 [4,5].

In practice, however, due to the complexity of HCD, this
detrimental phenomenon is very often modeled at an empirical
level [6-8]. The corresponding models are of very limited
validity, because under different stress/operating conditions
and/or device topologies different mechanisms can dominate
HCD. For instance, electron-electron scattering (EES) was
claimed to be of key importance in ultra-scaled devices [9,
10]. EES substantially reinforces HCD for devices fabricated
in the 180 nm node and below. This scattering mechanism also
determines the HCD temperature behavior in nano-scale tran-
sistors [2, 11]. Another conceptual peculiarity is the change of
the dominant mechanism of hot-carrier degradation which ac-
companies MOSFET miniaturization. In long-channel and/or
high-voltage MOSFETs HCD is triggered by hot carriers.
Within this process one of the bonding electrons is excited
to an antibonding (AB) state, which makes the entire bond
unstable, and hence leads to its rupture [12]. Carrier energies
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in the ensemble are high enough to induce a bond-breakage
event in a single collision. This process is termed as the AB-
mechanism. At the same time, if operating voltages are scaled
down such energetical electrons are not likely. However, as
was reported in [13] HCD can be severe even in ultra-scaled
MOSFETs. The reason behind this is that the ensemble of
“colder” carriers can induce a multiple vibrational excitation
(MVE) of the bond. Such an excited bond is more likely
to be broken by a single carrier. At the device level, this
alteration of the dominant bond dissociation mechanism was
shown to be responsible for the shift of the worst-case HCD
conditions in ultra-scaled devices as compared to long-channel
transistors [2, 14, 15]. Therefore, the change of the physical
picture behind hot-carrier degradation may also dramatically
impact the device life-time, thereby making empirical models
non-predictive.

In order to avoid the complicated solution of the BTE while
still capturing the main mechanisms contributing to HCD, sim-
plified schemes based on the “energy driven paradigm” pro-
posed by Rauch and LaRosa [10, 16] are commonly used [17,
18]. The energy driven paradigm relates the defect generation
rate to the stress/operating voltages via so-called characteristic
“knee energies”. One of the most successful HCD models,
the Bravaix model, is designed in the same fashion [17,19].
This approach identifies three main modes governed by the
AB-, EES, and MVE-processes. This consideration, however,
is problematic because all these components act as scattering
mechanisms, thereby affecting carrier transport, and as a result
the bond dissociation rate. Therefore, these mechanisms need
to be considered consistently.

Furthermore, although the importance of EES has been
acknowledged, EES is usually omitted since it is very dif-
ficult to model, leading to contradictory claims [18,20]. For
instance, the authors of [18] report that the role of EES is
overestimated and that instead a two-particle process dom-
inates HCD. Finally, in spite of the fact that it has been
suggested that a superposition of AB- and MVE-mechanisms
has to be considered [1], they are typically approximated
as being independent [17,21]. Also, although the Bravaix
model considers a particular superposition of these process
called as the two-particle process [17], it would be worth
to incorporate the vibrational excitation of the bond to an
arbitrary level followed by hydrogen release. In the previous
version of our HCD model [4,21] we considered the AB-
and MVE-processes weighted with some empirical factors
which were fitting parameters of the model. Such a description
is physically doubtful because these mechanisms are just
different pathways of the same bond dissociation reaction and
have to be treated consistently as competing processes within
the same equation framework.

The main goal of this work is to develop and validate
a physics-based model for hot-carrier degradation which
incorporates the interaction between the AB- and MVE-
mechanisms. As an essential ingredient of carrier transport,
EES is consolidated into the model. We also consider the
statistical variations of the bond-breakage energy and the

interaction between the dipole moment of the bond and the
electric field. We thoroughly analyze the contributions of all
the model ingredients to hot-carrier degradation.

II. EXPERIMENT

To properly assess the validity of the model, we employ
short- and long-channel nMOSFETs with SiON films (EOT
= 2.5nm) grown by a decoupled plasma nitridation process
with Lg = 65nm and 150 nm. We intentionally did not use
transistors with novel high-K gate dielectrics in order to
avoid intensive charge trapping in the oxide bulk. Therefore,
employing the SiON material as a gate insulator was the most
reasonable choice in this context. Both transistor types were
subjected to hot-carries stress in their respective worst-case
regimes, i.e. at Vs = Vg and Vg ~ Vas/2 [15,22]. Since we
were not sure that the longest MOSFET behaves as a long-
channel device, the substrate current Ig,;, was measured as
a function of Vs at a fixed Vys. The Iy, maximum was
observed at Vs = Vgs/2, which is consistent with a long-
channel behavior.

The device architecture was obtained using the Sentaurus
process simulator based on the imec process flow, while the
device characteristics were obtained using ViennaSHE. Both
process and device simulators were calibrated in a fashion to
represent electrical characteristics of the fresh MOSFET. This
calibration is an important step allowing to reliably simulate
doping profiles which are of key importance in the context of
carrier transport.

To demonstrate the impact of the main model ingredients
on HCD we used two different drain voltages, Vgs = 1.8
and 2.2V (linked to Vs via the worst-case conditions). The
devices were stressed for ~10ks at room temperature and the
linear drain current Alyy;, degradation was measured to assess
HCD. We intentionally used short- and long-channel devices
and stressed them at high voltages to efficiently trigger the
dominant degradation mechanisms. This strategy was expected
to help performing a careful analysis of contributions of all the
model ingredients.

1II. THE MODEL

Our physics-based HCD model is implemented in the
deterministic BTE solver ViennaSHE [20,23]. ViennaSHE
calculates carrier energy distribution functions (DFs) for a
particular device architecture and bias condition (see Fig. 2)
as well as other macroscopic quantities, e.g. the electric field,
Fig. 3. This information is then used to calculate the carrier
acceleration integrals (Als) which define the bond dissociation
rates from each level E; of the bond vibrational modes [1]:

Ing. = / F(E)g(E)oo(E — Ea+ E)Po(E)E, (1)

where o¢(F — E, + FE;)? is the Keldysh-like reaction cross
section [1,21,24], E, the activation energy of bond dissocia-
tion, and FE; the position of the ith energy level. The carrier
DF is denoted as f(E), g(E) is the density-of-states, and v is
the carrier group velocity. For the AB-mechanism the factor
p = 11 is used, while for the MVE-process p = 1.
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Fig. 2: The carrier energy distribution functions calculated for both 65 and
150nm devices for Vgs = Vg = 2.2V and Vgs = 1.1V, Vg = 2.2V,
respectively. To see the effect of EES on the DFs the calculations have been
performed regarding and disregarding EES. One can see that this scattering
mechanism changes the shape of the DFs populating the high-energy tails.

The formula (1) shows that if bond dissociation occurs
from the intermediate level ¢, the barrier is lowered by the
corresponding energy FE;. This is realized if first the bond is

g 10 . . . . . .
§ 8 _Vgszvds=1'8v :
i 6 Vgs=Vgs=2.2V ]
e 4 gate length: 65nm )
o 2F ]
S
é 0 1 1 1 1 1 1 ——
-30 -20 -10 0 10 20 30
lateral coordinate x, nm

§ 4 ' ' gat;a Iength:'150nm '
=
e}
8 2F — V=0.9V, V,=1.8V 1
é Vge=1.1V, Vy=2.2V

O 1 1 1 1 1
° 75 -50 -25 0 25 50 75

lateral coordinate x, nm

Fig. 3: The oxide electric field as a function of the lateral coordinate « plotted
for both 65 and 150 nm MOSFETs and both stress conditions. In all cases
the electric field demonstrates a maximum near the source edge of the gate
electrode.
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Fig. 4: The Si-H bond as a truncated harmonic oscillator. In previous HCD
models only hydrogen release from the ground and last bonded levels has been
considered. In the current version of the model we incorporate all possible
combinations of MVE- and AB-mechanisms. That means that the bond can
first be excited to an intermediate level ¢ by several colder carriers and then
dissociated by a solitary high energetical particle.

excited to this level by the MVE-process which is followed
by the AB-mechanism, Fig. 4. In other words, a subsequent
bombardment of the bond by a series of “colder” carriers
eventually excites the bond to an intermediate level 7. If
then a high energetical carrier collides with the bond, it can
trigger the AB-process, thereby leading to hydrogen release.
This situation is more general as compared to the previous
models [15,21] where hydrogen release from either the ground
state (so-called single-carrier process) or the last bonded level
(multiple-carrier process) has been considered, see Fig. 4.
Therefore, bond heating via the MVE-process and hydrogen
release triggered by the AB-mechanism naturally emerge as
competing pathways of the same reaction.

To extend the model, we include the terms representing
bond passivation/depassivation rates to/from all the eigenstates
into the system of rate equations:

dno 2
E = Pdnl — Pu’rLo - Ra,O”O + Rp,ONit
dni
E = Pd(niJrl - ni)_ 2)
—Py(n; —ni—1) — Rain; + Ry ;N3
anl 2
dr - Puan,l - Panz - Ra,NanL + prNlNit’

here P,/Py are rates corresponding to the Si-H bond vibra-
tional mode excitation and decay, while R,; and R, ; are
bond rupture and passivation rates with the ith level involved.
Oscillator occupation numbers are designated as n; and IV; is
the index for the last bonded state.

The bond dissociation rates R, ; are calculated as

Rapn, = wenexp [— (Ea — E;) /kgT) + IaB,i, 3)
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where the first Arrhenius term describes the hydrogen thermal
excitation from a bonded state to the transport mode (with the
corresponding attempt frequency wyy, ), while the second term
is the carrier Al and represents the hot carrier contribution
to HCD. As for the bond excitation/deexcitation rates P, /Py,
they are also expressed via the acceleration integral:

P, = Inve + weexp (—fw/ksT1),
Py = Iuve + we,

“)

where w, is the reciprocal phonon life-time, while hw the
distance between the oscillator levels.

The system (2) can be solved by applying a time scale hier-
archy, i.e. the fact that oscillator transitions are characterized
by much shorter time constants than passivation/depassivation
processes. As such, the system of V) equations is reduced to
the single equation:

dg“ = (Np — Nip) Ra — N2R,,, )
where Ny is the concentration of precursors, i.e. of the virgin
Si-H bonds. £, is the cumulative bond-breakage rate, which is
just a sum of bond-breakage rates from each individual level
weighted with the population number of the level:

1 P\’
L= — =2 6
R, k;R‘“ (Pd> , (6)

while R, is the total passivation rate onto each eigenstate.
However, without loss of generality one may represent the R,
rate by the Arrhenius term for thermal activation over a single
barrier, i.e. R, = vpexp(—E,/ksTL).

VRN, 1 f(t) R

Ni t) = - )
o(t) R, 1+ f(t) 2R,

_ 7
F) = VIRZJA+ NoRaR, — Ra/2 )

= X
VRZ /44 NoRaRp, + Ra/2

Xexp (—2t R2/4+ Noﬂ%a%p) .

Another important model ingredient is the dispersion of the
activation energy of bond dissociation. Considering such sta-
tistical variations can substantially change the characteristics
of the degraded devices simulated with the model. Following
[25], we assume that the energy £, obeys a normal distribution
with the mean value and the standard deviation of (E,) =
1.5eV and o = 0.15¢eV, respectively. These values are in
good agreement with the results of electron-spin resonance
studies [26] and with our own findings based on charge-
pumping signal analysis [27]. The effect of the activation
energy dispersion was incorporated in the manner that the
range [(E,) — 30g; (Ea) + 30g] was discretized and for each
discretization point we evaluated the interface trap density
profile Nj;(z) according to (7) weighted with the Gaussian
distribution. Note that — among other things — the fluctuating
energy affects the rates ¥, entering both terms in (3), in
particular the carrier acceleration integral, see (1).
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Fig. 5: The carrier acceleration integrals evaluated for both devices and the
same stress conditions as Fig. 2. These integrals have been calculated with
and without EES. One can see that the effect of EES on the Als is pronounced
in both cases.

It is important to emphasize that one may consider the
situation with Si-H bonding energy dispersion in the stud-
ied devices in terms of a statistical ensemble. In fact, the
concentration of the passivated Si-H bonds is ~10'2 cm~2.
The width of the used devices is W = 10 ym. In the shortest
MOSFET with the gate length of Lg = 65 nm the total number
of passivated bonds is estimated as ~10%. This amount of
precursors allows us to treat the fluctuations of the activation
energy in terms of continuous distributions. Note that even in
the case of W = 100nm the number of passivated bonds is
~100 and this statistical description is still applicable.

Last but not least important factor which results in variations
in the bond dissociation energy is the interaction between the
oxide electric field and the dipole moment of the bond [28,
29]. This interaction was reported to be responsible for two
different time slopes of HCD [30,31] and also impacts the
intimately related phenomenon of bias temperature instability
[32]. We model this effect in the same fashion as proposed
in [28] and [29]. The activation energy reduction due to this
effect is expressed as the product of the bond dipole moment
and the electric field d X F.

IV. RESULTS AND DISCUSSION

The model is validated by fitting the measured relative
change of the linear drain current Aly,(t) = |[Iqin(t) —
Taiin(t = 0)|/Algiin(t = 0) (i.e. normalized with the respect
the current of the fresh transistor) for both devices and both
stress conditions using the same set of model parameters.
Since the devices are stressed at high V5, the AB-mechanism
was expected to play a major role. This is confirmed by
Fig. 2 where the carrier distribution functions calculated for
both devices stressed at Vg = Vg = 2.2V and Vg =
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Fig. 6: The hydrogen release rates for different levels of the truncated harmonic oscillator. The data are plotted for the n-MOSFET with a 65 nm channel
length subjected to stress at Vqs = Vgs = 2.2'V. While calculating the cumulative dissociation rate, the dispersion of the activation energy is considered.
Integration is performed in the range of [(Ea.) — 30g; (Ea) + 3og]. The rates are computed for three fixed values: B, = (Ea) — 3og (left), Ex = (Ea)

(center), and Ea = (Ea) + 3og (right).

1.1V, Vg = 2.2V, respectively, are plotted. The DFs are
depicted at different positions in the device, i.e. with the
coordinate varying from the source to the drain. To analyze
the effect of electron-electron scattering, Fig. 2 also provides
the DFs calculated disregarding EES. One can see that the
DFs are severely non-equilibrium and demonstrate quite long
high-energy tails, which suggest a high probability of the
AB-mechanism. Second, the distributions calculated closer to
the drain reveal rudiments of the Boltzmann distribution for
low energies. Finally, electron-electron scattering substantially
changes the shape of the functions, populating their high-
energy tails. This results in pronounced humps at higher
energies leading to high-energy tails of the DFs. This tendency
is also reflected in Fig. 5 which summarizes the carrier accel-
eration integrals plotted as a function of the lateral coordinate
x for both devices and for the same stress conditions as Fig. 2.

Fig. 6 shows dissociation rates from each vibrational level
weighted with the level occupancy plotted for the 65nm
MOSFET and Vg = Vg = 2.2V for three different values of
the activation energy E,: (F.) — 30g, (F.), and (E,) 4+ 30x.
Note that since E, varies according to a normal distribution
these particular dissociation rates contribute to the total bond-
breakage rate. It has been claimed [18] that in short-channel
devices hydrogen release from the level with =2 is dominant.
Our results demonstrate, however, that due to the severe
non-uniformity of the Al and the damage produced by hot-
carrier stress the situation can be substantially different along
the interface. In fact, for E,=(E,) — 3og the ground state
provides only a minor contribution closer to source, while this
contribution becomes prominent towards the drain.

Fig. 7 provides a summary of interface state density pro-
files Nit(z) calculated for the 65nm MOSFET stressed at
Vas = Vs = 1.8V for all stress time steps. These profiles are
obtained by using the calibrated model and for comparison
we have also plotted those Nj;(z) that are computed by the
model where one of the ingredients is switched off. The N (x)
concentrations demonstrate a drain side maximum which is
related to hot channel electrons typical for the drain area of the
channel. Indeed, if we suppress the rate of the AB-mechanism

(triggered by hot carriers) this maximum becomes weaker and
narrower. In contrast, the N (x) profiles are only slightly
affected near the source when the AB-process is ignored. This
is because the source is a reservoir of thermalized carriers and
the AB-mechanism is unlikely to be triggered.

If electron-electron scattering is deactivated, the trend is
similar to the situation when the AB-process is ignored. For
instance, the V;; drain maximum also becomes weaker. This
totally correlates with the change of the shape of the carrier
distribution functions (Fig. 2) and the acceleration integrals
(Fig. 5). The reason is that EES makes carrier ‘“hotter”
which is reflected in humps pronounced in the high-energy
tails of the DFs, see Fig. 2. Therefore, suppressing EES is
equal to depopulating of the high energetical fraction of the
particle ensemble, and hence to partial suppression of the AB-
mechanism.

Ignoring the effect of the MVE-mechanism is most pro-
nounced between the transistor source and center. Near the
drain carriers are hot enough and bond dissociation events
are predominantly triggered by solitary carriers without pre-
heating of the bonds by the MVE-process. This is not the case
in the rest of the device where excitation of bond vibrational
modes becomes more important. Due to the same reasons, the
effects of the interaction between the dipole moment of the
bond and the electric field as well as of the activation energy
dispersion on the Nj;(z) profiles is also more prominent closer
to the source. In both devices and for both stress conditions
the electric field features a maximum close to the source, see
Fig. 3. As a result, the d x E, energy reduction is more
prominent there, leading to the secondary maximum of the
density of interface states NNj; generated during stress, see
Fig. 7. This maximum becomes more pronounced at longer
stress times and can determine long-term HCD.

Finally, the model has been calibrated in order to represent
the linear drain current degradation observed in both devices
under various stress conditions. It is important to emphasize
that the model uses the unique set of the model parameters.
Fig. 8 shows the experimental Alqy;, () dependencies plotted
vs. the simulated ones as well as curves obtained neglecting
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Fig. 7: The interface state density profiles V¢ (x) (Lg = 65 nm, stress voltages: Vs = Vs = 1.8 V) calculated using the calibrated model regarding/disregarding
one of the essential mechanisms: MVE- and AB-processes, EES, the dispersion of the activation energy for bond dissociation, and the reduction of this energy

due to the interaction between the bond dipole moment and the electric field.

one of the model ingredients. One can see that in the 65 nm
device EES plays an important role in both stress regimes,
while in the 150 nm counterpart the effect of EES on Ay (t)
characteristics is much less pronounced and even becomes
negligible at Vs =0.9V, Vg =1.8 V. Also, the role of the AB-
mechanisms is important in all four cases. However, the dis-
crepancy between the Alqy;, (t) curves simulated with/without
the AB-process decreases with stress time. This is because
near the drain all available passive bonds are broken, Nj; has
reached the maximum level of Ny and HCD is thus saturated.
Increasing of the AB-process contribution is now related to
the propagation of the front of the saturated Ny, towards the
source, which is a relatively slow process.

In contrast, hot-carrier degradation at long stress times is
defined by the MVE-process and by the energy reduction
due to the interaction of the bonds with the electric field.
For instance, one can see that the distance between Al (¢)
curves simulated regarding and ignoring the d X E, energy
reduction grows with time. Such a growth is due to the source
Ni; peak which strengthens with the stress time. Finally,
ignoring the activation energy dispersion results in a dramatic

underestimation of HCD at all stress times.

V. CONCLUSION

We have presented and validated the first physical model for
HCD which can capture both short- and long-channel devices
operating within a single set of the model parameters. The
model arranges the entire hierarchy of phenomena involved
into hot-carrier degradation starting at the microscopic level
of defect generation and linking it via carrier transport with
the device physics level. Our model is implemented in the
deterministic Boltzmann transport equation solver ViennaSHE
and covers all HCD sub-problems within the same modeling
framework. The model provides consistent treatment of pro-
cesses triggered by hot (AB-mechanism) and colder carriers
(MVE-process). These processes are naturally considered as
competing pathways of the same bond dissociation reaction.

Such model ingredients as AB- and MVE-mechanisms,
EES, dispersion of the activation energy, and its variation due
to the interaction of the Si-H bond with the electric field
are shown to be essential and important. The AB-process
— which is triggered by hot carriers — was demonstrated to
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Fig. 8: The linear drain current Alqy;, change as a function of stress time: experiment vs. simulations. MOSFETs with channel lengths of 65 (two upper
panels) and 150nm (lower panels) have been stressed at worst-case conditions at 7' = 298 K and V4 = 1.8 and 2.2V, respectively. With all ingredients
included the model represents the experimental Algyiy,(t) curve. For comparison, Algyi,(t) simulated without the EES, AB-, MVE-mechanisms, activation
energy dispersion, and its reduction due to the interaction of the dipole moment with electric field are plotted. One can see that EES plays a significant role
in the case of Lg = 65nm but is important or even negligible for Lg = 150 nm.

be important even in the short-channel devices if the stress
voltages are relatively high. Electron-electron scattering is
extremely important for short-channel devices while its impact
was less pronounced in long-channel counterparts. Also, the
role of EES becomes less prominent at longer stress times.
Instead, such mechanisms as excitation of the multiple vibra-
tional modes of the bond and interaction between the electric
field and the bond dipole moment are responsible for HCD
at longer stress times. Finally, our model agrees very well
with experimental data at different channel lengths, making it
a good choice for predictive device optimization.
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