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Understanding and Modeling the Temperature
Behavior of Hot-Carrier Degradation
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Abstract— Using our physics-based model for hot-carrier
degradation (HCD), we analyze the temperature behavior of
HCD in nMOSFETs with a channel length of 44 nm. It was
observed that, contrary to most previous findings, the linear drain
current change (�Id,lin) measured during hot-carrier stress
in these devices appears to be lower at higher temperatures.
However, the difference between the �Id,lin values obtained at
different temperatures decreases as the stress voltage increases.
This trend is attributed to the single-carrier process of Si–H bond
rupture, which is enhanced by the electron–electron scattering.
We also consider another important modeling aspect, namely,
the vibrational life-time of the Si–H bond, which also depends
on the temperature. We finally show that our HCD model can
successfully capture the temperature behavior of HCD with
physically reasonable parameters.

Index Terms— Hot-carrier degradation, Si-H bond
dissociation, temperature behavior, electron-electron scattering,
modeling, interface traps, MOSFET.

I. INTRODUCTION

THE temperature behavior of hot-carrier degrada-
tion (HCD) was experimentally shown to change when

transistor dimensions scale down. In long-channel devices
HCD is suppressed at elevated temperatures [1]–[3], while
in short channel devices it typically becomes more severe
at higher temperatures [4]–[6]. Summarizing available experi-
mental data one concludes that this transition occurs at channel
lengths of around 100 nm.

There are two possibilities for explaining this behavior. The
first suggests that the HCD temperature behavior changes
at that channel length at which electron-electron scatter-
ing (EES) starts to play a dominant role [3], [7]. In fact,
EES populates the high-energy tail of the carrier energy
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distribution function (DF) and thus enhances the defect gener-
ation rate [8], [9]. Other scattering mechanisms (scattering at
ionized impurities, impact ionization, electron-phonon interac-
tions, etc) lead to a depopulation of the high energy fraction of
the carrier ensemble. All these scattering processes have higher
rates at elevated temperatures. As a result, in short-channel
devices, where EES dominates, HCD is more severe at higher
temperatures, while in their longer counterparts HCD is less
pronounced because other scattering mechanisms dominate.
A modified version of this explanation has been proposed by
Bravaix et al. [6], who suggest that the temperature behavior of
HCD in scaled devices is determined by the multiple-carrier
process of Si-H bond rupture. In a later publication of this
group [10] the authors suggest that in their devices the role
of EES is negligible and thus EES does not determine the
temperature behavior of HCD.

The second possible explanation applies to the case of
scaled transistors with high-K gate stacks, see [4]. In these
devices a contribution provided by the intimately related
phenomenon of the negative/positive bias temperature insta-
bility (N/PBTI) is strong. As a result, the experimen-
tally observed degradation is a mixture of HCD and BTI.
BTI is known to be temperature accelerated, hence the HCD
temperature behavior can be contaminated or even overtaken
by BTI. For instance, the authors of [4] suggest that even
in HfO2-based transistors with a gate length of 70 nm “pure”
HCD appears to be less severe at elevated temperature (T ),
however, due to the strong opposite dependence of PBTI on
temperature, the experimental change increases with T . The
imec group also reported the dominating impact of BTI on
the temperature behavior of the mixture of BTI and HCD in
the case of HfSiON/SiO2 transistors with a channel length
of 70 nm, see [5], [11].

These two competing explanations of the HCD temperature
behavior already suggest that this behavior depends not only
on the gate length but also on the device architecture, gate
insulator material and its quality, in addition to the applied
stress conditions. In this context - it is quite intriguing -
that our measurements have directly shown that even in
nMOSFETs with a gate length of 65 nm the change of the
linear drain current �Id,lin(t) recorded during hot-carrier
stress is lower at higher temperature. The difference between
�Id,lin(t) values obtained at 25 and 75°C decreases as the
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Fig. 1. The change of the linear drain current (normalized to the drain current
in the pristine nMOSFET) measured at temperatures of 25 and 75°C. Stress
voltages are Vds = Vgs = 1.8, 2.0, and 2.2 V.

stress voltage grows. We apply our HCD model to explain
this unusual temperature behavior of HCD. This study should
provide better understanding of the defect generation kinetics
and the importance of the single-carrier mechanism of bond
dissociation as well as that of EES.

II. EXPERIMENT

SiON nMOSFETs with an effective channel length of 44 nm
were subjected to hot-carrier stress under Vds = Vgs = 1.8,
2.0, and 2.2 V and at two different temperatures, i.e. T = 25
and 75°C. To asses HCD, �Id,lin(t) traces were recorded up
to ∼9 ks, Fig. 1. One can see that for Vds = Vgs = 1.8
and 2.0 V, �Id,lin values for T = 25°C are higher than
those for T = 75°C. This result contradicts previous find-
ings obtained in transistors with comparable gate lengths
(e.g. [5] and [6]). Also, the distance between �Id,lin(t) curves
reduces as Vds, Vgs increase, and at Vds = Vgs = 2.2 V
the �Id,lin values are almost the same for both T within
the whole stress time slot. Note that – in order to exclude
possible measurement artefacts and acquire reliable HCD
data – for each degradation curve four samples were used.
�Id,lin(t) traces showed good repeatability and sample-to-
sample variations were negligibly small.

Special attention must be paid to guarantee that device
degradation is caused by HCD, rather than by a mixture of
HCD and PBTI. This issue has already been addressed in
our previous paper which dealt with the same devices [8].
First, samples stressed at both temperatures and different Vds,
Vgs values showed no recovery. Second, the charge-pumping
signal plotted as a function of the varying high level voltage
did not reveal a plateau. This excludes possible contribution of
bulk oxide traps to the damage and makes the effect of PBTI
negligibly small.

III. DISSOCIATION ENERGETICS OF THE Si-H BOND

We assume that HCD is driven by the generation of interface
traps due to the dissociation of pristine Si-H bonds at the
interface. The Si-H bond is described within the truncated
harmonic oscillator model [8], [9]. Bond rupture is mod-
eled as a superposition of the multiple vibrational excitation
(MVE-process) of the bond by carriers with total energy

Fig. 2. The near-drain electron DFs simulated with ViennaSHE for
Vds = Vgs = 2.0 V and T = 25 and 75°C considering electron-electron
scattering. One can see that at lower and moderate energies the DF values
are higher at 25°C, while for higher energies the situation is reversed. The
pronounced humps in high-energy tails of the DFs are due to electron-electron
scattering.

Fig. 3. The rates of the MVE- and AB-processes simulated for two different
temperatures of 25 and 75°C for the drain side.

smaller than the bond-breakage activation energy Ea
and hydrogen release from any of the oscillator levels
(AB-process) [8], [9]. In previous HCD models [12]–[14],
the bond heating terminated by hydrogen hopping from the
last bonded state to the transport mode was referred to as
the multiple-carrier process, while a direct H desorption from
the ground state by a solitary hot carrier was referred to as the
single-carrier process.

The rates of the MVE- and AB-processes are
described by the carrier acceleration integral: I AB/MVE =∫

f (E)g(E)v(E)σAB/MVE(E)dE , where f is the DF, g
the density-of-states, v the group velocity, σAB/MVE(E)
the reaction cross sections for AB- and MVE-mechanisms,
while E is the carrier energy. The carrier DFs are obtained
using the deterministic Boltzmann transport equation solver
ViennaSHE [8], [9], while the reaction cross section is
modeled as σAB/MVE = σ

AB/MVE
0 × (E − EAB/MVE

th )p .
For the MVE-process the threshold energy is equal to the
distance between the oscillator levels h̄ω. Another parameter
that determines the bond energetics is the depth of the
oscillator quantum well, i.e. the bond-breakage energy Ea.
This parameter also determines the height of the potential
barrier separating the bond level i (with the energetical
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Fig. 4. The �Id,lin(t) curves evaluated with the “full” model and neglecting the AB-process. The distance between the �Id,lin(t) curves obtained
for T = 25 and 75°C increases if the AB-mechanism is not considered.

Fig. 5. The �Id,lin(t) traces for three different combinations of stress voltages Vds = Vgs = 1.8 V, Vds = Vgs = 2.0 V, and Vds = Vgs = 2.2 V and
two temperatures, i.e. 25 and 75°C. We also simulated the �Id,lin(t) traces for T = 75°C but using the same value of the vibrational life-time τe = 1.5 ns
as for 25°C (represented by dashed lines). The agreement between experimental data and model results is very good.

position Ei ) and the transport mode: Ea − Ei − d × Fox,
where d is the bond dipole moment and Fox is the oxide
electric field [8], [9], [13].

There are two vibrational modes of the Si-H bond, namely
stretching (with h̄ω = 0.25 eV and Ea = 2.5 eV) and bending
(h̄ω = 0.075 eV and Ea = 1.5 eV) [13], [15]. In one of the
most successful HCD models developed by the Bravaix group
it is assumed that bond dissociation occurs via the bending
mode with the corresponding values of h̄ω and Ea [13]. The
vibrational life-time (τe) chosen in that model is 10 ps and –
to the best of our knowledge – its temperature dependence
is not considered [6], [13]. Experimental investigations, how-
ever, suggest that H desorption from the Si/SiO2 interface
occurs with Ea = 2.56 eV [16], [17]. This value is close to
that typical for the stretching mode with the corresponding
vibrational life-times at T = 25 and 75°C of 1.5 and 1.3 ns,
respectively, see [18]. These parameter values are used in our
HCD model.

IV. RESULTS AND DISCUSSION

An example of the electron DF simulated for Vds = Vgs =
2.0 V and two different temperatures is presented in Fig. 2.
One can see that for low and moderate energies (at the phonon
cascade plateau) the DF values are higher at 25°C, while
high-energy tails are more populated at 75°C (e.g. the EES
induced hump). Such a behavior allows us to conclude that
the MVE-process rate should be higher at 25°C, while the
AB-process rate increases with temperature. This is confirmed
by Fig. 3 where the corresponding rates are depicted for the
same conditions. Note that these rates vary by many orders
of magnitude, and thus are plotted only for the near-drain
transistor fragment in order to better depict the temperature
effect. Another factor which determines the impact of temper-
ature on the MVE-process kinetics is the vibrational life-time
which decreases with T : at higher temperatures the vibrational
levels depopulate faster and a higher carrier flux is needed to
maintain the bond-breakage rate at the same level.

Thus, for a proper model calibration one needs to
choose the capture cross section values for the MVE- and
AB-processes to ensure domination of the former mechanism
with the latter one still having a pronounced rate. At higher
voltages Vds = Vgs = 2.2 V the AB-process should become
dominant, thereby controlling the temperature behavior of
HCD and leading to the same �Id,lin values for both T . Such
a tendency was obtained with the capture cross sections of
σAB

0 = 5×10−18 cm−2 and σMVE
0 = 5×10−19 cm−2. It is

worth to comment that in the previous version of our model,
as well as in the Bravaix approach, [8], [9] the bond-breakage
energy was chosen to be 1.5 eV. Although our model was
able to represent experimental data, a physically unreasonable
low value σAB

0 = 2.5×10−23 cm−2 was used. In addition,
Ea = 1.5 eV contradicts the experimental observa-
tions [16], [17]. Fig. 4 summarizes degradation traces simu-
lated with the “full” version of our new model and neglecting
the AB-process. We can see that the distance between the
�Id,lin(t) curves obtained for the two temperatures substan-
tially increases when the AB-process is neglected.

Note finally that HCD itself is a very complex phenomenon
which cannot be described by a single process. For a proper
description, which is valid for different technologies, the
interplay between various mechanisms needs to be considered.
As we have shown in [8], [19], and [20] even in long-
channel and/or high-voltage devices one cannot neglect the
contribution of electron-electron scattering and the multiple-
carrier process of bond dissociation. On the other hand,
the single-carrier mechanism plays a significant role also
in decananometer devices [8]. The same holds true for the
intricate temperature behavior of HCD. Only after all the
effects are taken into account, combined with the temperature
dependent vibrational life-time, the true temperature charac-
teristic of HCD can be revealed.

Finally, we would like to emphasize that Fig. 5 shows very
good agreement between experimental data and the model
results.
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V. CONCLUSIONS

Measurements of the linear drain current change during
hot-carrier stress in an nMOSFET with an effective channel
length of 44 nm have revealed that at lower stress voltages the
degradation becomes less severe at elevated temperature, while
at higher Vds, Vgs, the �Id,lin values are the same. This behav-
ior was explained by considering two coupled mechanisms
responsible for Si-H bond-breakage: bond excitation by cold
carriers and hydrogen release triggered by a solitary carrier.
The rate of the former process was shown to decreases with
temperature, while the latter process becomes more important
(note that EES enhances the AB-process rate). The vibrational
lifetime – a crucial component in modeling HCD – reduces
with temperature, thereby also affecting the bond-breakage
rate. Our HCD model was able to represent experimental data
using a set of physically reasonable parameters. For instance,
the bond-breakage energy should be 2.56 eV in agreement with
experimental findings. Note finally that the HCD temperature
behavior is determined by the interplay of the device geometry
with the stress/operating conditions, rather than by the channel
length alone.
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