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Abstract— Using the deterministic version of our hot-
carrier degradation (HCD) model, we perform a statistical
analysis of the impact of random dopants (RDs) on the HCD
in n-FinFETs.For this, we use an ensemble of 200 transistors
with different configurations of RDs. Our analysis shows
that changes in the linear drain currents have broad distri-
butions, thereby resulting in broad distributions of device
lifetimes. While lifetimes are nearly normally distributed at
high stress biases, under voltages close to the operating
regime, the distribution has a substantially different shape.
This observation considerably complicates extrapolation
from accelerated stress conditions, thereby suggesting that
a comprehensive statistical treatment of the impact of RDs
is required.

Index Terms— Hot-carrier degradation, random dopants,
physical modeling, FinFETs, carrier transport, interface
traps.

I. INTRODUCTION

ONE of the most detrimental reliability concerns in ultra-
scaled field effect transistors (FETs) is hot-carrier degra-

dation (HCD). Along these lines, HCD has been reported to
be the main failure mode in the most recent FinFET node
developed by Intel [1]. As a result, precise evaluation of
device lifetime should include predictive modeling of HCD.
Nevertheless, most HCD modeling approaches are empirical
(i.e. rely on oversimplified expressions) and do not reveal the
complex physical picture behind HCD. Herewith, they can
only rely on backward extrapolation of device lifetime and fail
when the physical mechanism driving HCD changes between
stress and operating conditions. However, it is exactly this
change that occurs in practice when the multiple-carrier (MC)
mechanism of Si-H bond rupture becomes dominant at lower
stress voltages, in contrast to higher voltages where the single-
carrier (SC) process governs HCD [2]–[4].
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Fig. 1. The deterministic version of the model can accurately rep-
resent experimental ΔId,lin(t) traces. The data are from our previous
publication [25].

Fig. 2. A sketch of the FinFET with random dopants.

Another aspect which complicates modeling of reliability
issues in modern FETs is the effect of random dopants (RDs).
A nano-size transistor has just a handful of doping atoms with
stochastically distributed locations [5]. Therefore, different
samples from the same node inevitably have different
configurations of RDs and the characteristics of pristine
devices show substantial variability. Although nowadays
some manufacturers (e.g. Intel [6], [7]) use significantly
reduced channel doping to suppress RD induced fluctuations
of device parameters, some other leading companies (such
as IBM [8] and TSMC [9]) still employ FinFETs with
“conventional” channel doping and therefore RD related
variability still remains an issue.

Since HCD is driven by the interaction of hot and cold carri-
ers [4], [10], [11] and is thus determined by the carrier energy
distribution function (DF), degradation proceeds with different
rates in various samples. This issue has been addressed experi-
mentally [12]–[15] and in simulation approaches [16]–[19] by
different groups. However, all previous simulation approaches
only provide a statistical description of HCD based on some
phenomenological models which do not reveal the complex
physical picture behind HCD which includes also the impact
of RDs. The only model so far which attempts to cap-
ture RD induced variability of HCD has been published by
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Fig. 3. The evolutions of the linear drain current distribution with time shown as probit plots for all four combinations of stress voltages. Data for
t = 0 s correspond to pristine devices. Arrows correspond to increase of stress time.

Fig. 4. Carrier DFs calculated for 200 RD configurations (Vds = 1.8 V,
Vgs = 1.9 V) and shown at the source (a), in the middle of the channel
(b), and at the drain (c). For comparison deterministic and mean DFs are
also depicted.

Bottini et al. [20]. This model, however, does not consider
the interplay between SC and MC mechanisms of Si-H
bond dissociation, which is of crucial importance for lifetime
prediction.

To bridge this gap, we apply our physical HCD model which
is based on a thorough carrier transport treatment [21], [22] to
cover the effect of RDs on HCD. Preliminary results of such
a statistical description of HCD have already been presented
in our recent paper [23]. However, in the current work the
analysis will be performed over a wider set of stress conditions
and more detailed explanations will be given.

II. THE MODELING FRAMEWORK

Stochastic modeling of the effect of RDs on HCD will rely
on the deterministic HCD model which has been shown to
capture HCD in planar FETs [22], in high-voltage transistors
[24], and in n-FinFETs [25]. This model (and the correspond-
ing results) is referred to as “deterministic” because it employs
continuous doping profiles (obtained by Sentaurus Process
and labeled as “nominal”) for computing carrier energy DFs
and does not consider RD related variability. The calculated
DFs are used to describe the interplay of the SC and MC
mechanisms of Si-H bond rupture and evaluate changes in
device characteristics during stress (e.g. the normalized change
of the linear drain current �Id,lin) as a function of stress time
t (more details are given in [21], [22]).

In this study, we use n-channel FinFETs with a channel
length Lch = 28 nm (the corresponding gate length is Lg =
40 nm) and a high-k gate stack containing SiO2 and HfO2 lay-
ers with an equivalent oxide thickness of 1.2 nm. The operating
voltage is Vdd = 0.9 V. Our deterministic HCD model has been
shown in our recent publication [25] to accurately capture
�Id,lin(t) changes measured up to 2 ks under three stress
conditions (Id,lin corresponds to Vds = 0.05 V and Vgs = 0.9 V,
where Vds and Vgs are drain and gate voltages, respectively):
Vds = 1.6 V, Vgs = 1.7 V; Vds = 1.7 V, Vgs = 1.8 V; and
Vds = 1.8 V, Vgs = 1.9 V (see Fig. 1 which presents data
from [25]).

Based on the nominal architecture we generated a set
of 200 devices with each of them having a unique config-
uration of RDs (see Fig. 2). To achieve this goal, for each

Fig. 5. Nit profiles for all 200 devices computed for Vds = 1.6 V, Vgs =
1.7 V at t = 1000 s (a) and Vds = Vgs = 1.0 V at 10 years (b).

mesh cell the continuous doping concentration is converted
into the absolute number of doping atoms contained in that
cell; this value is then used as the mean value for a Poisson
random number generator which randomly draws the number
of dopants in each of device realizations. For the entire set of
pristine FinFETs we evaluated linear drain currents and binned
them into probit plots (see Fig. 3) which show that currents
are roughly normally distributed. These 200 configurations
were used to calculate carrier energy DFs, interface state
density (Nit) profiles, �Id,lin(t) traces, and device lifetimes (τ ).
To obtain the DFs we solved the Boltzmann transport equa-
tion using the simulator ViennaSHE [26] which employs
the spherical harmonics expansion method (for more details
see [27], [28]). Note that all calculations have also been per-
formed for stress voltages Vds = Vgs = 1.0 V, which are close
to the operating regime, in addition to the aforementioned high
stress biases.

III. RESULTS AND DISCUSSIONS

The carrier DFs for the source, middle of the channel, and
the drain obtained for all 200 RD configurations (at Vds =
1.8 V, Vgs = 1.9 V) are summarized in Fig. 4. One can see
that the nominal DFs have higher population numbers than the
average over the ensemble. This trend is especially pronounced
in the drain area (exactly where the damage is most severe)
thereby suggesting that the deterministic model should result
in overestimated HCD.

As for the Nit profiles, they are summarized for two regimes
with Vds = 1.6 V, Vgs = 1.7 V (t = 1000 s) and Vds =
Vgs = 1.0 V (t ∼10 years) in Fig. 5. Note that for the sake of
visibility the concentration Nit is shown near the drain peak
(the drain corresponds to the lateral coordinate of x = 40 nm).
From Fig. 5 we conclude that the deterministic model leads
to Nit concentrations higher than average Nit values which is
in accordance with the tendency visible in Fig. 4.

Fig. 3 shows evolutions of Id,lin distributions with stress
time. One can see that for short stress times and/or lower
voltages currents are approximately normally distributed. For
example, in the case of Vds = 1.6 V, Vgs = 1.7 V a deviation
from the Gaussian distribution appears only after ∼ 2 ks, while
for higher Vds, Vgs this non-normality is clearly visible already
at t = 100 s. As for Vds = Vgs = 1.0 V, the currents remain
very closely normally distributed even after 10 years of stress.
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Fig. 6. Sets of ΔId,lin(t) traces show very broad distributions for all combinations of stress voltages. One can see that average (over the device
ensemble) ΔId,lin values are significantly lower than those predicted with the deterministic version of our HCD model.

Fig. 7. Probit plots for ΔId,lin evaluated at three different stress time steps.

Fig. 8. Probit plots for device lifetimes extracted (based on the ΔId,lin = 10� criterion) from degradation traces data shown in Fig. 6.

Fig. 9. Probit plots for device lifetimes extracted based on the ΔId,lin = 1� criterion.

The sets of �Id,lin(t) degradation traces are depicted in
Fig. 6 which clearly shows that in these scaled FinFETs HCD
cannot be simply described by a single degradation curve but
by an entire set of �Id,lin(t) dependences which can be very
broad, thereby reflecting the impact of random dopants. Again,
the mean �Id,lin values are lower than the nominal ones.
Fig. 7 shows �Id,lin distributions evaluated for all Vds, Vgs
combinations at three stress time steps. For all regimes, �Id,lin
values are non-normally distributed (for Vds = Vgs = 1.0 V
this non-normality becomes pronounced only at long t). This
peculiarity is probably related to the fact that samples with low
time-zero currents Id,lin(t = 0) degrade slower and long t can
result in smaller �Id,lin values than with higher Id,lin(t = 0)
values. However, investigation of this hypothesis requires more
studies which will be published elsewhere. The data presented
in Fig. 6 allowed us to extract device lifetimes τ (determined
as the time at which �Id,lin reaches 10%) and bin them into
distributions. Probit plots of these distributions (Fig. 8) show
that for stress biases they are nearly normally distributed, while
for Vds = Vgs = 1.0 V the distribution is significantly non-
normal. For comparison, the τ distributions extracted based
on the criterion of �Id,lin = 1% (instead of �Id,lin = 10%
employed for Fig. 8) are summarized in Fig. 9. One can see
that – although τ from Fig. 9 are shifted towards shorter values
– the distributions from Fig. 8 and 9 have the same shapes at
all combinations of Vds, Vgs.

The trend that the deterministic HCD model results in HCD
stronger than what is expected from the average over the
FET ensemble is consistent with findings from [29], [30].
Studies of the impact of RDs on the drain current, mobility,
and threshold voltage in unstressed devices showed that the

characteristics obtained for devices with continuous doping
profiles significantly deviate from the mean values of these
characteristics calculated taking the impact of RD into account.
This effect is caused by the strong local perturbation of the
device electrostatics by certain dopants. In the context of HCD,
this perturbation depopulates the hot fraction of the carrier
ensemble and thus weakens HCD.

IV. CONCLUSIONS

To analyze the effect of random dopants on hot-carrier
degradation we generated a set of 200 n-channel FinFETs with
different configurations of doping atoms. For each of these
transistors we solved the Boltzmann transport equation and
obtained carrier energy distribution functions. Then these DFs
have been used to calculate ensembles of linear drain currents
for each stress time step to extract degradation traces and
device lifetimes. Our analysis has shown that �Id,lin(t) traces
have broad distributions and the deterministic version of the
model (which considers only the continuous doping profiles
without RD variations) results in �Id,lin values higher than
average (over the device ensemble) current changes. As for lin-
ear drain currents, they are normally distributed in the pristine
device and at short stress times, showing substantial deviations
from the normal distribution at longer t and/or higher voltages.
Finally, lifetime distributions evaluated for stress conditions
are close to normal, while for biases near the operating voltage
the lifetime distribution has a completely different shape. This
significantly complicates backward lifetime extrapolation and
suggests that for a comprehensive HCD description which
captures the effect of RD a full stochastic analysis is required.
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