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Statistical Interactions of Multiple Oxide Traps
Under BTI Stress of Nanoscale MOSFETs
Stanislav Markov, Member, IEEE, Salvatore Maria Amoroso, Member, IEEE, Louis Gerrer,

Fikru Adamu-Lema, Member, IEEE, and Asen Asenov, Fellow, IEEE

Abstract— We report a thorough 3-D simulation study of the
correlation between multiple, trapped charges in the gate oxide of
nanoscale bulk MOSFETs under bias and temperature instability
(BTI). The role of complex electrostatic interactions between the
trapped charges in the presence of random dopant fluctuations is
evaluated, and their impact on the distribution of the threshold
voltage shift and on the distribution of the number of trapped
charges is analyzed. The results justify the assumptions of a
Poisson distribution of the BTI-induced trapped charges and of
the lack of correlation between them, when accounting for time-
dependent variability in circuits.

Index Terms— Bias and temperature instability (BTI),
complimentary metal–oxide–semiconductor (CMOS), random
telegraph noise (RTN), reliability, variability.

I. INTRODUCTION

ONE of the biggest challenges that complimentary metal–
oxide–semiconductor (CMOS) reliability-aware design

methodology faces today is the statistical variability in
nanoscale transistors, due to the discreteness of charge and
granularity of matter [1], [2]. The interplay between sta-
tistical variability and the degradation phenomena in tran-
sistors implies that their performance- and reliability-related
parameters must be evaluated as stochastic variables [3]–[5].
It is now experimentally established that the capture and
emission dynamics of oxide traps underlie both random tele-
graph noise (RTN) and bias-temperature instability (BTI) [6],
thus motivating the inclusion of these effects in statistical
simulations of contemporary devices and circuits [2], [7]–[9].
However, all previous statistical simulation studies assume
that trapped charges act as uncorrelated sources of noise, and
that the number of trapped charges remains Poissonian at all
times. Although the statistics of trapped charges have been
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experimentally addressed [9], these two assumptions remain
questionable for ultrascaled CMOS, as their validity at least
in the context of Flash-memory cells is limited [11]–[13].

We examine the aforementioned assumptions via 3-D device
simulations of the statistical effects related to multiple trapped
charges in the gate oxide of decananometer MOSFETs, taking
into account the complex 3-D electrostatic effects and the
stochastic charge injection determining the degradation of the
threshold voltage VT over time.

II. SIMULATION METHODOLOGY

This letter is based on the 3-D “atomistic” drift-diffusion
simulator GARAND, with density-gradient quantum correc-
tions [14]. Coupling the simulator to a kinetic Monte Carlo
(KMC) engine enables time-domain simulations in the pres-
ence of oxide traps, by modeling the dynamics of each trap
and its interactions with neighboring traps, in conjunction
with the sources of variability [16]. The average injection
time τ̄inj = qexp(Ea/kB T )/

∫
σ JWKB(x, y)dxdy, (q—unit

charge, σ = 10−14 cm2 trap cross section, JWKB—1-D direct
tunneling current to the trap, Ea—activation energy in the
multiphonon-correction factor) governs the trapping kinetics
[13], [16], trap creation/anneal, and emission not being con-
sidered here. The traps are located 3.3 eV below the oxide
conduction band. The test device is a square, n-channel, bulk
MOSFET with a 25 nm physical gate length, 1.2 nm SiO2
gate oxide, and halo implants [15].

III. CORRELATION EFFECTS IN �VT DISTRIBUTION

To evaluate how the interactions between N multiple
charges affect the distribution of the threshold voltage shift,
�VT ,N , we simulate ensembles of 2000 devices with RDF,
each device having the same number of trapped electrons, N .
The electron charges are uniformly distributed throughout the
volume of the oxide. Fig. 1 shows the mean and variance
of �VT ,N normalized to the mean and variance of the one-
electron-induced shift �VT ,1 versus the number of trapped
charges N . The linear relation with a slope of 1 suggests that
each trap contributes independently to �VT ,N , even for very
heavy BTI (30 traps >5 × 1012 cm−2). Fig. 1 also reports
the exact values of the mean μ and standard deviation σ
of �VT ,N . They remain constant when normalized by N , as
expected from uncorrelated traps. In lack of correlation, one
can imply the distribution of �VT ,N by self-convolving N–1
times the distribution of �VT ,1. This is proven in Fig. 2, by
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Fig. 1. Mean μ and variance σ 2 of the multielectron-induced �VT ,N
normalized by the corresponding one-electron-induced �VT ,1 values equal
the number of trapped electrons (fixed across the device ensemble), as
expected from independently acting fixed charges. However, normalization
by N , tabulated to the right, reveals a hyperexponential character, since
μ/N > σ /N .

Fig. 2. Comparison between the cumulative distributions of �VT ,N and
the corresponding convolutions of �VT ,1. Convolution and data practically
overlap and the influence of each trap can be considered independently.
Gamma fit with an average μ1 equal to �VT ,1 is shown to underestimate
the tail of the distribution.

comparing the result of such a convolution with the simulation
data for the 12- and 30-trap-induced VT ,N . Therefore, although
the �VT contributed by a trap depends on the occupancy of
the other traps [17], the overall distribution due to multiple
traps can be described as N–1 self-convolutions of �VT ,1.

The lack of correlation between multiple trapped charges
justifies simpler models accounting for BTI degradation of
transistors in circuit simulations [7]–[9], where the change
in VT due to the trapping of an extra charge is modeled by
the addition of �VT ,1, randomly selected from an exponential
distribution. However, the values reported in Fig. 1 reveal that
�VT differs from an exponential (or gamma �, for N > 1)
distribution, since σ /

√
N > μ/N , despite the fixed number

of traps across the device ensemble. A convolution approach
assuming an exponential with μ = μ(�VT ,1) underestimates
the tail of VT ,N —see �(N , μ1) in Fig. 2. Assuming an
exponential with μ = σ(�VT ,1) instead, one can perfectly
fit the slope of �VT ,N at the cost of enlarging the average
�VT ,N (not shown for clarity). Therefore, if μ1 and σ1 are
known from experiment or physical level device modeling, one
can apply statistical techniques to generate a hyperexponential

Fig. 3. (a) Attenuation of the surface-potential perturbation with radial
distance r , for different trap-to-surface distance z0, based on the model of
[18]. Normalization to bulk-screening length λ makes the plot independent
of λ. (b) and (c) 2-D potential across the middle of the oxide of a CT Flash
cell/MOSFET, with 20/1.2 nm oxide and fixed charges at 6.5/0.6 nm above
the Si–oxide interface, at the same subthreshold drain current and an intertrap
distance of 3 nm. Black potential contours are spaced at 100/50 mV. Blue
contours are the same equipotentials, obtained from a simulation with only
one trapped electron. The contours barely interact in (c), z0 < λ, but strongly
in (b), z0 > λ.

random variate for the single-trap-induced �VT in circuit
simulations. The inequality σ /

√
N > μ/N likely stems from

the following. Trapped charges above the channel interact
strongly with the RDF underneath and determine the tail of
the dispersion, while trapped charges above the source/drain
overlap regions incur a smaller shift and effectively lower the
average.

We note that correlation between multiple trapped electrons
has been reported for charge-trapping (CT) nonvolatile mem-
ory cells [11]. In this case, the trapped charges are at a distance
from the Si interface z0 that is of the order of or larger than
the bulk screening length λ of about 5–6 nm. On the contrary,
in a CMOS transistor with thin gate oxide (∼1 nm), the
trapped charges are at z0 <λ. In the latter case, the potential
perturbation decays much faster, as theoretically shown in [18]
and illustrated in Fig. 3(a), and suggests a weaker interaction
between traps than in the former case, and hence lack of
correlation effects. Fig. 3(b) and (c) shows potential contours
in the oxide obtained from 3-D simulation of our 25 nm
MOSFET and a flash cell as in [11], with an intertrap distance
of 3 nm (density slightly over 1013 cm−2). The contours in
the middle between trapped charges are weakly affected for
the thin dielectric (z0/λ<1), but strongly perturbed in the case
of thick dielectric (large z0/λ).

IV. CHARGE INJECTION STATISTICS

Here we analyze the distribution of the number of trapped
charges N during BTI stress. At a fixed gate bias, the trapping
of an electron in the oxide provides a negative feedback to
the subsequent injection from the channel by lowering the
oxide field, and reducing the inversion charge density. The
corresponding increase in the capture-time constants of each
trap leads to a sub-Poisson process with smaller variance
than the average, σ 2 N < N [12]. For CT Flash cells, this
phenomenon is revealed only after a relatively high num-
ber of electrons are trapped in the nitride layer [12], [13].
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(a) (b)

Fig. 4. (a) Evolution of �VT with operational-BTI stress time for 50
MOSFETs with RDF and Poisson-distributed traps, initially empty. Vertical
line represents the sampling of �VT , and hence the number of trapped
charges, at a given time. (b) Standard deviation versus average �VT for
“static” simulations, with Poisson-distributed trapped charges, and dynamic
“KMC” simulations, from sampling the time evolution of �VT in time.
A Poissonian trend and an analytical fit as per [13, (1)] are also shown.

However, for CMOS devices under BTI stress, the question
remains open.

To answer it, we perform KMC-driven time-domain device
simulations [16], and trace the evolution of �VT with time,
as a result of individual charge trapping events under BTI
stress. An example of such simulation is reported in Fig. 4(a),
illustrating the extraction of �VT distribution at a given stress
time. The dispersion of �VT reflects the dispersion of the
number of filled traps N , and is due not only to the interplay
of RDF and random traps, but is strongly affected by the
stochastic electron-injection process as well. Note that �VT

is directly observable (unlike N), and its statistics (i.e., mean
and variance) obey the same trends as that of N [10], [12].

Fig. 4(b) shows the dependence of the standard devia-
tion versus the average of �VT , obtained from the time-
domain simulations of 50 transistors (labeled KMC). A sign of
sub-Poissonian behavior (dashed line) can be observed once
�VT > 200 mV. The onset of saturation is supported also
by an analytical fit, as shown, based on (1) from [13] with a
feedback parameter of 2. The large �VT at which deviation
from Poisson statistics becomes significant is reached at a trap
density exceeding the levels of BTI-induced degradation. The
symbols in Fig. 4(b) represent the “static” approach [3], where
σ VT is evaluated from the static simulation of ensembles with
different numbers of Poisson-distributed traps, up to a density
of ∼3 × 1012 cm−2. At these trap densities, the static and
dynamic simulations yield the same �VT distributions.

V. CONCLUSION

We investigated two statistical aspects of the multitrap-
induced �VT in nanoscale bulk MOSFETs—the electrostatic
correlation between traps, and the distribution of their number
over time. For trap densities associated with BTI degradation
(up to 5 × 1012 cm−2 [3]–[5]): 1) trapped charges act as
uncorrelated sources of VT fluctuations, and 2) the number
of trapped charges during operational or BTI stress is well
approximated by a Poisson distribution. At much higher trap
density these assumptions may be violated, but breakdown
phenomena would dominate the device characteristics in such
a case. These results are fundamental for the development of

practical models and techniques that account for the time-
dependent statistical variability in devices and circuits.
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