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A paradigm for MOSFET instabilities is outlined based on gate oxide traps and the detailed understanding of
their properties. A model with trap energy levels in the gate dielectric and their misalignment with the channel
Fermi level is described, oﬀering the most successful strategy to reduce both Positive and Negative Bias
Temperature Instability (PBTI and NBTI) in a range of gate stacks. Trap temporal properties are determined by
tunneling between the carrier reservoir and the trap itself, as well as thermal barriers related to atomic reconﬁguration. Trap electrostatic impact depends on the gate voltage and its spatial position, randomized by
variations in the channel potential. All internal properties of traps are distributed, resulting in distributions of
the externally observable trap parameters, and in turn in time-dependent variability in devices and circuits.

1. Introduction
Electrically active gate oxide defects are an inevitable reality of
MOS-based devices. Indeed, their control and reduction in silicon dioxide was one of the main enablers of silicon-based microelectronics
[1,2]. The excess of gate oxide defects is also the main roadblock for
post-Si MOS technologies, such as those based on Ge and IIIV channels
[3]. Gate oxide defects are responsible for sub-optimal FET parameters
of as-fabricated devices, such as mobility, sub-threshold slope, and
threshold voltage, as well as a further degradation of these parameters
during device operation. Depending on the type of measurement and
the measurement conditions, these time-dependent instabilities are
commonly referred to as hysteresis, Bias Temperature Instability (BTI)
and Random Telegraph Noise (RTN), the latter observable in smallerarea devices.
Negative BTI (NBTI), observed since the early period of MOSFET
technology, remains a critical issue in present-day Si-based p-channel
MOSFETs [4,5]. With the introduction of high-k gate dielectrics, Positive BTI (PBTI) emerged as a concern for n-channel MOSFETs, later on
minimized by high-k material quality improvement; nevertheless, PBTI
still represents a concern for beyond-Si technologies [3,6].
In general, the instabilities are caused by charging and discharging
of as-fabricated and generated bulk and interface states [7–9]. Over the
last decade we have concluded that a large body of observations in a
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range of Si and post-Si gate stacks can be explained if the detailed
properties of the gate oxide defects are understood and invoked. Primarily, the trap energy levels in the gate dielectric and their misalignment
with the channel Fermi level oﬀer a picture that can explain many
features of both PBTI and NBTI in a range of stacks. The channel/trap
energy level misalignment is also proposed as the most eﬃcient method
to reduce BTI, particularly in post-Si gate stacks, and is discussed in the
next section, i.e., Section 2.
The rapid downscaling of FET devices brought about the possibility
to observe individual trapping and detrapping events and with it, direct
experimental access to additional trap properties. These include the
internal barriers associated with the trap atomic reconﬁguration (aka
structural relaxation) during carrier capture and emission, which are e.g.
responsible for the strong temperature dependence of the capture and
emission times. A closer investigation then revealed even a more intricate, multi-state structure of some traps, allowing to explain complex
RTN behavior, such as anomalous RTN and capture time frequency
dependence [10,11].
Apart from their temporal properties, the electrostatics of single
traps could be investigated in deeply scaled devices. The eﬀect of single
traps on the FET characteristics depends on the trap depth in the oxide,
lateral position above the channel, as well as random variations in the
FET channel potential [12]. The main properties of individual defects
are reviewed in Section 3.
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Fig. 1. A signiﬁcant reduction of PBTI ΔVth observed in nFinFETs with Dy (stack “w/ Dy”,
see inset) over the reference stack (“ref”) is ascribed to Dy diﬀusion into the HfSiO dielectric layer, resulting in trap “passivation” by energy level shifting. Note the accompanying “signature” increase in the ΔVth oxide electric ﬁeld (~gate voltage) dependence
Eoxγ. A ~ 9% increase in equivalent oxide thickness of the “Dy” sample alone cannot
explain the improvement.
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Decomposing transistor gate oxide reliability down into individual
traps and their well understood properties allows us to reassess and
reassemble the time-dependent behavior of deeply scaled devices from
“bottom up” [13]. The collective action of several traps in each device
results in within-device and device-to-device time-dependent variability [9]. The methods of incorporating this variability in reliabilityaware circuit simulations, the practical application of our understanding, are brieﬂy mentioned in Section 4.
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Positive BTI (PBTI) came into prominence with the advent of high-k
gate oxides [14]. We and others have noticed that the inclusion of rare
earth elements in the high-k layer results in the reduction of the
threshold voltage shift ΔVth after a PBTI stress, Fig. 1 [15,16]. Remarkably, the instability reduction is accompanied by a larger oxide
electric ﬁeld (or gate voltage) dependence. A larger ﬁeld (or voltage)
power-law exponent γ (i.e., the slope in a log-log plot) for the stack with
dysprosium implies a larger reduction of instability (i.e., higher reliability) at lower, operating ﬁelds or voltages.
We have observed similar trends in p-channel FETs with Si-capped
SiGe and Ge channels, considered for beyond 10 nm VLSI nodes
[17,18]. One can again see a major reduction in Negative BTI (NBTI)
instability in Si-capped Ge-based devices, Fig. 2a, accompanied by an
increase in voltage acceleration at lower biases. NBTI reduction is also
observed when the SiGe quantum well thickness is increased, Fig. 2b.
Most intriguingly, NBTI is reduced when the thickness of the Si capping
layer decreases, Fig. 2c. This last observation is the most counterintuitive, as reducing the Si cap brings the Si/SiO2 interface and the
gate oxide traps spatially closer to the inversion layer holes, so a higher
degradation would be naively expected.
Based on these observations for both PBTI and NBTI, Figs. 1 and 2,
respectively, we have proposed a uniﬁed model for BTI trapping, based
on channel carrier/trap energy level misalignment, see Fig. 3 [18]. In the
case of PBTI, when the energy level of electron traps is shifted upward,
toward the gate oxide conduction band, Fig. 3a, the traps become less
accessible for n-channel electrons. Analogously for NBTI in the pchannel stacks, the introduction of i) lower-band gap (Si)Ge, with different valence band alignment to SiO2, ii) a wider (Si)Ge quantum well
with narrower sub-bands, and iii) a thinner Si cap, Fig. 2a, b, and c,
respectively, results in misaligning the channel holes with gate oxide

1010
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30
(V G – V th0) / Tinv (MV

cm-1)

Fig. 2. Plot of ΔNeﬀ = Cox ΔVth / q vs. the oxide electric ﬁeld estimate (VG − Vth0) / Tinv
allows comparing BTI in disparate gate stacks. (a) A higher Ge fraction in the channel of a
pFET, see the inset of (b), lowers ΔNeﬀ, i.e., boosts NBTI robustness. (b) The same eﬀect is
observed as (b) SiGe quantum well thickness (QW) increases and (c) Si cap thickness
decreases. In all three panels, note the voltage power-law exponent γ (slope in a log-log
plot) increases in stacks with lower overall ΔNeﬀ at operating voltages.

trap levels and decreased NBTI, Fig. 3b.
We note that our model for BTI trapping is in fact merely repurposing established notions about charge trapping in MOS layers
[11,19–21]. In our opinion, the trap-level picture of BTI should prove
even more useful going forward, as novel substrates and SiO2-free oxide
combinations are considered and studied [3]. For example, the traplevel model excellently explains multiple properties of I-V hysteresis in
InGaAs/Al2O3 and InGaAs/HfO2 gate stacks, Fig. 4 [3].
Understanding BTI in terms of oxide trap energy levels is intuitive
and inherently enables multiple options to reduce BTI by gate stack
design and processing. Trap level shifting can be achieved for example
by rare-earth or even nitrogen “doping” of HfO2 (for electron traps)
[22–24], dipole engineering [25,26], and dedicated anneals [27,28].
In the framework of the proposed picture we can argue the following. Reducing the number of gate oxide defects will result in a
proportional BTI reduction uniformly at all gate voltages. In contrast,
misaligning the trap levels, without reducing the trap density, will
187
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Furthermore, upon repeated stress and remeasurement of the relaxation trace, the same steps reappear stochastically with a probability
distribution around their characteristic relaxation, i.e., mean emission
time ⟨τe⟩, inset of Fig. 6a. This probability distribution is observed to be
exponential in time and independent of the stress time. This indicates a
reaction-controlled trapping that can be described by a Markov process.
This is in contrast to predictions made by the reaction-diﬀusion model,
in which the ⟨τe⟩ would increase with increasing stress time and the τe
distribution would be log-normal [36].
The repeated stress-and-relaxation measurement on a small device
is the basis of the so-called Time-Dependent Defect Spectroscopy
Technique (TDDS) [35]. The step heights and the distributed emission
times from multiple traps then appear as clusters in the TDDS spectrum,
Fig. 6b. The spectrum varies from device to device and constitutes a
unique ﬁngerprint of defects active in the particular device [37].
Because of its active perturbation, i.e., the “stress” phase, the TDDS
measurement is akin to dynamic or cyclo-static RTN measurements
[38]. TDDS therefore typically reveals a larger number of traps in a
device than would be visible in a static RTN measurement. Through
changing the perturbation duration, amplitude or shape, other trap
parameters, such its occupancy and mean capture time ⟨τc⟩ can be
measured [39–41]. As in the case of emission, individual capture events
are exponentially distributed in time around ⟨τc⟩ [40].
Static RTN and TDDS measurements reveal that both capture and
emission times of individual traps are typically strongly temperature
activated, Fig. 7 [40,42]. The activation energies, moreover, vary
substantially from trap to trap [43]. Trap capture ⟨τc⟩ and emission ⟨τe⟩
times are therefore determined by i) the tunneling distance of carriers
into/out of the traps and ii) a thermally activated and bias-independent
component, Fig. 8. The presence of the latter, widely-distributed process can explain the very long τc and τe times observed in some traps
even in very thin gate oxides [36,40]. On the other hand, traps with

Fig. 3. A schematic illustration of the reduction of charge trapping by decoupling defect
and channel energy levels in (a) nFETs (PBTI), by introducing “doping” and dipoleforming elements into the high-k dielectric layer, and in (b) pFETs (NBTI), by introducing
a low-bandgap Ge channel with valence band oﬀset with respect to Si.

result in drastic improvements at low-bias operating conditions, Fig. 5 [29].
This is because in the latter case, channel carriers can access only the
tail of the shifted trap level distribution, Fig. 3. Note also that, contrary
to the simple trap density reduction, trap level misalignment naturally
explains the increased BTI voltage acceleration, i.e., the increased
power-law exponent γ, cf. Fig. 5 and Figs. 1 and 2.
3. Oxide trap properties
When the stress bias is removed from the FET gate, BTI degradation
starts to recover immediately. Especially ΔVth recovery (aka relaxation)
is archetypal for the BTI measurement. It has been the source of most of
the controversy surrounding the BTI phenomenon, also because it
complicates comparison of results if not duly measured and speciﬁed.
The ΔVth relaxation in large devices is log-like and typically featureless, Fig. 6a [30]. It is observed to already be in progress at 1 μs or
less after stress removal and continues for up to many days [31,32]. We
have long argued that the BTI recovery contains key information about
the underlying physical mechanisms and should therefore be correctly
included in a valid BTI model [33]. Namely, the log-like behavior
spanning many decades indicates the relaxation process is composed of a
wide range of characteristic time scales.
When the same relaxation measurement is performed on a small
device (gate area < 104 nm2), individual discrete steps appear in the
relaxation trace, Fig. 6a. As in a static RTN measurement, each of these
steps corresponds to an individual detrapping event in a single gate oxide
trap [13,34,35].
188
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Fig. 6. (a) ΔVth relaxation in large devices is generally featureless, log-like and distributed
over a wide range of time scales. All large devices behave nearly identically. In contrast,
multiple discrete detrapping events are visible in small device relaxation traces. Inset:
upon repeated stress-and-relaxation measurement of a single small device, the same Δvth
step corresponding to the same detrapping event is observed with exponentially distributed instances of emission times τe. (b) Emission times τe, together with the corresponding Δvth values, extracted from the repeated relaxation traces can be plotted in
parallel for multiple traps into a 2D histogram, forming a TDDS spectrum of the device.
Distribution magnitudes reﬂect respective trap occupancies.

very short τc and τe times (< 10− 3 s) will be typically interpreted in
standard CV and Charge Pumping measurements as interface traps
[44].
The thermally activated process is identiﬁed as a reconﬁguration, or
a structural relaxation of the atoms surrounding the trapping site during
(dis-) charging. The total energy of the system during the (dis-) charging process is conserved through capture or emission of multiple
phonons [11,45–49]. The energy barriers ε12(VG) and ε21(VG), associated respectively with capture and emission thermal activation are
tied to the Huang-Rhys factor S, Fig. 8, and parabolic curvature ratio R
(not shown) [11]. To account for the observed variations in the thermal
activation of ⟨τc⟩ and ⟨τe⟩, factor S, Fig. 8, and optionally, R, should be
assumed to be distributed [27].
Capture and emission times ⟨τc⟩ and ⟨τe⟩ of each trap are therefore
determined by its i) energy level ET (cf. Section 2), i) trap depth zT, and,
for a 2-state system, iii) parameters S and R. Note that τc and τe depend
on the gate voltage VG through its leveraging action on ΔE12, which in
turn aﬀects barriers ε12(VG) and ε21(VG), Fig. 8. The local availability of
carriers in the reservoir should be also considered [50].
Finally, from the distributions of the above three factors, summarized
in Fig. 8, the distributions of ⟨τc⟩ and ⟨τe⟩ and their VG and T dependences can be calculated, Fig. 9 [51]. As will be discussed below,
the ⟨τc⟩(VG, T) and ⟨τe⟩(VG, T) distributions will prove useful for trapenhanced circuit simulations.
A closer examination of possible trap conﬁgurations reveals the
internal structure of some traps to be more complex than the basic 2
states (i.e., charged and discharged). The additional meta-stable states,

Fig. 8, are then argued to be responsible for second-order eﬀects, such
as switching oxide traps, anomalous RTN, multistate frequency dependence, and bias independent time constants, as well as gate leakage
[10,11,52,53].
Let us now turn our attention from the trap temporal properties to
their impact on the FET electrostatics. In deeply scaled devices with
lateral dimensions comparable to the Debye length, the potential distribution in the channel cannot be considered smooth but modulated by
individual charged dopants and other sources of variability.
Consequently, the source-to-drain conduction proceeds in a non-uniform, percolative manner, Fig. 10a [12,54].
A single charged trap in the gate oxide will locally aﬀect the channel
potential through a Coulombic interaction. The impact of single charged
traps on the channel current, represented by the threshold voltage shift
Δvth,1 varies vastly, both in magnitude and in VG dependence, Fig. 10b.
To a ﬁrst-order approximation, we have found it to depend on the
lateral location of the trap with respect to the current percolation
paths—traps closer to the paths, and speciﬁcally, percolation constriction spots, will have a signiﬁcant impact. Conversely, charging of traps
acting over a region with little channel current will be barely noticed at

1
vth is used to represent the eﬀect of an individual trap, while Vth represents the total
FET threshold voltage shift due to multiple traps.
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The distribution of individual trap impacts Δvth can now be understood. Firstly, traps near the junctions will have a smaller impact on the
current and hence Δvth, Fig. 11a. As discussed in the previous paragraph, random channel variations will further randomize this impact.
We have found that this stochastic component appears to be log-normally distributed, Fig. 11b, with the shape parameter σperc increasing
approximately with the square root of the channel doping [56,57]. The
resulting distribution of Δvth is therefore a convolution of the trap mean
and the percolative eﬀects, Fig. 11c. For intermediate values of σperc,
corresponding to typical channel doping levels, the single-trap Δvth
distribution is approximately exponential, in line with experimental
observations [58]. The expectation value of the exponential distribution
is η ≡ ⟨Δvth⟩, i.e., the mean impact of a single charged trap on the
transistor's threshold voltage.
Simulations show that the mean trap impact η is approximately

Fig. 9. Distributions of (a) capture time ⟨τc⟩(VG) and (b) emission time ⟨τe⟩(VG) gatevoltage dependences of a population of defects in a pFET gate oxide at a given temperature, calculated so that the combined eﬀect of traps ﬁts large-area pFET eMSM
measurements.

proportional to σperc, i.e. η ∝ σperc increases roughly as a square root of
channel doping [57]. However, in the absence of dopant-induced variation of the channel potential, other sources of variability, such as
ﬁxed oxide charge or charged interface states are expected to take over
[59]. Furthermore,

η∝

tox σperc
AG

,

(1)

i.e., in line with basic MOS electrostatics, η will be decreasing with
oxide thickness tox but will increase with decreasing gate area AG [60].
The technology-dependent enumerator can be determined
190
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experimentally using e.g. FET arrays or matched pairs [60–62].
In summary, three main quantities, ⟨τc⟩, ⟨τe⟩, and Δvth, describe the
relevant behavior of each gate oxide trap. The capture and emission
processes are controlled by tunneling between the carrier reservoir and
the trap itself, as well as internal thermal barriers, with both components depending on gate bias VG, the trap energy level ET and the depth
zT in the gate oxide. The thermal barriers are further responsible for the
temperature dependence of the capture and emission processes. Trap
energy levels ET, depth zT, and the thermal barriers (determined by
parameters S and R) are typically widely distributed across the trap population. The individual instances of capture and emission events of each
trap are stochastic and are exponentially distributed in time around ⟨τc⟩
and ⟨τe⟩, respectively [36].
The impact of a charged trap depends, in addition to VG and zT, on
the lateral position of the trap above the channel. The impact of single
traps on the FET threshold voltage Δvth is approximately exponentially
distributed across the trap population. These distributions are instrumental in propagating the individual trap properties to the device and
circuit levels.
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Fig. 11. (a) With realistic continuous (cont) FET doping proﬁles along the channel (direction x), traps close to the S/D junctions contribute less to Δvth,cont. (b) The ratio of
Δvth,RDD / Δvth,cont constitutes the added impact of Random Dopant Distributions (RDD).
The distribution of this ratio can be acceptably described as log-normal, with parameter
σperc (and μ = 0; note: σperc ≡ 0 means no additional RDD impact). (c) Complementary
CDF plot of a convolution of i) Δvth,cont (a) and ii) diﬀerent amounts of RDD impact,
represented by σperc (b). The tails of the distributions are approximately exponential up to
~ the 99.9th percentile (= 1–10− 3).

stochastic properties. As a consequence, large-area devices all degrade
approximately identically in standard BTI experiments and the lifetime
can be deﬁned as a single value, determined by a parameter, e.g. ΔVth,
crossing a predetermined failure criterion, Fig. 12a.
With technology downscaling, the oxide thickness was the ﬁrst dimension to be reduced to nm scales, resulting in the ﬁrst distributed FET
degradation mechanism, TDDB [63]. The gate area of state-of-the-art
devices is so small that the gate oxide stack of each device contains just
a handful of defects. Because i) each defect behaves stochastically and
diﬀerently, according to the distributions described above, and ii) the
number of defects per device ﬂuctuates, BTI degradation in deeply

4. Implications for devices and circuits
In the previous section we have seen that each trap behaves stochastically around mean values that vary widely from trap to trap. In
large-area devices the individual behavior of the many traps averages
out and noise measurements are the only way to access the trap
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Fig. 13. BTI stress of a population of nominally identical small devices results in wide
ΔVth distributions in these devices, ranging from almost 0 to ~ 100 mV (blue lines: three
diﬀerent levels of stress; data from [13]). All three experimental distributions can be
excellently described with the defect-centric distribution (red lines). (For interpretation of
the references to color in this ﬁgure legend, the reader is referred to the web version of
this article.)

(b) small devices (present)

percentiles and analytic forms of the statistical moments. E.g., with the
mean degradation being simply

〈ΔVth〉 = ηN ,

(3)

the variance of the ΔVth distribution is conveniently linked with the
mean degradation through the mean impact per trap η as

σΔ2Vth = 2η 〈ΔVth〉,

~ log stress time
Fig. 12. (a) An illustration of a “conventional” reliability projection. All large devices
behave identically upon stress (cf. Fig. 6a) and are expected to fail when reaching the
projected “hard” degradation criterion (“red zone” above the dashed line independent of
the application). (b) Conversely, each small device degrades diﬀerently, owing to the
distributed behavior of a handful of individual traps in it. If the distribution of ΔVth's in all
devices at any given time can be inferred, the fraction of devices failing the “hard” criterion can be easily calculated. Circuit-speciﬁc failure criteria can be furthermore considered, illustrated here by the graded-red zone. This consideration will allow trading the
application performance and reliability margin. (For interpretation of the references to
color in this ﬁgure legend, the reader is referred to the web version of this article.)
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removing any explicit time dependence [68].
The time-dependent variance, Eq. (4), increases with the mean degradation and may reach values comparable to the as-fabricated, timezero variance [57,59,69]. This implies that time-dependent variability
should be considered during circuit design, in addition to its time-zero
counterpart [60,70].
With the defect-centric statistics at hand, the fraction of devices
failing a hard ΔVth criterion can be calculated. However, since the
failure criterion is in reality circuit-speciﬁc, a better approach is to
develop methodologies of inserting time-dependent variability into
circuit simulations. Such reliability-aware circuit simulations have also
the added beneﬁt of allowing to optimize between application performance and reliability margin already during the design phase [42].
Realistic reliability-aware simulations should consider the real
workload applied to each device forming the simulated circuit, Fig. 14a
[60,65]. Equipped with the physical picture developed above, particularly the trap temporal properties, we can easily calculate the trap
occupancy for an arbitrary workload for every device. Several methodology options exist here. We can either assume a large number of traps
in the devices and calculate the mean degradation ⟨ΔVth⟩ of every device for its speciﬁc workload. This in itself may be suﬃcient information for some more conservative designs. Time-dependent variability
can then be calculated based on ⟨ΔVth⟩ using the defect-centric statistics, Fig. 14b. Along this direction, we have developed a methodology
to propagate realistic workloads and the statistical distributions
through circuit simulation in a deterministic, non-Monte-Carlo manner
[71–73].
Optionally, a realistic, i.e., a small number of defects can be instantiated in all deeply scaled devices, allowing to simulate the circuit
response at each time step. This approach is useful e. g. for predicting
the timing sensitivity of a circuit to RTN. Statistics then needs to be
obtained in a Monte-Carlo fashion, through rerunning the simulation
multiple times [60,74].

downscaled devices will be also distributed, i.e. a population of devices
will manifest time-dependent variability, Fig. 12b. Given the same hard
failure criterion as for large-area devices, the lifetime of each small
device will be diﬀerent. Accordingly, a non-zero fraction of devices will
exist that surpasses the hard failure criterion and will fail.
With the insights acquired in the previous section we can calculate
the distribution of threshold voltage shifts ΔVth in a population of small
transistors undergoing identical stress, Fig. 13. We merely need to assume i) the approximately exponential Δvth distribution with mean
value η, and ii) Poisson-distributed number of defects per device, with
the mean value N. The so-called “defect-centric”, or “ExponentialPoisson”, distribution of the total device-to-device threshold voltage
shifts ΔVth can derived, with its CDF given as

Hη, N (ΔVth) =

99
97
90
70
50
30

percentile

degradation (~total Vth)

(a) large devices (past)

(2)

This expression is found to excellently ﬁt the measured ΔVth distributions, Fig. 13 [34,58,60,64,65]. Similar statistics can be observed
and similar considerations can be argued for other degradation modes
and other FET parameters [66,67].
The advantages of having an analytical description of the distribution are manifold; they include projections to very large and very low
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Fig. 14. (a) The workload on each device in a circuit can be approximated by a series of
phases wi with duration ts, voltage VG, duty factor DF, frequency f, and temperature T. (In
reality, the number of workload phases is typically very large.) (b) For the given workload, the mean degradation ΔVth(t) can be calculated, allowing in turn to obtain the full
ΔVth distribution, which can be readily used in circuit analysis. (c) Alternatively, occupancy of individual traps and their impact on a circuit can be evaluated as a function of the
workload and time.
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[19]

[20]

5. Conclusions

[21]

We have reviewed a BTI paradigm based on gate oxide traps and the
detailed understanding of their properties. The trap energy levels in the
gate dielectric and their misalignment with the channel Fermi level
oﬀers the most eﬀective strategy to reduce both PBTI and NBTI in a
range of stacks. The trap temporal properties are determined by tunneling between the carrier reservoir and the trap itself, as well as internal thermal barriers of the trap, related to atomic reconﬁguration.
The electrostatic impact of a trap depends on the gate voltage and its
spatial position, randomized by variations in the channel potential. All
internal properties of traps are distributed, resulting in distributions of
the externally observable parameters ⟨τc⟩, ⟨τe⟩, and Δvth. These widely
distributed parameters in turn result in distributions of the combined
eﬀects of ensembles of traps, i.e., in time-dependent variability in devices and circuits.
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