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Charge trapping in gate dielectrics governs reliability degradation in advanced transistors, and an essential mission is
calculating the trapping rates of different defects accurately. Here, by high-throughput ab initio calculations, we demon-
strate a significant asymmetric relaxation behavior of oxide defects during charge trapping and emission, and thus the
predominantly assumed symmetric relaxation is invalid. Multiscale atomic-to-device simulations further reveal that the
conventional symmetric approximation introduces orders-of-magnitude errors in charge transfer rates and qualitatively
mischaracterizes the defect-resolved degradation. Therefore, we provide asymmetric relaxation data and corresponding
modified charge trapping model for accurate reliability simulation of advanced transistors.

Keywords: charge trapping, high-k, gate dielectrics, reliability degradation, bias-temperature instability, ab

initio calculations, multiscale simulation
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Charge trapping and emission are fundamental quantum-
mechanical processes in semiconductor devices. On the
one hand, charge trapping can be exploited as an operating
mechanism in charge-trapping memories and reconfigurable
devices.!!2l On the other hand, charge trapping at defects in
gate dielectrics is the microscopic origin of reliability degra-
dation in metal-oxide—semiconductor field-effect transistors
(MOSFETs), such as bias temperature instability (BTI),[3-0!
random telegraph noise (RTN),I7"1 and dielectric breakdown
(DB).[19-13] Therefore, charge trapping and emission kinetics
must be accurately understood and controlled in different de-
vice contexts. Charge transfer theories, notably non-radiative
multi-phonon (NMP) theory and Marcus theory, provide a ro-
bust physical framework for describing these processes.!!4-17]
Central to these theories is the configuration coordinate dia-
gram (CCD),!"® in which activation barriers are determined
by the crossing point of the initial and final state potential en-
ergy surfaces (PESs) relative to their respective minima. As
illustrated in Fig. 1(a), the two PESs in the configuration-
coordinate diagram have their own curvatures, which deter-
mine the relaxation energies for charge capture (/%ap) and
emission (Aem;). Here, the curvature ratio is defined as R =
\/ Aemi/Acap, Which characterizes the asymmetry between the
capture and emission PESs through their relaxation energies.
The conventional symmetric approximation assumes identical
PES curvatures,!') forcing Aemi = Acap and thus R = 1. Un-
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der this approximation, the capture and emission processes
are described by symmetric parabolic PESs, so the crossing
point and activation barriers can be obtained from the simpli-
fied symmetric expression in Fig. 1(c). This simplification has
made the symmetric model the prevailing choice in reliability
modeling.

In reality, however, structural relaxation paths for charge
capture and emission often differ due to changes in local

bonding environments, [20-221

corresponding to the asymmet-
ric model shown in Fig. 1(b), where Acap # Aemi. The bar-
rier is then described in a more complex form as shown in
Fig. 1(c). Despite this physical reality, the symmetric approx-
imation continues to dominate reliability modeling, leaving
the physically realistic asymmetric relaxation behavior largely
overlooked. This raises a critical question: can the symmet-
ric model faithfully reproduce the predictions of the rigor-
ous asymmetric model? Answering this question requires first
examining the relaxation energy data from atomistic calcula-
tions. Recent studies have indeed revealed relaxation energy
asymmetry for SiO, defects.!?!-??1 Yet whether similar asym-
metry exists for defects in HfO,, the dominant high-k gate di-
electric in scaled CMOS technologies,”¥ remains largely un-
explored. Furthermore, even where asymmetry has been iden-
tified, its quantitative impact on device-level reliability predic-
tions has not been systematically evaluated.

© 2026 Chinese Physical Society and IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.
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Fig. 1. Schematic representation of configuration coordinate diagrams (CCDs) based on (a) the symmetric relaxation energy model and (b) the
asymmetric model. (¢c) Comparison of the activation energy barrier expressions for the symmetric and asymmetric models.

In this work, we address this question through a multi-
scale investigation combining high-throughput ab initio cal-
culations, charge transfer theory, and compact physics sim-
ulations. We first quantify the relaxation energy asymmetry
for typical defects in SiO, and HfO,, filling a notable data
gap for advanced gate stacks. Based on the ab initio de-
fect fingerprints, we then calculate charge transfer rates us-
ing Marcus theory and assess the model influence on threshold
voltage shifts using the multiscale ab initio reliability simula-
tor (MARS).?* The multiscale results demonstrate significant
discrepancies between the symmetric and asymmetric models,
underscoring the necessity of incorporating asymmetric relax-
ation kinetics for reliability modeling and optimization of ad-
vanced MOSFETs.

The defect parameters were obtained via density func-
tional theory (DFT) calculations using the PWmat software
package!®! with a cutoff energy of 50 Ry. Amorphous
SiO, and HfO, supercells, both containing 324 atoms, were
used to model the dielectrics (see Fig. S1). The amor-
phous structures were generated by the bond switching Monte
Carlo method.?>?’ Due to the large size of these super-
cells, the Brillouin zone was sampled at the single Gamma
point. Structural optimizations were performed using the PBE

[28]

functional'“®' until the atomic forces converged to 0.01 eV/A,

and static calculations were carried out using the HSE hy-

brid functional*®! to ensure band gaps consistent with exper-
imental values and gain suitable band alignment.*%) The in-
vestigated defects include oxygen vacancies (Vp), hydrogen
bridges (HB), and hydroxyl groups (OH) in SiO;, as well as
Vo, hydrogen-substituted oxygen complex (Vo+H;), and OH
in HfO,. Since all atomistic sites in amorphous structures are
non-equivalent, we systematically sampled at least 30 differ-
ent sites for each defect type to ensure statistical significance.
Figure 2 shows the statistical distributions of the cal-
culated relaxation energies for hole capture (Acap, red) and
emission (Aem;, blue) for the six defect types. The results
demonstrate that asymmetric relaxation energies are a gen-
eral phenomenon rather than an exception. Specifically, SiO;-
Vo, Si0,-OH, HfO,-OH, and HfO,-Vo+H; exhibit signifi-
cant asymmetry, characterized by a clear separation between
the peak positions of the Acyp and Aep; distributions, as shown
in Figs. 2(a)-2(d). In contrast, the distributions for SiO,-HB
and HfO,-V show overlapping distributions, indicating near-
symmetric relaxation energy, as shown in Figs. 2(e) and 2(f).
To investigate the kinetic impact of relaxation energy
asymmetry, we first performed DFT calculations for the de-
fect fingerprints, and then calculated the charge transfer rates
using Marcus theory with the symmetric and asymmetric mod-
els (detailed formulas are given in the supplementary infor-
mation S3). It should be noted that the defect parameters in
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amorphous dielectrics are not single values but distributions.
Each point in the parameter distribution corresponds to a spe-
cific CCD, activation barrier, and charge-transfer rate. There-
fore, using the full distributions would lead to a set of CCDs
and rate curves. To clearly illustrate the basic physical pic-
ture, Fig. 3 compares three representative defects: SiO,-HB,
HfO,-Vo, and HfO,-Vo+H;, using CCDs constructed from
the mean values of the parameter distributions summarized

in Table S1. The electric field effect depends on the oxide
electric field Fox and the defect position x;. In the rate cal-
culation, this effect enters as the field-induced energy shift
(g - Fox - X¢), which shifts the defect level E; and changes the
crossing points of the potential-energy surfaces and thus the
capture barriers. The resulting barrier differences are directly
reflected in the predicted capture rate (kcap) as a function of
the field-induced energy shift, as shown in the bottom row.
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Fig. 2. Normalized frequency distributions of the relaxation energies for hole capture (Acp, red) and emission (Aepmi, blue) in SiO, and HfO,,
obtained from high-throughput ab initio calculations. The considered defects include (a) SiO2-Vg, (b) SiO,-OH, (c) HfO,-OH, (d) HfO,-

Vo+H;, (e) SiO,-HB, and (f) HfO,-Vo.
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Fig. 3. Comparison of charge capture kinetics described by the symmetric and asymmetric models for three representative defects: SiO,-HB, HfO,-Vq,
and HfO,-Vo+H;. (a)-(c) CCDs with grey dashed and blue solid lines representing initial-state parabolas for the symmetric and asymmetric models,
respectively, and red final-state curves for unshifted E; (opaque) and E; shifted by 1 eV (semi-transparent). Circles and diamonds mark the crossing
points. (d)—(f) Capture rates (kcap) as a function of the field-induced energy shift (g - Fox - x/), where red solid lines represent asymmetric models and

gray dashed lines represent symmetric approximation.

Strikingly, the symmetric approximation holds for SiO,-
HB but fails for HfO,-Vg, even though both defects appear
For

similarly near-symmetric in their relaxation energies.

Si0,-HB, as shown in Fig. 3(a), the barrier difference be-
tween the symmetric and asymmetric models is only 0.02 eV

at the unshifted case and shrinks to 0.005 eV after the field-
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induced shift, yielding nearly identical rate curves as shown in
Fig. 3(d). By contrast, HfO,-V, despite having a similar cur-
vature ratio (R ~ 0.87) to SiO,-HB, exhibits a much stronger
field response. As shown in Fig. 3(b), the barrier difference
increases from 0.03 eV to 0.28 eV with E; shifted, leading to a
clear deviation in the high-field region. Consequently, the cap-
ture rates deviate in the high-field region, as shown in Fig. 3(e).
Compared to SiO,-HB and HfO,-V, the model discrepancy
is even more pronounced for HfO,-Vo-+H;, where the bar-
rier difference increases from 0.48 eV to 1.52 eV (Fig. 3(c))
and the predicted rates differ by several orders of magnitude
(Fig. 3(f)).

This comparison reveals a critical finding that the va-
lidity of the symmetric approximation is governed not only
by the curvature ratio R, but also by the absolute magni-
tudes of relaxation energies. Although SiO,-HB and HfO,-
Vo share similar R values, the former has much larger re-
laxation energies (Acap = 1.68 €V, Aemi = 1.28 eV) and lower
defect level (E; = —0.81 eV) than the latter (lcap =0.81¢eV,
Aemi = 0.61 eV, E; = 0.53 eV). Larger relaxation energies and
lower defect level of SiO,-HB cause the parabolas to intersect
at the flatter region, so the barrier difference between symmet-
ric and asymmetric models remains small even after the shift
in E;, as shown in Fig. 3(a). When relaxation energies are
smaller, however, the barrier becomes more sensitive to the
energy shift and the discrepancy between the two models is
amplified under high-field conditions, as shown in Fig. 3(b).
Thus, the symmetric model can fail even for defects with ap-
parently near-symmetric relaxation energies. Similar discrep-
ancies between the two models are also observed for other de-
fects, as shown in Fig. S2.

To evaluate the device-level impact of the model discrep-
ancies, we further performed atomic-to-device NBTI simula-
tions of a 28 nm commercial PMOS at 125 ° using the MARS
simulator.>* Whereas Fig. 3 uses mean defect parameters
to illustrate the fundamental physical picture, Fig. 4 incorpo-
rates realistic defect distributions (Table S1) and compares the
defect-resolved AVy, predicted by the two models. Hole trap-
ping was simulated under stress at V; = —1.582 'V, followed
by recovery at Vo, = —0.482 V, as shown in Fig. 4(a). In the
calculations of the threshold voltage shift (AVy,), the dielectric
thickness was discretized into x; grid positions, and the contri-
bution from each grid point was weighted according to Eq. (7)
in supplementary information S5, with the defect-specific pa-
rameter distributions included.

For SiO,-HB (Fig. 4(b)), the symmetric model underes-
timates AVy,, even though the two models give nearly identi-
cal capture rates for the mean defect parameters (Fig. 3(d)).
This originates from the distribution-integrated nature of de-
vice simulation, in which the mean parameters represent only
one point in the x;, E;, Acap, Aemi mesh array, whereas tail

gridpoints in the full distribution can still contribute dispro-
portionately. For these distribution-tail states, the asymmetric
model predicts nearly complete occupation because emission
becomes vanishingly small, while the symmetric model yields
only moderate occupation. The resulting occupancy mismatch
gives rise to an underestimated AVjy, in the symmetric model.

HfO,-Vo shows a similar trend to SiO,-HB, with the
symmetric model underestimating the degradation (Fig. 4(c)).
The discrepancy becomes qualitative for HfO,-Vo+H;
(Fig. 4(d)). The asymmetric model predicts degradation that
accumulates over repeated stress-recovery cycles and remains
only weakly recoverable, whereas the symmetric model pre-
dicts nearly constant trapped charge and hence a negligible
AVip. Thus, for this special defect type, the symmetric approx-
imation does not merely underestimate the degradation. In-
stead, it misidentifies a partially permanent trapping behavior
as essentially harmless. This failure arises from the extreme
relaxation energy asymmetry of HfO,-Vp+Hj;, which causes
the symmetric approximation to severely deviate from the rig-
orous asymmetric model in both capture and emission barri-
ers, and consequently leads to a qualitatively incorrect device-
level prediction. It should be noted that the corrections in-
troduced by the asymmetric model are defect- and condition-
dependent. Whether these corrections increase or decrease
the capture/emission barriers, transition rates, and threshold-
voltage shift should be analyzed for the specific defect param-
eters and bias conditions.
UL
= 0482
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TAAAR

| () HfO2-Vo

w
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e
=)

—AVH, (m\/) AAVL}] (m\/) —AV'“, (mV)
=4

| (d) HfO,-Vy+H;

(=]

©
?c\»‘\*&Q&e&S\*'\”‘Q&*&-ﬁﬁik
AN T RIL

Stress and relax times (s)

Fig. 4. (a) Gate voltage waveform used in the stress-recovery simulation.
Stress and recovery were performed at Vg = —1.582 V and V; = —0.482 V,
respectively, at 125 °. Defect-resolved threshold voltage shifts (AV,) during
stress—recovery cycles for (b) SiO,-HB, (¢) HfO,-V, and (d) HfO,-Vo+H;.
Solid and dashed lines correspond to the asymmetric and symmetric models,
respectively. Shaded and unshaded regions denote the stress and recovery
phases, respectively, with the duration of each phase indicated at the bottom
of the figure.

In conclusion, our multiscale analysis demonstrates that
asymmetric relaxation energies are an intrinsic feature of de-
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fects in both SiO; and HfO,. The widely used symmetric ap-
proximation therefore neglects the asymmetric relaxation ki-
netics and can lead to orders-of-magnitude errors in rate pre-
dictions together with substantial misestimation of AVy,. For
defects with highly asymmetric relaxation energies, the sym-
metric model can even misidentify partially permanent degra-
dation as recoverable and thus produce qualitatively incorrect
device-level behavior. Crucially, our results further show that
apparent relaxation energy symmetry does not guarantee the
validity of the symmetric approximation, which has not been
recognized previously. This study underscores that the asym-
metry of potential energy surfaces is a critical missing link in
conventional reliability frameworks. Although our direct first-
principles calculations and device-level simulations are per-
formed for defects in SiO, and HfO,, the physical origin of
asymmetric relaxation is not limited to these two kinds of di-
electrics. In amorphous oxides, the structural complexity and
defect-specific relaxation paths after charge-state transitions
generally make the relaxation energies for carrier capture and
emission different. Therefore, asymmetric relaxation energies
should be regarded as a broadly relevant feature of defects in
other amorphous dielectrics, such as ZrO, and Al,O3. Ulti-
mately, the paradigm shift from symmetric approximation to
ab initio-informed asymmetric kinetics is essential for relia-
bility modeling, understanding, and optimization of advanced
semiconductor devices.
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