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Electron avalanche breakdown plays a pivotal role in determining the effi-
ciency and reliability of semiconductors and insulators in micro-

nanoelectronics and power systems. However, it still remains challenging to
understand and control this transient non-equilibrium process. Here, we
propose and demonstrate an atomic-scale electron avalanche breakdown
model to investigate the dynamic behaviors of excited electrons under

extremely high electric fields in various dielectrics ranging from simple oxides
to perovskites. Using high-throughput calculations, we establish the relation-
ship maps between ionization energy, bond energy, electron mean free path
and breakdown strength, and then excavate their mathematical expressions.
On this basis, a high-entropy strategy in BaTiOs-based dielectrics with con-
trollable lattice distortion is well designed to regulate the electron avalanche
process, which successfully achieves a ~ 250% improvement in the breakdown
strength by preventing electrons from acquiring sufficient energy. The atomic-
scale understanding of electron avalanche breakdown process provides more
refined guidance for atom/defect engineering to break the universal rule of
inverse relation between breakdown strength and permittivity in dielectrics.

Electron avalanche breakdown, triggered by collision ionization and
avalanche multiplication of mobile electrons’, has gained increasing
attention due to the rapid development of power electronic compo-
nents and integrated circuit chips>*. This is because the breakdown
strength, inherently governed by the behavior of high field carriers like
localization, excitation and transport, plays a crucial role in deter-
mining the maximum operating voltage, the power handling capability
and cycling endurance of electronic devices such as capacitors®™,
memristors and transistors’ ™. Therefore, understanding the under-
lying mechanisms behind the dielectric breakdown is essential for the
rational design of high-performance and reliable modern electronic
systems. Since the 1930s, several semi-classical and quantum
mechanical models have been proposed to explain electron avalanche
breakdown in solids at both the electronic and atomic levels'>". While
these approaches typically provide analytical solutions for steady-state

conditions, they are unable to capture the multiscale dynamic process
of dielectric breakdown step by step. Subsequently, fractal dimension
models as well as phase field simulations have been implemented to
understand the continuous evolution of breakdown paths observed in
micro/mesoscopic scale experiments™ . However, these phenomen-
ological models lack the intrinsic physical implications and accurate
initial parameters of the material, resulting in the underlying physical
mechanisms that determine the formation and evolution of localized
conductive pathways at the nanoscale remaining unclear. Thus, there
is still a large gap between the practical breakdown phenomena and
the theoretical knowledge of the breakdown mechanisms. For exam-
ple, the effects of atomic engineering in experiments, such as element
doping'*%, solid solution and high entropy design?, on the macro-
scopic dielectric breakdown properties remain unclear. Therefore,
exploring the continuous dynamic breakdown process in conjunction
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with the atomic configuration and electron localization is essential not
only for understanding dielectric breakdown failure, but also for
advancing the performance and reliability of a broad range of elec-
tronic devices that rely on field-driven carrier dynamics.

To study the dynamic electron avalanche breakdown process in
dielectrics, we propose an atomic-scale breakdown model that
includes the following processes: (I) collision ionization between
electrons and lattice atoms, (II) multiplication of local electrons, (III)
breakage of chemical bonds, and (IV) formation of continuous ava-
lanche channel, as illustrated in Fig. 1 (more details about the model
are described in Methods). First, this model is employed to study the
behaviors of electron dynamics, bond breaking, continuous avalanche
path and corresponding changes in electrical properties under varying
electric fields with the example of BaTiOs. Then, we consider three key
atomic-scale variables of ionization energy, electron mean free path
and bond energy to establish their relationship maps with the break-
down strength in different dielectrics ranging from simple oxides to
perovskites. Through high-throughput simulations, we further clarify
how to design atomic configurations with different lattice distortions
to regulate the electron transport behavior and bond property. Then,
several BaTiOs-based high-entropy dielectrics are theoretically pre-
dicted to have great potential for high breakdown strength, which is
also verified by several targeted experiments. Additionally, we also
analyze the influence of extrinsic factors such as oxygen vacancies on
the electron avalanche breakdown behavior, thus explaining why the
measured breakdown strength in experiments is significantly lower
than the theoretical expected value.

Results

Simulation of dynamic electron avalanche process

Taking BaTiO3 as an example, we first analyze the possible region
where collision ionization and bond breakage occur by comparing the
atomic features in a unit cell. As shown in Fig. 2a, owing to the larger
atomic radius and lower electronegativity, the ionization energy (W;)
of Ba (5.21 eV) is much smaller than that of Ti and O (6.82 and 13.61 eV),

Collision ionization

@© Free electron ® Bound electron
© Excited electron

Avalanche channel

(d)

=== Avalanche path = Broken bond

Fig. 1| Schematic diagram of the electron avalanche breakdown model.
a Collision ionization between electrons and atoms. b Multiplication of local elec-
tron density. ¢ Breakage of chemical bond. d Formation of electron avalanche

implying that the Ba is more prone to be ionized out of electrons under
the same electric field. Only two chemical bonds of Ti-O and Ba-O exist
in BaTiO3;, whose bond energy (W;,) would determine the tendency of
avalanche path growth. Similarly, the Ba-O bond exhibits a lower W, of
5.85 eV compared to the Ti-O bond of 6.93 eV. Thus, we consider that
the Ba-O plane in BaTiO; is the preferred region for the initiation of
collision ionization and bond breakage, which is used for subsequent
simulations. To characterize the initial atomic configuration of the Ba-
O plane, phase field crystal method and density functional theory are
employed to obtain the atom position, initial charge density and local
electric field in the Ba-O plane*?, respectively (see Supplementary
Note S1 and Fig. S1). As shown in the left side of Fig. 2b, the local charge
density around the O ion is as high as 1.2 e/A2, while that around the Ba
ion is approximately 0.2 e/A% The right side of Fig. 2b illustrates the
corresponding local electric field distribution, and the arrows repre-
sent its direction. It can be observed that the smallest electric field is
located at the center of each ion, and gradually increases toward the
outside of the ion. Such phenomenon agrees well with some experi-
mental observations by scanning transmission electron microscopy as
well as computational simulations by density functional theory***.
Based on the above initial conditions, we start to dynamically
study the electron avalanche process by simulating the spatio-
temporal evolution of the avalanche path and the conductive beha-
vior in BaTiO3 with the mean free path (1) of 16 A (a comparison with
the Ti-O plane is shown in Supplementary Fig. S2). Four intermediate
states during the avalanche breakdown process are exhibited in Fig. 2c,
respectively. It is clear that the initial electron ionization is triggered
from the Ba, then the avalanche path begins to expand rapidly along
the Ba-O bond under an applied electric field (E,pp) of 569 MV/m, and
finally the electron avalanche breakdown is almost entirely completed
when E,pp increases to 576 MV/m. The corresponding local electron
density and electric field distributions during the breakdown process
are given in Supplementary Note S2 and Fig. S3, where the high elec-
tron density is predominantly distributed in the avalanche path and
the local electric field is typically concentrated at its forefront. To
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channel. g, A, Eqpp, Wi, Eiocal, Weiec and Wy, represent the electron charge, the mean
free path, the applied electric field, the ionization energy, the local electric field, the
electric energy and the bond energy, respectively.
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Fig. 2 | Evolution of electron avalanche breakdown and corresponding elec-
trical properties in BaTiO3. a Comparisons of the ionization energy W of Ba/Ti/O
and bond energy W, of Ba/Ti-O in BaTiOs. b Initial charge density and corre-
sponding local electric field distribution at the Ba-O plane, where arrows indicate
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the direction of the local electric field. ¢ Evolution of the electron avalanche path
with increasing electric field at the mean free path A of 16 A. d Changes of the
normalized electrical conductivity under varying applied electric field with differ-
entAof4,8,12and 16 A.

better evaluate the critical behavior associated with the onset of ava-
lanche breakdown, the normalized conductivity variations under
increasing E,pp, are calculated, as the blue curve shown in Fig. 2d. Upon
increasing E,pp, the electrical conductivity remains almost unchanged
initially until reaching a critical electric field, at which collision ioni-
zation is intensified and subsequently accompanied by local bond
breakage. The resulting sharp increase in electron density and
enhanced carrier mobility under high fields leads to a pronounced rise
in electrical conductivity. When Ep,, increases to the breakdown
strength, a sharp evolution in the normalized electrical conductivity is
observed, marking the ultrafast transition of BaTiO5 from an insulator
to a (semi)conductor. It should be pointed out that the normalized
electrical conductivity here is mainly intended to characterize the
critical electric field that triggers breakdown and the rapid dynamic
processes during the early stage of the avalanche, rather than to
describe the macroscopic conductive behavior of the bulk material.

Unlike the constant parameters of W; and W, in BaTiO3, A can be
affected by the intrinsic characteristics and external stimuli, such as
microstructure and ambient conditions® %, which cause its value to
change in a certain range. Thus, we also study the electron avalanche
breakdown process with different A, as displayed in Fig. 2d. As 1
decreases, the distance the electron can travel freely is shortened,
resulting in a corresponding reduction in the kinetic energy. There-
fore, the free electrons with lower A require a higher electric field to
gain enough energy to ionize the lattice atoms. As a result, the ava-
lanche breakdown strength increases from 576-1128 MV/m as A varies
from 16 to 4 A in BaTiO;. Thus, A is an important and variable factor
that can significantly affect the breakdown strength.

Structure-property relationship maps
Apart from variable A, the other two key intrinsic parameters, W; and
Wy, can also be tuned at the atomic scale in different experiments.

Thus, to fully explore the correlation between these parameters and
the breakdown strength (E), the dependences of £, on W;, A and W,
are mapped by performing high-throughput calculations. Figure 3a
shows the mapped £;, as functions of W; (4 -10 eV), A (4 ~16 A) and W,
(2~10eV), suggesting that E, gradually goes up from the upper left to
the bottom right of the mapping as both W; and W, increase and A
decreases. Moreover, Fig. 3b further illustrates the possible quantita-
tive functions between £, and each parameter. It can be seen that £,
exhibits different dependences on those three parameters, i.e.,
Ep o In(W)), E, « A7V and E,, « Wl/2 respectively, in which £, has a
stronger dependence on W; and 1 than W,. More specifically, with W;
increasing from 4-10 eV while maintaining A at 4 A and W, at10 eV, £,
increases from 1035-1559 MV/m. However, E, only increases from 935
to 1035 MV/m when W,, increases from 2 to 10 eV while W;is 4 eV and A
is 4 A. Then, we also excavate the analytical expression for F, by
regression analysis using the least squares regression (see Supple-
mentary Note S3, Table S1 and Fig. S4), that is,

Ey, =375In(W;)+251010" 2 + 61w, /% — 835 @

Thus, Eq. (1) implies that the E, of dielectric materials can be
enhanced by designing atomic-scale features of higher W;, W, and
lower A.

To find more universal rules for the breakdown strength, we then
extend this electron avalanche breakdown model to a wide range of
dielectric systems. Focusing on the three key atomic-scale variables W;,
A and W, we semi-quantitatively predict the £y, of 14 common dielec-
trics ranging from simple oxides (SiO,, Al,03, MgO, HfO,, Ta,0s, ZrO,
and TiO,) to ABO; perovskites (CaTiOs;, SrTiO;, AgNbOs, BiFeOs3,
PbZrO;, BaTiO; and PbTiOs). Figure 3¢ presents the details of these
three atomic-scale parameters for different dielectrics (see
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proposed by McPherson et al. is also presented for comparison®, and experimental
breakdown dates are from Supplementary Table S3.

Supplementary Note S4 and Table S2 for more details). Here, W; and
W, of each dielectric are fixed based on the specific component and
crystal structure, which can be reasonably determined by identifying
the element and chemical bond with the lowest ionization energy and
weakest bond energy within the ionization region, respectively. How-
ever, since A is affected not only by the inherent physical and chemical
properties of the material but also by extrinsic factors such as defects
as well as variations in morphology and microstructure, we consider a
range of possible numerical variations in practical experiments. The
left panel of Fig. 3c exhibits W; and W,, for each dielectric, where W; and
W, of most perovskites are usually smaller than that of these simple
oxides. As shown in the right panel of Fig. 3c, A of simple oxides
(2-10 A) are mostly smaller than that of perovskites (10 ~ 25 A), which
may be due to that the scattering probability of electrons is increased
and electron migration is impeded in more insulating oxides®. To
intuitively understand the universal rule of the breakdown strength,
Fig. 3d displays the calculated £, of different dielectrics from simple
oxides to perovskites using the dielectric constant (g,) as the char-
acteristic parameter. It is found that E, decreases significantly with
increasing &, as a function of F, = 1846¢,%'® (MV/m) with a coefficient of
determination R? of 0.889, which is consistent with the inverse cou-
pling relationship between £, and £, mentioned in lots of reports® . It
is worth noting that the negative power law of £, - £,°'® obtained here
differs from previously proposed theoretical and empirical relations of
the form E,-~¢& with reported exponents a ranging from 0.5 to
0.65°0°1%%3* Most studies rely on statistical fitting across large datasets
or employ static theoretical model predictions, which do not properly
solve the microscopic parameters-related collision ionization and
bond breaking. As such, previous approaches unable to fully capture
the non-equilibrium dynamic characteristics of the breakdown pro-
cess. While in our electron avalanche breakdown model, physically
meaningful atomic-scale parameters like W; A and W, are

comprehensively considered to simulate continuous avalanche paths
under high fields. In addition, A is treated as varying within a reasonable
numerical range that reflects the effects of both intrinsic properties
and extrinsic factors on the electron scattering, thereby providing
realistic predictions of the breakdown process and fundamental
insights into its underlying atomic-scale mechanisms of avalanche
breakdown behavior. Specifically, some ferroelectric perovskites with
high &, (e.g., BaTiO;, BiFeO;, PbTiOs) are typically accompanied by
lower W;, W;, and higher A, which increase the likelihood of collision
ionization (related with W, and A) and bond breakage (related with W,,).
Consequently, perovskite dielectrics usually exhibit lower £, of
<600 MV/m. In contrast, for low &, oxides (e.g., SiO,, Al,03, MgO) with
higher W;, W, and lower A, the initiation of avalanche breakdown is
significantly delayed, with a higher E, of >1200 MV/m. As shown in
Fig. 3d, some experimental results represented by the red solid sym-
bols are dispersed around the fitted curve (see Supplementary
Table S3 for more details), which strongly support the reliability of our
analytical expression. Furthermore, this electron avalanche break-
down model is not only applicable to oxide dielectrics, but can also be
extended to other highly insulating materials like nitride
compounds®?¥, to elucidate variations in breakdown strength and
provide fundamental insights into the underlying mechanisms at the
electronic and atomic levels.

High-entropy design strategy

The results of both our model predictions and the experimental tests
indicate that the dielectric constant and the breakdown strength are
strongly inversely coupled in nature***°, which has become a major
contradiction in dielectric materials. Based on our model predictions
that the atomic-scale parameters of W, 1 and W, have a significant
influence on the electron avalanche breakdown process, it is possible
to regulate those three variables to improve the breakdown strength
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by introducing foreign atoms into the lattice sites. Taking BaTiO; as the
pristine matrix, we use the avalanche breakdown model to reveal how
the atomic configurations affect the microscopic electrical properties
and the corresponding breakdown strength. Here, the main focus is on
cation substitution at the A/B-sites, while anion doping (e.g. replacing
oxygen with fluorine or nitrogen) that also shows an important role in
modulating the dielectric properties is not considered yet*-*2. Because
the W; of Ba/Ti in BaTiOj3 is smaller than that of common doped atoms
(e.g., Sr, Ca, La, Nd, Sm as A-site dopants and Zr, Hf, Sn, Ta as B-site
dopants), the substituted atom in A/B-sites almost makes ionization
more difficult and thus slows down the electron avalanche. While for
the influence of substituted atoms on A and W, the situation becomes
more complex and variable. One of the most typical atomic features
caused by the substitution atom is lattice distortion (6). High contents
of heteroatoms, which induce large &, can increase the probability of
electron collision with lattice atoms, thereby reducing A%, as shown in
Fig. 4a. The relationship between A1 and 6 can be obtained semi-
quantitatively by fitting the electrical properties of BaTiOs-based
dielectrics (see Supplementary Note S5 and Fig. S5). In addition to
regulating the electron transport behavior, the lattice distortion also
affects the local bond properties. As shown in Fig. 4b, the lattice dis-
tortion would cause chemical bonds to be compressed or stretched,
leading to the variations in bond length (r) and thus lower the bond
energy compared to the initial bond. The relationship between W, and
r can be determined by Mie-Griineisen bonding potential (see Sup-
plementary Note S6 and Table S4)**. It also should be pointed out that
the new chemical bond X-O formed by the introduction of conven-
tional elements (such as Na, Sr, Ca and Sn) are generally smaller than
the Ba/Ti-O bond energy, whereas some rare metal elements including
rare earths (such as La, Nd, Sm, Zr, Hf, Sc and Ta) could form a higher
bond energy. Therefore, the variations of A and W, caused by the
introduction of heteroatoms have complex effects on the electron
avalanche breakdown. How to introduce suitable atoms to balance
these mutual impacts on the breakdown strength is a thorny problem
faced by multi-element replacement experiments.
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To address this challenge, we first study how A-site atom doping
affects 6 and Ey, by considering ionic radii compatibility and charge
balance (see Supplementary Note S7 and Fig. S6). Here, four repre-
sentative solid solution systems (Bay.»SrxCa,TiO3, Bay.xNayLa,TiO3,
Ba;.»Na,Nd,TiOs, Ba;,Na,Sm,TiO3) are considered. The larger the
difference in ionic radii between the elements, the larger the lattice
distortion, such that the 6 of Ba;.,,Na,Sm,TiO3 can reach -10.9% at
doping content x of 0.3, as shown in Supplementary Fig. Sé6a. As a
result, the £ is enhanced by nearly 2.1 times, as shown in Fig. 4c. Here,
we assume that the doped atoms are discretely distributed in the lat-
tice sites so as to be able to achieve the ideal §, as shown in the insets of
Fig. 4c. However, in practice, due to the influence of the dynamics of
nucleation and growth in experimental preparation***¢, doped atoms
may agglomerate and concentrate in a certain region of the lattice,
which prevents the actual § from reaching the optimal value. As a
result, the electron scattering and breakdown enhancement may be
greatly suppressed due to the aggregation distribution of atoms in
elemental doping or solid solution systems. Therefore, achieving local
uniform dispersion of foreign heteroatoms to improve the lattice
distortion and thus reduce the mean free path is a key and challenge to
improve the breakdown strength in experimental design.

Recently, high-entropy strategy has been recognized as a feasible
and effective method to easily modulate the local atomic hetero-
geneity to realize near-ideal lattice distortion***”*°, On this basis, we
design a series of BaTiOs-based dielectrics with different atomic con-
figurations to improve the breakdown strength by gradually introdu-
cing equimolar-ratio elements, i.e., Sr, Ca, Na, Nd, Sm and Zr, Hf, Sn, Sc,
Ta into the Ba site and Ti site, respectively, with the nominal compo-
sition  of  Bay4,SrCayNa,Sm,TiO;,  BaTiy.sZrHf,Sn,Sc, Ta, 03,
Bay.,SryCay Ty 2 ZrHf, O3, Bay.3,SryNa,Nd, Tiy. 5 ZrHf O3, and
Bay.3,SryNa,Sm, Tiy», Zr,Hf,O3. Here, the configurational entropy
(Sconfig) is used to represent different atomic configurations (see
Supplementary Note S8 and Fig. S7), and is taken as a feature variable
to systematically investigate its effect on E. The variation ratio of A is
shown in Supplementary Fig. S7c, where A is found to first decrease

(b)

s
2
g
> Bond length r (A)  Oreeeee
2 T
2 o
q) 1
° i
c I
(o) 1
o i
|
(d) 250 - Bay_,Sr,Ca,Na,Sm,TiO,
—_ BaTi, 5,Zr,Hf,Sn,Sc,Ta,0;
X Ba, ,,51,Ca,Ti; 5,ZrHE,0,
= 200 F ¢ Bay ;,Sr,Na,Nd,Ti, 5, Zr,Hf,0;
W —8- Bay 5, Sr,Na,Sm, i, 5,Zr,Hf,0;
“6 * Experiments
o 150+
2
5 .} 4
o
c 100+
K<)
ke
& 50t
>
<10R  1.0R-15R 215R
O 1 1 1 1 1
0.8 1.2 1.6 2.0 24
Configurational entropy S;,.q4 (R)
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significantly and then increase with Sonsg. We also note that due to the
difference in ionic radii between foreign atoms and matrix atoms,
different material systems exhibit various lattice distortion at the same
entropy, thereby affecting the electron scattering probability as well as
the corresponding electron mean free path. In addition, simultaneous
multi-element doping of the A-site and B-site can further enhance
lattice distortion with respect to single doping of the A-site or B-site,
and it is more obvious when the high entropy system is doped with rare
earth elements. As a result, the variation ratio of A for
BaTiy.s«ZrHf,Sn,Sc,Ta, 05 is about -60.4% at Sconsg Of L5 R, while the
variation ratio of A for Bay.3,Sr,Na,Sm,Ti;»ZrHf, O3 reaches a max-
imum of -92.9% at Sconsg Of 2.28 R. For W, as shown in Supplementary
Fig. S7d, the variation ratio of W, decreases continuously with the
increase of Sconsg due to entropy-induced lattice distortion. It is worth
noting that the introduction of rare metal elements in high-entropy
materials can form higher bond energy with the O atom, which could
effectively mitigate the detrimental effects of lattice distortion on
bond energy. Specifically, for Baj.4,SrxCayNa,Sm,TiO3 with more
conventional elements such as Sr, Ca, and Na, W, is reduced by 21.7% at
Sconfig Of 1.61 R. With the introduction of rare metal elements like Zr, Hf,
Sc, and Ta, the overall W,, of BaTiy.sxZryHf,Sn,Sc,Ta, O3 could increases
by 6.3% at Sconsg Of 1.79 R. Consequently, as the variation ratio of £,
shown in Fig. 4d, all high entropy systems exhibit a tendency for £, to
firstincrease and then decrease in line with the rise in entropy, a similar
trend of E, with entropy has also been observed in other material
systems (see Supplementary Fig. S8). However, the position and value
of the peak in the change curve of E, vary between high-entropy sys-
tems. This is primarily due to the fact that the same entropy may bring

different lattice distortion and bond energy change in different sys-
tems. For example, for BaTiy.5 ZrHf,Sn,Sc,Ta, 03, the maximum £,
located at Sconfg Of 1.5R with an increase of -1.6 times. With more
significantly reduction of A and slightly weakening W, in
Bay.3,SrxNa,Sm, Tiy. o ZrHf O3 with Sconsg Of 2.28 R, the Ey, exhibits a
maximum about 3.5times that of the pristine BaTiOs. Thus, the
changes in mean free path and bond energy in high-entropy materials
are two fundamental reasons for the variation of the breakdown
strength, and especially, rare earth elements have notable advantages
in modulating the mean free path and bond energy. Among these
BaTiOs-based  dielectrics  predicted above, we choose
Bay.3,SryNa,Sm, Ti;», Zr,Hf, O3 as the targeted materials to verify our
theoretical predictions (see Supplementary Note S9 and Fig. S9), as
shown by the purple solid symbols in Fig. 4d. As Sconsg increases, the
sluggish diffusion effect in experimentally high entropy films leads to
the inevitable formation of amorphous phases®. The coexistence of
disordered amorphous phases and highly distorted crystalline regions
significantly enhance the electron scattering effect, boosting E, by
-3 times at Sconfig Of 2.28 R. As Sconfig further increases to 2.43 R, E,
decreases significantly, mainly attributed to more local impurity
aggregation and structural defects caused by excessive multi-elements
doping and further diffusion kinetics limitation at higher entropy***".
Although the model does not account for the amorphous phases
observed experimentally, the great enhancement of Ey, indicates that
the electron scattering effect constructed by the entropy-induced
large lattice distortion does work. Therefore, based on the avalanche
breakdown model, it is found that the lattice distortion in the crys-
talline region of high-entropy systems can also effectively regulate the
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electron transport and local bond property to significantly enhance
the breakdown strength. Meanwhile, a general and practical theore-
tical design principle is provided for the selection of multiple doping
elements in high-entropy dielectrics.

The effect of oxygen vacancies

In practical experiments, the measured breakdown strength is often
lower than the theoretical predicted value, which is mainly due to the
influence of extrinsic factors (e.g., lattice defects, chemical impurities,
cavities and cracks)*’. Among these extrinsic factors, oxygen vacancy
(Vo), one of the most common defects in dielectrics, is considered to
be responsible for the reduced breakdown strength®. As shown in
Fig. 5a, the Vo may act as trap sites to capture electrons. Under high
electric field stimulus, trapped electrons can be emitted into the
conduction band to become free electrons, which increases the leak-
age current and decreases the resistivity. According to the Poole-
Frenkel emission®, the contribution of V; to the local electron density

can be approximated as N(r, t) = gN .exp[— VT EC.0/mKzo V"Z(;'”/”m], where N,

W, K, ks and T are the effective density of states of the conduction
band (about 8 x 10**m?), trap energy level (about 0.2~ 0.8 eV for V),
optical permittivity, Boltzmann constant and temperature, respec-
tively. Thus, transforming the shallow W, into a deeper one is beneficial
to reduce electron excitation and improve the breakdown strength,
which is also one of the important strategy to regulate the oxygen
vacancy in experiments®.

To investigate the effect of W, on the electron avalanche break-
down process, we firstly calculate the variation of maximum local
electric energy (Wg&) under different E,pp, with W, of 0.2, 0.4, 0.6 and
0.8 eV. Here, the A of BaTiO; is set to 4 A and the corresponding £, of
1128 MV/m is used to compare the variation of E,, with different V. As
shown in Fig. 5b, upon increasing Eapp, the initial growth rate of WX is
small and then rapidly increases when reaching the critical electric
field. As W, varies from 0.2 to 0.8 eV, the electric field where the W3
is greater than the critical W, (the point where the red dotted line
intersects the curve) tends to move to a higher value. This indicates
that compared with the low W,, the oxygen vacancy with high W, is
conducive to reducing the local electric energy of electrons, thus
delaying the chemical bond breaking. Then, we further compare the
local electric energy distribution of W, at 0.2 and 0.8 eV, as shown in
the left side of Fig. 5c. At W, of 0.2eV, Wgi is mainly concentrated
around Vo and exceeds the critical W, when E,p, reaches 361 MV/m.
While for W; of 0.8 eV, WX appears around the Ba and the bond does
not break until £,,, reaches 1118 MV/m. As a result, the difference in the
local electric energy distribution leads to completely different electron
avalanche paths and breakdown strengths, as presented in the middle
and right sides of Fig. 5c. When W, is low, the captured electrons are
very easily excited by the electric field to escape from Vo and become
free electrons. At this time, V, as the triggered point dominates the
electron avalanche breakdown process, with the final breakdown
strength of 381MV/m at W, of 0.2eV. As W, increases to 0.8¢eV, Vo
strongly traps electrons and electrons excitation is greatly suppressed.
In this case, the generation of free electrons mainly comes from the
collision ionization, and thus the avalanche breakdown prefers to
initiate from the Ba, which is basically consistent with the dielectric
breakdown process in Fig. 2. As a result, the breakdown strength could
reach 1126 MV/m, which is comparable to the intrinsic values and is
almost 3 times larger than that with W; of 0.2 eV. In addition to W, that
can control local electron behaviors, the concentration and distribu-
tion of Vg have also been proved to modify the localized electron
density by influencing N. as they introduce additional energy levels
within the band gap or affect the conduction band structure®*”’”. Then,
we plot the mapped £, as functions of W, (0.2~0.8eV) and N,
(8x10” -8 x10*m™), as shown in Fig. 5d. It can be seen that by
increasing W; and decreasing N., the breakdown strength could be

increased several times over as the breakdown mechanism transitions
to the intrinsic dielectric breakdown. Thus, the black dashed line
shown in Fig. 5d not only represents the boundary of the breakdown
mechanism transformation, but also identifies the thresholds of W; and
N, corresponding to the intrinsic dielectric breakdown. Such a break-
down characteristic shift revels the significance of rational design and
precise control of oxygen vacancy for the insulating reliability of
electronic devices.

Discussion

In summary, an atomic-scale electron avalanche breakdown model is
developed to investigate the continuous and dynamic avalanche pro-
cess in solid dielectrics by coupling collision ionization and bond
breakage. Simulation results reveal that the breakdown strength is
fundamentally governed by the atomic-scale physical parameters,
including ionization energy, bond energy and electron mean free path.
The mapping relationship between the breakdown strength and these
parameters is established through high-throughput calculations, from
which regression analysis is employed to obtain an analytical expres-
sion for the breakdown strength as a function of these variables. Fur-
thermore, it is found that the lattice distortion induced by local atomic
heterogeneity via a high-entropy strategy in BaTiOs-based dielectrics
can effectively suppress the electron avalanche process, resulting in
~250% enhancement in breakdown strength. Moreover, the extrinsic
factor oxygen vacancy could alter the breakdown behavior and induce
a transition in the breakdown mechanism by modulating the local
electron excitation barrier. The theoretical insight on the avalanche
breakdown gained in this work is expected to provide precise guidance
for exploring and designing novel dielectrics with the requirement of
high voltage endurance. Additionally, the fundamental mechanisms
revealed here can potentially be extended to predictive modeling of
field-driven switching behaviors in emerging electronic systems such
as memristors and neuromorphic nanodevices.

Methods

Here, we divide the evolution of electron avalanche breakdown into
four stages as shown in Fig. 1. For the first step of collision ionization, a
critical avalanche would form when the initial electrons undergo forty
generations of collision ionization, as proposed by Seitz et al.!, which
provides an important theoretical basis for building the atomic-scale
breakdown model. However, the ionization process involved in this
theory relies on some constant preconditions like specific electric
field, ionization energy and avalanche path, which is difficult to con-
sider the dynamically changing in spatial and temporal. Here, we
reconsider that the collision ionization depends on the dynamic
interaction between free electrons and lattice atoms. As illustrated in
Fig. 1a, free electrons, driven by the applied electric field, collide
inelastically with lattice atoms. The higher the energy of free electrons
gained from the electric field, the greater the probability of bound
electrons escaping from the nucleus. On this hypothesis, we define an
ionization rate a(E,pp) to describe the dynamic probability of electron
ionization based on how much energy is gained as follow:

a(Eapp) = Wgain/Wi = qAEapp/ Wi (2)

where ¢ is the electron charge, A is the electron mean free path
(about 4 -20 A in solid dielectrics), E,pyp is the applied electric field,
Weain is the free electron energy gained from the applied electric
field, and W; is the ionization energy. Considering that lattice atoms
are typically bound and in an ionic state, the energy required to
ionize such ions is usually much higher than that for neutral atoms.
As such, during inelastic collisions between free electrons and lattice
atoms, the process is more likely to involve first exciting the elec-
trons to higher energy states that similar to outer orbitals of neutral
atoms before ionization occurs®®*’. Following this excitation,
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ionization then occurs and the released electrons are involved in
further ionization events, thus accelerating avalanche breakdown. To
simplify the complex nonlinear behavior of ionization, we approx-
imate the energy required to ionize electrons of lattice atoms as
comparable to the ionization energy of neutral atoms at the initial
stage of the electron avalanche breakdown (>4 eV for most atoms®’,
see Supplementary Fig. S10).

For the second step, electron multiplication represents that the
subsequent repetition of the collision ionization process leads to a
continuous increase in the local electron density N(r, t). To describe
the electron multiplication process under the high electric field
quantitatively, we introduce an exponential mathematical expression
based on the ionization rate to capture the nonlinear dynamic evolu-
tion of the local electron density over the electric field”, which is
expressed as:

t
N(r,t):NOexp{/0 a[Eapp(t’)]dt’} 3)

where Ny is the outer electron density that affects chemical bonding.
With the continuous ionization and multiplication of the electrons,
the local electric field around atoms would increase due to more and
more electrons being excited. As shown in Fig. 1b, the ionized elec-
trons in the excited state are temporarily confined around the atom
due to the electrostatic attraction of the chemical bond®. As the
excited electrons gradually gather around the atom, the local electric
field Ejocar accumulates, which can be obtained by solving Poisson’s
equation:

V(€o&rErocal(F, 1) = N(r, 1) “4)

where &g is the vacuum permittivity and &, is the relative permittivity
that compensates for electronic and ionic polarization under high
electric fields. During the electron multiplication process, the accu-
mulation of Ejc, inevitably causes the electric energy of excited
electrons Wei. to rise, where Wi is calculated by the following
equation: W = [, 160&,E oca(F, t)*dV. High Weiec would weaken the
binding effect of the chemical bond on excited electrons. As a result,
when Wg.. exceeds the critical energy, the third stage of bond
breakage may happen, as shown in Fig. 1c. Unlike previous multi-scale
breakdown models®***, which typically treat bond breakage as
thermally activated process initiated by electron-assisted defect
generation, here our model couples the chemical bond dissociation
with the accumulation of W, enabling tracks the local bond breaking
behavior that is regarded as the key factor to determine the stability
and insulation of the dielectrics®. While the thermochemical model
proposed by McPherson related the breakdown strength (Ey) to the
bond energy (W,) through an analytical expression®, it does not
precisely address the atomic-scale complexity of the dynamic but
asynchronous bond-breaking process that is highly dependent on the
localized electron accumulation and non-equilibrium excitation under
high electric fields. To account for the differences in bond breaking at
different atomic positions, we assume that once W, at a certain point
exceeds the critical energy, the chemical bond would be broken and
the discharging occurs simultaneously, as shown in Fig. 1c. Then, free
electrons released from the bond breakage continue to break nearby
bonds in a dynamic chain reaction process. Here, based on the fractal
dimension breakdown model®, the probability p of the bond breakage
from one initial broken bond position (r) to the adjacent bond position
() is defined as follow:

Wi/ Wo)
elec b

pr — )= el
Z (ngec/ Wb)

(©)

where W‘g[’ec is the electric energy of excited electrons in possible
broken bond position, W, is the bond energy which describes the
critical value of the bond breakage (about 2-~10eV for X-O bond®,
where O is oxygen atom and X represents possible atoms, as shown in
Supplementary Fig. S11), and s the fractal dimension determining the
shape characteristic of the avalanche paths (see Supplementary Note
S10 and Fig. S12). Here, € is set to 1, that is, the bond breaking
probability is linearly related to the local electric energy.

As the bond-breaking chain reaction proceeds, the localized
density of broken bonds and thus activated electrons increase to a
sufficiently high level to form a conductive percolation channel, as the
fourth stage shown in Fig. 1d. Thus, the dynamic evolution of the
electron avalanche path could be achieved by capturing the bond-
breaking behavior caused by high localized electron density. Here,
extending from the continuous model for conductive electrical tree
growth in dielectrics®®, we use a normalized variable 7(r, t) to describe
the dynamic evolution of avalanche channel in the rate equation:

MO g+ (©)

The first two terms determine the difficulty and tendency of bond
breaking, and the last term is related to the bond properties of the
dielectrics. The coefficients A, B and C are the positive constants and
decide the weight of each term in the equation. To emphasize the role
of local electrons in bond breaking, the coefficient Cis set to the bond
breaking probability p with both A and B of 0. The effects of A and B on
the breakdown process are also investigated in Supplementary Note
S11 and Fig. S13. The simulations are carried out in two dimensions (2D)
with the size of 15 x 15 lattices (-6 nm). Here, we define that the electron
avalanche breakdown has approximately completed when the long-
itudinal length of the conductive channel is up to -6 nm, because this
value is comparable to the electron mean free path of conductive
metals®”®%, When the electron avalanche path is larger than -6 nm,
subsequent avalanche processes is out of control and the insulating
dielectric would turn into a (semi)conductor in an instant. In addition,
to compare the size effect on the breakdown behavior, we also study
the electron avalanche breakdown process in dielectrics with different
thicknesses (see Supplementary Note S12 and Fig. S14). The control
equations are solved by finite element simulations using the com-
mercial software COMSOL Multiphysics 5.6, with a spatial and tem-
poral resolution of 0.1A and 0.01 ps.

Data availability

All data used are available within this paper and Supplementary
Information. Further information can be acquired from the corre-
sponding authors upon reasonable request.
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