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Revisiting the Dielectric Breakdown in a Polycrystalline
Ferroelectric: A Phase-Field Simulation Study

Mohammad Khondabi, Hossein Ahmadvand,* and Mahdi Javanbakht

To understand the dielectric breakdown in a polycrystalline ferroelectric, a
thorough phase field simulation has been performed by introducing a new
degradation function. Time and position evolution of breakdown path, electric
field dependence of breakdown time, and the effect of several parameters
such as grain orientation, dielectric constant of grain and grain-boundaries
(GBs), thickness of GBs (dg), and grain size (G,) on the threshold breakdown
electric field, Eg;, are investigated. The results indicate that Eg; is improved
with decreasing dielectric constant. The dependence of Eg; on grain size and
GB's thickness obeys a power function G;" (n = 0.42) and d7.,
respectively. The results help to engineer the grains and GBs properties and
achieve a high breakdown electric field, which is very important in

energy-storage applications.

1. Introduction

Nowadays, electrical energy storage is vital for green and re-
newable energy applications. Dielectric capacitors exhibit higher
charge/discharge rate than batteries, which makes them suit-
able for pulse power systems.'* Pulse power technology has
been widely used in many fields, such as systems including elec-
tric gun, high-power laser, plasma generation, and so on.[*®! If
the energy density of the dielectric capacitors can be improved
to be competitive with electrochemical capacitors or even bat-
teries, their application range will be extended.’! Upon an ap-
plied electric field, the energy density (U,) of a dielectric can be
calculated from the integral of product of the electric field (E)
and the electric displacement (D) that is, fOD EdD. In linear ap-
proximation, the maximal energy density can be expressed by
1/2¢y, EL, where g is the vacuum permittivity, , is the relative
dielectric permittivity, and Ej is the threshold breakdown elec-
tric field. Therefore, U, depends on €, and Egy, and thus, increas-
ing Ej; is an effective method to achieve high energy density in
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dielectric capacitors. Ey; depends on many
factors, such as grain size, impurity, poros-
ity, band gap, thickness, and even sample
geometry.! A dielectric material usually ex-
hibits an irreversible damage after break-
down, often in the form of a fine tubular
conductive channel. The major part of the
dielectric material outside the channel re-
mains intact.

The phase field model has emerged
as a powerful tool for numerical predic-
tion of evolution processes in materi-
als. It has been successfully applied to
simulate the evolution of microstruc-
tures with complex morphologies in
a wide variety of material processes
such as, grain growth,'15] martensitic
transformation,l'21]  solidification,[?*-28
crack propagation problems,?*-*# ferrofluids,**! and so on. The
significant characteristic of phase-field methods is the diffuse-
ness of the interface between two phases. An internal variable,
so-called order parameter is defined in such a way that it varies
continuously over a thin interfacial layer and is mostly uniform
in the bulk phases. This parameter helps us to avoid the tracking
of interfaces. The time rate of change of this variable in relation
with energy minimization can be used to investigate the dielec-
tric breakdown in ferroelectrics.

Recently, a large number of experimental works have been
carried out to improve the threshold breakdown electric field,
Egr, and consequently enhancing the energy storage in dielectric
materials.[36-#%! In particular, Qiao et al. have reported that dop-
ing of Bi, sNa, s TiO; with Sr,,La,,TiO; (BNT-SLT solid solution)
has reduced the grain size, increased band gap, and reduced the
tolerance factor, which results in a threshold breakdown electric
field, Egr, of 315 kV cm~1.3¢ It has been reported that doping
of BiFeO,-BaTiO, with NaNbO;, significantly enhanced Ep; to
about 360 kV cm™', which is attributed to enhanced band gap,
decreased grain size, and increased resistivity.[*!] Li et al. have
used a two-step strategy, including doping of Nd** to modify the
microstructure and use of viscous polymer processing route, to
prepare (Bag ¢5 ST, 545Bi007)0.99Ndg o TiO; compound. This strat-
egy significantly increased the density of the samples and re-
duced the cavities, as a result of which Ey; was greatly improved
t0 460 kV cm~1.1%] Despite several experimental works, the role of
different parameters on Ey; is not fully understood. On the other
side, there are very few computational works based on phase field
model to study the dielectric breakdown and energy storage in
ferroelectric ceramic materials.[*’>% Thus, further and in-depth
investigation is required to understand the nature of dielectric

(n = 0.3),
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breakdown in ferroelectric materials. In this work we report on a
thorough study on the dielectric breakdown, its time and position
evolution, E-field dependence of breakdown time, role of dielec-
tric constant of grain and grain boundaries (GB), and the effect of
grain-size and GBs thickness on the threshold breakdown elec-
tric field, Epr.

2. Simulation Processing Details

2.1. Dielectric Constant of a Ferroelectric

According to LGD theory, considering the perovskite-type struc-
ture in the paraelectric state, and assuming that this structure
could be treated as a strained cubic crystal, the free energy for a
ferroelectric can be written asl®!!

F(P,T):F(O,T)+%P2+§P4+%Pﬁ+--- 1)

where a is a temperature-dependent coefficient, P is polarization,
and # and y are temperature-independent coefficients. Above the
Curie temperature in the paraelectric state, a can be written as
follows!>?!

1 1

B B N 1)

(2)

where C is a constant, T is the Curie-Weiss temperature, &(0)
is the dielectric permittivity at zero E-field, ¢, is the permittivity
of space, and ¢,(0) is the relative dielectric permittivity at zero E-
field. From Equation (1), we have

OF
—=E=aP+pPP +yP° + - 3
3P aP+pP° +yP + 3)

and then we can obtain

0E 1 _ 1

= = P+ 3P +5yP* + ... 4
0P~ re. " e T *)

In the case of small fields, we can neglect terms in P* or greater.
Also, for € > 1, polarization is related to the electric field as fol-
lows

P =ege,(E)E ©)
By replacing P from Equation (5) into Equation (4), we can obtain

1 _ # 212
= g ) E ©

€0&y

which can be rewritten as follows

3
1 & ( . )
£ [ «0 *\5o

(0 [1 n 3/3(‘9(,%(0))3152]1/3

1/3

)

3

The value of the numerator is always around 1, thus, Equation (7)
becomes simply

&(0)

&(E) = m (8)
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Table 1. The parameters used in the simulations..

Parameter Value Definition

L 1000nm Length of model

H 2000nm Height of model

G, 450nm Average grain size

deg 20nm Grain boundary thickness

h Tnm Mesh size

g 3x10"%vm3C3 LGD parameter

£ 8.854x 10712CV'm~! Permittivity of space

£ (0) 1000 The relative dielectric
permittivity of the grain
at zero electric field

€cg 100 The relative dielectric
permittivity of the grain
boundary

8 30nm Length scale to regularize
damaged-intact interface

I 5% 1070)m"" Constant coefficient related
to the breakdown energy
of the grain

| o 5% 107%)m~" Constant coefficient related
to the breakdown energy
of the grain boundary

m 0.1m?) 715! Mobility parameter related to
speed of the breakdown
propagation

u 1073 A small positive constant

meant to numerical stability

where A = 3f(g.¢,(0))’. # is given in Table 1. Equation (8) is
known as Johnson’s relationship./>!!

Figure 1 shows the relative dielectric permittivity as a function
of DC electric field using Equations (7) and (8) (Johnson’s rela-
tion) for a typical ferroelectric. The maximum difference between
the two curves is about 19% which is seen at lower E-fields. This
difference is small in high electric fields. Thus, Johnson’s analyt-
ical equation has been used to reduce the computational cost.

2.2. Phase-Field Model for Dielectric Breakdown

In a standard phase field model, a continuous phase-field variable
n(7, t) is introduced to characterize the electrostatic damage state
in the dielectric material, where 7 is position vector and t is time.
At positions where the material is in the complete damaged state,
n is 0, while in the intact positions, the value of phase-field vari-
able 5 equals to 1. The fully damaged state becomes conductive.
Mathematically, it can be modeled as a dielectric material with
very high permittivity. For this purpose, we consider the permit-
tivity as a function of the phase-field variable, #, as follows!*’]

() = —2— 9)
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Figure 1. The DC electric field dependence of the relative dielectric per-
mittivity using Equations (7) and (8) (Johnson’s relation) for a typical fer-
roelectric.

where ¢, is the initial permittivity, g(») is the degradation func-
tion, which is a crucial part to describe the propagation of a tubu-
lar conductive channel in the phase-field model. A proper choice
of the degradation function g(x) will be discussed in following.
u is a small positive constant meant to numerical stability where
g(n) = 0, which was first used by Ambrosio and Tortorelli.l>* In
the current study, we set y = 107°.147]

The polycrystalline ferroelectric materials consist of grains and
GBs. The relative permittivity of grains is dependent on electric
field (Equation (8)), while the relative permittivity of the GB is
taken to be field independent. Thus

- fG—(OJW in grain
eni(VP) = { (17859 (10)
£cp onGB

The total free energy per unit volume of the switched process can
be written as
UV, V) = Uy (Vb,n) + Ugln) + Uy(Vn) (1

where U, (V¢, ) is the electrostatic energy, U, (n) is the energy

of damage, and U,(V7) is the gradient energy, which take the fol-
lowing forms!#’!

. - fOE‘“aX —fofcllE__ ~dE in grain
Ues (Vo 1) = (A+iVeVe), (12)
~2allVg. Ve onGB
r
Ualn) = 531 = gln)] (13)
- r- -
Ui(Vm) = 7V - Vn (14)

In Equation (13), I is related to the breakdown energy. The pa-
rameter 6 has the dimension of length and is often referred to as
regularization length, since it controls the width of the transition
zone of the phase field order parameter between the intact state,
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n =1, and the damaged state, n = 0. I'/5? is the critical energy
density to initiate local damage. U, (V) characterizes the diffuse
interface between the intact and damaged phases. The total free
energy of the ferroelectric material can be obtained by integrating
U over the grains and GBs, as follows

Ena E r
Fotnd) = | [—/ IR )
ol Joo 1+aV¢-Ve)

- -
+ chn . Vn] v (15)

5 o I
Fostn ) = [ |22 090- 9+ 20 - g

|
+ %w . vn] dv (16)

The evolution of the # and ¢ are controlled by the variation of
the total free energy, F,

5F _

5—¢ =0 (17)
oF = _ld_r/ (18)
on m ot

where m is the mobility parameter that controls the speed of the
breakdown propagation in ferroelectric materials. Equation (17)
can be rewritten as follows

o (U In  ouFen T _ (19)
Ve 99

The second term in Equation (19) is zero, because U is not im-
plicitly dependent on ¢. Thus

- (0UV$,nV

. (Ve _, (20)
oV

By replacing the term inside the integral of Equations (15) and

(16) in Equation (20), the equilibrium equations, for the grains
and GBs, are obtained as

V. [ec(n)(l + AV - %)71/3%] =0 21)

V- [ecstn Vo] =0 (22)

Equation (18) can be rewritten as follows

. <aU(V¢, ", v,,)) LUV ) 1on (23)

56,7 on m ot

By replacing the term inside the integral of Equations (15)
and (16) in Equation (23) the time-dependent Ginzburg-Landau
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Figure 2. Geometry and boundary conditions of the 2D phase-field model,
containing grains and GBs, with a thin conductive field concentrator con-
nected to the top electrode.

equations, for the grains and GBs, can be obtained as

10n 3epec(n) ( oo \23 Ig , | PR
1o _ 0 (14 45¢- ¥ ) 1]+ =S Sy
mot . 42 TAVS- Vo AU R
(24)
107 Eofcpln) o o I'es I'cs 2,
—— =28 Vg - Vo+ =2 B 25
s 5 b-Vé+ =g+ —-Vn (25)
2.3. Modeling

The COMSOL Multiphysics is used to solve the coupled Equa-
tions (21), (22), (24), and (25). These equations are solved using
the heat equation solver, which is available in the classical PDEs
module. The governing equations are solved with finite element
(FE) method. For discretization of the geometry a fine enough
mesh size (1 nm) is used for triangular Lagrange elements. In the
simulations, the time step is set to 1 ps. However, the adjustable
time step option is used, which allows the code to select appro-
priate time steps to prevent divergence and to reduce the time
solution. From the fully coupled and segregated approaches, the
fully coupled option was selected to solve the system of nonlin-
ear equations. In the segregated solver, the problem is subdivided
into two or more segregated steps, which are solved consecutively
within a single iteration, and thus less memory is occupied. In
contrast, the fully coupled solver forms a large system of cou-
pled equations that solve for all of the unknowns simultaneously.
Thus, it takes up more memory, but gives a more accurate result
of the problem.

The material parameters used in the simulations are given in
Table 1. The model of ferroelectric ceramic, consisting grains and
GBs, is built via Voronoi tessellation. Figure 2 shows the geom-
etry and boundary conditions of the 2D phase-field model. The
length (L) and height (H) of the model are fixed at 1000 and 2000
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(b) h = nm

(¢c)h=1nm

(d) 2A=0.5 nm

Figure 3. Mesh patterns of a part of the 2D model. The nucleation area is
highly meshed as a size ofa) h =3 nm,b) h=2nm, c) h=1nm, and d)
h=0.5nm.

nm, respectively. The average grain size (G,) and the GB thick-
ness (dgp) are chosen to be 450 and 20 nm, respectively. To control
the initial breakdown, a thin conductive wire is defined as a field
concentrator and connected to the top electrode.*’] The value of
the phase-field variable 7 is fixed to be 0 on the field concentrator.
Figure 3 shows the mesh patterns of the 2D model. Near the
tubular conductive channel path, the mesh size (k) is set to be
3,2, 1, and 0.5 nm for Figure 3a—d, respectively, and increases
as it moves away from the tubular conductive channel path, in
order to reduce the computational cost. The propagation path of
the channels for Figure 3c,d are similar and smooth. Thus, the
mesh size of 1 nm is suitable for discretization of the model.
The degradation function g(x) in Equation (9) models the re-
lease of electrostatic energy when the phase-field variable 5 be-
comes zero. Starting from intact material where 5 = 1, the gra-
dient V# vanishes and the evolution of the phase-field variable
mainly depends on the degradation function g(s) and the local
part of the dielectric breakdown energy. Thus, the choice of this
function is highly crucial for modeling dielectric breakdown nu-
cleation. In the published works on ferroelectrics, the authors
commonly use the degradation function as follows!*/]

gi(n) =n’(4-3n) (26)

However, we use the following function for g(r),>* which shows
a good convergence.

g (n) =n"(3—2n) (27)
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Figure 4. a) Degradation functions g;(n) from Equation (26), and g, (1)
from Equation (27), b) derivative of the functions g; (1) and g, (1), and c)
reciprocals of step size corresponding to g; (1) and g, (1).

For the sake of comparison, the two above degradation func-
tions and their derivatives are plotted in Figure 4a,b, respectively.
As can be seen, both the functions and their derivatives have
the same values at their extrema, i.e., g;(0) = g,(0) =0, g,(1) =
&(1) = 1,8,(0) = g(0) = 0, and g(1) = g(1) = 0. However, g, 1)
represents a lower degree polynomial of  which allows for a bet-
ter numerical convergence. To compare the numerical conver-
gence, the reciprocal of time step size is plotted for a benchmark
problem in Figure 4c for both the functions with the same solver
settings. It can be seen, the simulation performed using g, (1) di-
verges while it converges for g, (). The same happened in almost
all the simulations performed. Hence, g, (1) is used in our simu-
lations.

3. Results and Discussions

Figure 5 shows the evolution of the phase-field variable #, local
potential ¢ (V), and electric field E (kV cm™') between the elec-
trodes. The top and bottom figures correspond to the arbitrary
times of t = 345 and 415 ps, respectively. The conductive chan-
nel begins to propagate at the field concentrator. It propagates
through the first grain and then deviates close to the nearest GB.
After deviation, the conductive channel continues to propagate
through the grain, instead of propagating into the GB. This is
because of the higher breakdown energy of the GB relative to
the grain.[***] If the external electric potential applied between
the top and bottom electrodes is not large enough, the conduc-
tive channel will not pass across the GB and the breakdown does
not occur in the ferroelectric. To reach the threshold breakdown
electric potential, we increased the potential by 0.1 V step and
repeated the simulation. Finally, in our model, we reached the
threshold breakdown at 21.7 V, which is equivalent to an elec-
tric field of 108.5 kV cm™. This value is very well in agreement
with experimental results of ferroelectrics.l>>*”] Note that, the to-
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Figure 5. Evolution of the a) phase-field variable, b) local potential, and c)
local electric field, at two different times ¢ = 345 ps(top panels) and 415
ps (bottom panels).

tal width of the channel is in the nanoscale range and is approxi-
mately about 70 nm around the middle of the model.

When the conductive channel reaches the lower parts, it’s tip
becomes sharper and propagates more easily into lower grains
and GBs. The reason for this can be found in Figure 5b,c. As
shown in Figure 5b, since the conductive channel is connected
to the upper edge, as it enters into the lower grains and GBs,
makes them equi-potential with the upper electrode. Thus, the
value of the local electric field at the tip of the conductive channel
increases over time (see Figure 5c), and thus the growth of the
conductive channel will be more easy. Here we consider only an
initial field concentrator instead of a cavity, defect, impurity, and
so on, which usually has less breakdown strength than the base
material. However, in real samples there can be a lot of cavities,
defects, and impurities, that each of them can contribute to the
dielectric breakdown in ferroelectric materials, and destroy the
energy storage property. Thus, preparation of dielectric ceramics
with minimal cavities, defects, and impurities is one of the most
important ways to achieve high dielectric breakdown and excel-
lent energy storage.[**3

To see the time evaluation of the breakdown phenomena, the
phase-field variable profile at several arbitrary times, ¢, = 10, ¢, =
50, t; = 340, t, = 375, t; = 385, and t;,,; = 420 ps, are depicted
in Figure 6a—f. Furthermore, Figure 6g shows the time depen-
dence of the total energy, AU, with two insets for a better view
at the deflection points. When the conductive channel begins
to propagate (t =0 — 50ps), the total energy decreases. As dis-
cussed above, when the conductive channel reaches the GB, it
does not easily propagate into the GB. Interestingly, the total en-
ergy remains constant for a large time interval of t = 50-340ps.
This corresponds to the robustness of GB against breakdown.
When the applied electric field is large enough, the conductive
channel will finally pass across the GB and enters the neighbor
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Figure 6. a—f) Contour plots of the phase field variable at different times of t; = 10, t, = 50, t; = 340, t, = 375, t; = 385, and tg,, = 420 ps, respectively,
and g) the time evolution of the total energy. Insets show the enlargement at the intervals 10 <t < 100 ps and 320 <t < 390 ps.

grain, and thus the total energy will be reduced (see the inset
for t = 340 — 375ps). Once again, in the next GB, the total en-
ergy becomes constant, but in a very shorter time interval (see
t = 375-385 ps). Finally, the complete breakdown is achieved at
t = 420 ps. Note that this breakdown time is related to the thresh-
old breakdown electric field, Epy, of 108.5 kV cm™! (obtained in
our model). From the above results, we conclude that the dielec-
tric breakdown is highly impacted by first grains and GBs that
are usually adjacent to cavities, defects, and impurities. The di-
electric breakdown strength of the cavities, defects, and impuri-
ties are much smaller than the ferroelectric material. Thus, the
nucleation of the conductive channel occurs on them and propa-
gates into adjacent grains and GBs.[#757:60]

To check the role of grain orientation on the results, we cal-
culated the phase field variable # for four different grain orien-
tations, with same average grain size. The results are shown in
Figure 7. The values of Ej; are indicated on the graph. As can
be seen, the value Ep; is in the range of 108.5-112.5 kV cm™.
The percent deviation from the mean value is small and less than
+2 percent. This confirms that grain orientation does not signif-
icantly affect the Ej, as we expected from a polycrystalline.

As discussed above, the complete breakdown is achieved at 420
ps for threshold breakdown electric field of Eyr = 108.5 kV cm™!.
It is interesting to calculate the breakdown time, when higher
electric fields are applied to the ferroelectric sample. In Figure 8,
we presented the breakdown time for electric fields larger than
108.5kV cm™!, up to 200 kV cm™!. It is seen that a small increase
of E to 110.0 kV cm™!, considerably decreases the time from 420
to 200 ps. Further increase in applied electric field, leads to a grad-
ual decrease of breakdown time to few ten ps.
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Figure 7. Contour plots of the phase field variable, for four different grain
orientations. The breakdown threshold electric field strength is indicated
on each case.

In order to gain further insight on the role of grain and GB
parameters, we calculated Ep; as a function of dielectric con-
stant of grain and GBs, that are £(0) and &y, respectively, and
showed the results in Figure 9. As it is seen, the value of Ey;
decreases with increasing e(0) (Figure 9a). More importantly,
for £(0) > 1000, it reaches a nearly constant value. It means
that for ferroelectrics with e4(0) > 1000, the Ep; is nearly in-
dependent of £4(0). As discussed above, Ey. equals to 108.5
kV ecm™ at £¢(0) = 1000 (shown by circle in Figure 9a). The
role of the dielectric constant of GBs is exhibited in Figure 9b,
which manifests an important result that Ey; increases by the
decrease of 5. The trend of Ep; with dielectric constant is in
agreement with the experimental results, as seen for BNT-SLT
ferroelectrics.3%)
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Figure 8. The dependence of breakdown time on the applied electric field.
Egy refers to the breakdown threshold electric field.
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Figure 9. The breakdown threshold electric field strength, Egr, as a func-
tion of a) dielectric constant of grains, £ (0) and b) dielectric constant of
GBs, £¢g. The circle indicates the point obtained in the previous simula-
tion results (Figures 5-8).
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To have a complete description of the role of GBs on the break-
down phenomenon, we calculated Ep; as a function of GB thick-
ness, in the range of d.; = 5-40 nm. The calculated results are
shown in Figure 10. The evolution of the phase-field variable 5 for
three different d¢j, of 5, 20, and 40 nm are depicted in Figure 10a—
¢, with corresponding Egy of 71.0, 108.5, and 134.1 kV cm™?, re-
spectively. The increasing trend manifests the larger breakdown
energy of GBs. The GBs act as the depletion space charge lay-
ers, which create potential barriers for the charge carriers.[61:2]
The Ej; as function of di; could be fitted by a power function as
follows (see Figure 10d)

Egr(dgp) = a(dcp)" (28)

The exponent was found to be n = 0.2962 + 0.0051.

From the above results, we can conclude that the GB parame-
ters have a crucial impact on the ferroelectric breakdown. In this
way, Epr can be tuned by all the parameters, e (0), ¢, and dgp. It
means that, by engineering the GBs, one can enhance the ferro-
electric parameters. These findings are in agreement with the ex-
perimental results.[®-%¢] In fact, advanced preparation processes
such as two-step sintering,!®! grain coating by SiO, shell,[646]
viscous polymer processing, and liquid-phase sintering!®! are
utilized to the increase of GBs thickness, and affecting its dielec-
tric constant.

Finally, to investigate the effect of grain size, G,, on the value
of Eyr, polycrystalline ferroelectric models with different G, from
450 to 1800 nm were constructed via voronoi tessellation. The
GBs thickness was fixed at d;;=20 nm for all the models. The
calculated results are shown in Figure 11. The evolution of the
phase-field variable # for three grain sizes of 450, 900, and 1800
nm are depicted in Figure 11a—c, with the corresponding Ep; of
108.5, 79.2, and 60.1 kV cm™!, respectively. It is seen that, the
value of Ep; decreases with increase of G,, in fact, by increasing
G,, the ratio of G, to dy increases. Thus, GBs apply less resis-
tance to the conductive channel propagation. As an important re-
sult, the main channel is accompanied by a number of branches.
The effect of these branches is especially seen when there are cav-
ities, defects, and impurities in the sample.[*’%”] Their presence
induces an avalanche propagation which results in a smaller Ep;.
As shown in Figure 11d, the Eg; as function of G, could be fitted
with a power function, as follows

Egr(G,) = a(G,)™" (29)

The exponent was found to be n = 0.4271 + 0.0112. This simu-
lation result is in agreement with experimental studies. In sev-
eral experimental works on BaTiO;-based ferroelectrics, it has
been reported that Ey; obeys the law Epp o GI* with a n-value
between 0.2 and 0.4.16268-701 Ag a result, by decreasing grain size
to few hundred nanometers, through mechanical and/or chem-
ical preparation processes, one can achieve enhanced break-
down strength.

4. Conclusion

In summary, a phase-field model was used to investigate the
dielectric breakdown strength in a typical polycrystalline ferro-
electric material. The findings show that the grains and GBs
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Figure 10. a—c) Contour plots of the phase field variable of the model with different dg of 5, 20, and 40 nm. The grain size is fixed at G, = 450 nm. d)
The breakdown threshold electric field strength, Egy, as a function of the dgg. The circle indicates the point obtained in the previous simulation results

(Figures 5-8).
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Figure 11. a—c) Contour plots of the phase field variable of the models with different L and H dimensions (equivalent to G, of 450, 900, and 1800 nm),
with a same dgg of 20 nm. d) The breakdown threshold electric field strength, Egr, as a function of G,. The circle indicates the point obtained in the

previous simulation results (Figures 5-8).

parameters (dielectric constant, thickness of GBs, and grain size)
have a crucial impact on the dielectric breakdown. The main
results are as follows: i) The threshold breakdown electric field,
Egr, enhances with decreasing the dielectric constant of both the
grain and GBs. ii) It is found that by reducing grain size to few
hundred nanometers and increasing GB thickness, a high E;
can be achieved. iii) The dependence of Ey; on grain size (G,)
and GB'’s thickness (di;) obeys a power function G" (n = 0.42)
and d¢; (n = 0.3), respectively. This means that by engineering
grains and GBs, through modified preparation details, a high
dielectric breakdown can be achieved, which is crucial to have
an excellent energy storage in ferroelectric materials.
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