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Dielectric capacitors can store and release electric energy at ultrafast rates and are extensively studied
for applications in electronics and electric power systems. Among various candidates, thin films based
on relaxor ferroelectrics, a special kind of ferroelectric with nanometer-sized domains, have attracted
special attention because of their high energy densities and efficiencies. We show that high-energy ion
bombardment improves the energy storage performance of relaxor ferroelectric thin films. Intrinsic point
defects created by ion bombardment reduce leakage, delay low-field polarization saturation, enhance
high-field polarizability, and improve breakdown strength. We demonstrate energy storage densities as
high as ~133 joules per cubic centimeter with efficiencies exceeding 75%. Deterministic control of
defects by means of postsynthesis processing methods such as ion bombardment can be used to
overcome the trade-off between high polarizability and breakdown strength.

ielectric materials can store charge and
release it upon application and removal

of an electric field. Electrostatic capaci-

tors based on dielectrics have become

key components in modern electronics

and electric power systems because of their
inherently fast charging and discharging rates
and their high reliability (7-5). Capacitors gen-
erally have low energy densities relative to other
energy storage systems such as batteries or fuel
cells. The requirements for cost reduction and
device miniaturization have driven rapid growth
in research to develop dielectric capacitors that
have high energy density, are efficient and reli-
able, and exhibit robust temperature stability (4).
One of the key parameters for energy stor-
age in capacitors is the discharged-energy
density Uy, defined as IP::EdP, where E is
the electric field, P,y is the maximum polar-
ization, and Py, is the remanent polarization
(6). The other key parameter is the efficiency
N = [Ua/(Ua + Unoss)] x 100(%), where Uloss is
the energy dissipated as a result of leakage or
hysteresis and corresponds to the area inside
the polarization-electric field hysteresis loop.
To achieve high U4 and n, a dielectric capac-
itor should have a large change in polarization
(Pmax — Prem) during discharge and a large
breakdown electric field (%,). These two char-
acteristics are usually inversely correlated,
E,, = k%% (where k is the dielectric constant),
because of a sharper rise in local electric field
in high-%£ materials (7). The focus of several in-
vestigations has been on optimizing the energy
storage performance by inducing relaxor be-
havior to reduce P, in ferroelectrics with large
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P and hysteresis (), enhancing E;, in ferro-
electrics with relaxor behavior (8), enhancing
P of simple dielectrics with high E, (9), or
some combination thereof (2, 10).

Although the main idea for materials design
has been to modify ferroelectrics into relaxors
to exploit their delayed polarization saturation
and relatively weak hysteresis through chemical
doping or heterostructure design (1, 2, 4, 6, 11, 12),
little is known about how to improve the energy
storage performance of relaxors themselves. To
achieve this, we propose a new strategy based
on ion bombardment. By creating intrinsic
point defects in epitaxial films of the prototyp-
ical relaxor ferroelectric 0.68Pb(Mg;,3Nby,/3)O5-
0.32PbTiO; (PMN-PT) using high-energy (3 MeV)
helium ions that are made incident on PMN-PT
postsynthesis (13), we can achieve simultane-
ous enhancement of switchable polarization
(Pmax — Prem) and E;,. We demonstrate ultrahigh
energy densities (U > 130 J/em?) with high effi-
ciency (n > 75%), excellent reliability (>10° cycles),
and temperature stability (-100° to 200°C) in
such ion-bombarded PMN-PT films.

Defects are, in general, thought to be del-
eterious to (relaxor) ferroelectrics and are blamed
for high leakage currents, aging, and other nega-
tive effects (I4). Recent studies have shown that
defects produced by ion bombardment with
high-kinetic energy species can be used to cre-
ate favorable intrinsic point defects and com-
plexes (e.g., defect dipoles), which can improve
ferroelectric/electrical properties or even create
novel function (75-25). Both point defects and
defect dipoles or complexes can interact with
free charge, producing deep-level trap states,
or with polarization (biasing, pinning domain
walls, etc.) (14). As a result, they have been used
to induce numerous desirable effects such as en-
hancing electrical resistivity (75), tuning coer-
cive fields and imprint and manipulating relaxor
character (17), enhancing Curie temperatures
(21), stabilizing morphotrophic phase bound-

aries (22), driving large reversible piezoelectric
strains (23), creating colossal permittivity (24),
and even producing multistate stability (20, 25).

We illustrate the effect of ion bombardment
on the PMN-PT films in a schematic of the ferro-
electric polarization-electric field hysteresis loops
for as-grown and ion-bombarded materials in
Fig. 1A. Region 1 represents the presaturation
regime where E <« E;, and P < P, (saturation
polarization) and is characterized by increased
dielectric loss and P, with increasing E. Here,
Uy and n are improved by lowering the effective
dielectric constant k. (because the energy den-
sity during the charging cycle U = YkegeoE2
where £, is the permittivity of free space) and
lowering P,.,. Region 2 represents the post-
saturation regime where E < E}, and P > Pgy
and is characterized by nonlossy enhancement
of polarization with increasing E. The lack of
hysteresis is attributable either to polarization
elongation after complete switching of the do-
mains in ferroelectrics or to the fast dynamics
of polarization fluctuations in relaxors (26). In
this region, higher values of k.¢ and E;, are ad-
vantageous to maximize the energy density.
‘We observed highly nonlinear switching behav-
ior, early polarization saturation, and moderate
Pem and E;, for as-grown PMN-PT films (Fig. 1A).
The early polarization saturation and relatively
low E;, result in small Uy (Fig. 1A, filled area). To
improve the energy storage performance, we
would like to delay polarization saturation and
lower P, in region 1 and to induce high po-
larizability (kes) and high Ej, in region 2.

We realized this by purposely increasing the
concentration of intrinsic point defects (e.g.,
lead, titanium, and/or oxygen vacancies, etc.),
which are created when helium ions knock
target ions from their lattice sites (fig. S1). The
increased defect concentration produces two
beneficial effects: a reduction of leakage (15)
and an introduction of stable imprint (i.e., a
horizontal shift of the hysteresis loop) (17). The
creation of charged point defects (e.g., Vpy, Vs
V5, ete.) can, in turn, give rise to the forma-
tion of neutral defect dipoles (e.g., V5 — Vl;'b,
Vo— V;dg, etc.) or more complicated defect
complexes (e.g., V(')'-Vfi-V(')', etc.) to preserve
charge neutrality (27, 28). Such defect dipoles
can align their elastic and electric dipole mo-
ments along the elongated direction of the
lattice and/or polarization directions (23). We
controlled the defect-dipole alignment to be
along the out-of-plane direction by growing
PMN-PT films under small in-plane compressive
strain, which leads to the appearance of an
imprint in the hysteresis loops (17, 21, 29). At
the same time, the formation of defect dipoles
or complexes leads to a reduction of the leakage
current by eliminating shallow-hole trap states
such as isolated Pb®" and Vy,, defects with small
activation energies (~0.26 eV and ~0.56 €V,
respectively) and forming deep-level trap states
(~1 eV from the band edge) (30, 31).
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Fig. 1. Delayed polarization saturation and low-field energy storage properties. (A) Schematic illustrating the effect of ion bombardment on unipolar
polarization—electric field hysteresis loops. Filled and cross-hatched areas in the hysteresis loops represent the energy density for as-grown and ion-bombarded films,
respectively. Key features of the ion-bombarded state are indicated for each region. (B and C) Unipolar (B) and bipolar (C) hysteresis loops out to £ = 0.5 MV/cm
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Fig. 2. High-field energy storage properties. (A and B) Bipolar (A) and unipolar (B) hysteresis loops at moderate and maximum E measured at 10 kHz. (C) Energy
density and efficiency calculated from unipolar hysteresis loops.

In particular, we study 150-nm PMN-PT/
25-nm Bay 5510 sRuO3/NdScO; (110) heterostruc-
tures produced via pulsed-laser deposition. The
samples are first patterned with 100-nm-thick
Bag 5510 5RuO; circular top electrodes with a
diameter of 25 um (I3). Smaller electrodes re-
duce the chance of extrinsic contributions to
critical failure (e.g., pinholes) and are thus
favorable for studying intrinsic properties (13).
After device fabrication, half of the samples
are uniformly exposed to ion bombardment
(13). Although we have explored a range of ion
doses, we focus on a dose of 3.33 x 10”° cm ™2,
which provides the best combination of perform-
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ance. Increasing the ion-bombardment dosage
would further increase film resistance (15), but
it also reduces relaxor character (17), which re-
sults in increased Uy, (i.e., reduced n) (fig. S2).

The PMN-PT heterostructures were highly
crystalline, single-phase, stoichiometric, and
coherently strained to the substrate (0.5% com-
pressive strain) (figs. S3 to S6). We measured
unipolar hysteresis loops by driving the top elec-
trode in both the as-grown and ion-bombarded
PMN-PT heterostructures with small magni-
tudes of positive electric field (Fig. 1B). The
sign of the electric field was chosen to be the
same as that of the imprint (Z3). Enhancement

of the low-field performance is important be-
cause real devices are typically operated at
E <« E, to avoid catastrophic failure. This
requires avoiding materials design that pushes
for larger U, and n but results in poor low-field
performance. Relative to the as-grown PMN-
PT, ion-bombarded PMN-PT has lower P.,
and higher P,,,,. Examination of bipolar hys-
teresis loops (Fig. 1C) reveals that these differ-
ences arise from an increase in the magnitude
of the self-polarization and imprint (the hyster-
esis loops for the as-grown and ion-bombarded
PMN-PT are centered at 0.015 MV/cm and
0.115 MV/cm, respectively). This results in a
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Fig. 3. Reliability and temperature stability. (A) Two-parameter Weibull distribution analysis of breakdown
strengths. (B) Leakage current density as a function of dc electric field. (C and D) Fatigue test (C) and
temperature dependence (-100° to 200°C) (D) of energy density and efficiency as a function of cycle
number and temperature at £ = 2 or 3 MV/cm and measured at 10 kHz.

larger magnitude of negative self-polarization
(-13.2 uC/cm?) in the ion-bombarded PMN-
PT relative to the as-grown state (-7 uC/ cm?),
which leads to larger P,,. in the unipolar hys-
teresis loop (Fig. 1B) despite similar P,,., under
positive and negative fields (~40 pC/cmZ; Fig.
1C). The magnitude of P, . — P, (~80 uC/em?)
is in good agreement with previously reported
values for PMN-PT thin films of similar com-
position (32). Plots of Py = Prem and Ppax/
P (Fig. 1D), ke (Fig. 1E), Uy, and 1 (Fig. 1F)
calculated from the unipolar hysteresis loops
(Fig. 1B) as a function of E reveal delayed po-
larization saturation below E = 0.25 MV/cm
at Py (~40 uC/em?) for the ion-bombarded
PMN-PT. This behavior is consistent with sup-
pressed extrinsic contributions to & (fig. S7).
At E > 0.25 MV/cm, however, ion-bombarded
PMN-PT shows higher k¢ (Fig. 1E), which
is consistent with reduced tunability in ion-
bombarded heterostructures (fig. S8). The com-
bination of delayed polarization saturation,
high k. after polarization saturation, and
large P ./Prem resulted in higher Uy and n
in ion-bombarded PMN-PT (Fig. 1F). These
trends suggest enhanced energy storage per-
formance at higher magnitudes of E.

We proceeded to examine the high-field en-
ergy storage performance by measuring bipolar
hysteresis loops at maximum E before break-
down (Fig. 2A). The ion-bombarded PMN-PT
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withstands substantially larger E prior to break-
down. We measured unipolar hysteresis loops
at various magnitudes of maximum E (Fig. 2B).
The magnitudes of maximum FE that we could
apply to as-grown and ion-bombarded PMN-PT
were ~4.5 MV/cm and ~5.9 MV/cm, respectively.
At the maximum E, ion-bombarded PMN-PT
maintains high n, as can be seen from the
difference in Ujss (68 J/cm? at 4.5 MV/cm
and 42.9 J/em? at 5.9 MV/cm for the as-grown
and ion-bombarded PMN-PT, respectively; Fig.
2B). We extracted Uy and n from the unipolar
hysteresis loops (Fig. 2C). The maximum Uy for
the ion-bombarded PMN-PT was 133.3 J/cm?®
(with a corresponding n of 75%) at 5.9 MV/cm.
The U,y of ion-bombarded PMN-PT was en-
hanced by 84% relative to the as-grown PMN-
PT while maintaining high n. Given that
as-grown PMN-PT already exhibits Uy com-
parable to the highest reported value for lead-
based systems (33), this combination of properties
for the ion-bombarded films highlights the
importance of postsynthesis processing to en-
hance energy storage performance.
Reliability and thermal stability are also key
factors for discharge capacitors. As was seen in
other performance metrics, the ion-bombarded
PMN-PT also exhibited superior cyclability
and temperature stability due to the enhanced
breakdown strength. We obtained statistical
values of E;, from testing 15 capacitors to fail-

ure, and fitted the distribution of breakdown
strengths to a standard Weibull distribution
(Fig. 3A). We found the characteristic £, (and
Weibull modulus B, which represents the dis-
persion in the data) to be 3.80 + 0.43 MV/cm
(B="7.98)and 5.92 + 0.55 MV/cm (B = 9.76) for
as-grown and ion-bombarded PMN-PT, respec-
tively. Leakage current was also measured
under dc electric field, and at E=1MV/cm
it was found to be reduced by about three
orders of magnitude in the ion-bombarded
heterostructures (Fig. 3B). We attribute the
reduction of leakage current in ion-bombarded
PMN-PT to a delay of the onset of the bulk-
limited Poole-Frenkel mechanism (fig. S9)
(13, 15). We also probed the fatigue behav-
ior by completing unipolar hysteresis loops
after applying a 10-kHz triangular waveform
atE=1,2,and 3 MV/cm for 10 (@ =1,2, 3, ...,
8) cycles (Fig. 3C). At E = 1 MV/cm, both the
as-grown and ion-bombarded PMN-PT main-
tained stable performance after >10° cycles
(fig. S10). At E = 2 MV/cm, the as-grown
PMN-PT broke down after 10° cycles, whereas
the ion-bombarded PMN-PT remained stable
even after 10° cycles. At E = 3 MV/cm, the as-
grown PMN-PT broke down after 10? cycles
and the ion-bombarded PMN-PT remained
stable after 10° cycles.

We studied temperature stability by mea-
suring unipolar hysteresis loops at E = 1, 2, and
3 MV/cm at a temperature range from -100°
to 200°C (Fig. 3D). Similar to the fatigue be-
havior, both as-grown and ion-bombarded
PMN-PT maintained stable performance at
E =1MV/cm across the whole temperature
range (fig. S10). At E = 3 MV/cm, the ion-
bombarded PMN-PT showed excellent temper-
ature stability of energy density (~63 J/cm?)
and efficiency (~80%) across the entire temper-
ature range. In contrast, the as-grown PMN-PT
showed lower energy density (~45 J/cm®) and
poorer efficiency (<60%) above 100°C, render-
ing it unsuitable for high-temperature opera-
tion. Typically, the enhancement of £, comes at
the cost of reduced energy density at the same
magnitude of E, which requires a higher mag-
nitude of E to be applied and thus limits the
merit of higher E}, (33). This is not the case for
ion-bombarded materials because of the simul-
taneous enhancement of low-field performance
(Figs. 1F and 2C) and E}, (Fig. 3A), which leads to
superior high-temperature performance in ion-
bombarded PMN-PT relative to as-grown PMN-
PT (Uy = 67.9 J/em?® and 1 = 82.5% versus Uy =
38.2J/cm® and n = 184% at 3 MV/cm and 200°C).

Because ion bombardment can produce a
variety of robust energy storage properties (i.e.,
energy density, efficiency, leakage current, fa-
tigue resistance, and temperature stability) from
intrinsic point defects, it holds promise as a way
to improve energy storage performance. Future
studies of the creation and control of defects by
other processing routes (e.g., thermal treatment)
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(23, 28) as well as optimization of growth pro-
cesses with postsynthesis processing are highly
desired. Ultimately, this approach could be
applied to boost the energy performance of
other relaxor-based energy storage capacitors.
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Defect-enhanced energy storage

Dielectric capacitors are vital components of electronics and power systems. The thin-film materials of which
capacitors are composed are usually optimized by changing the material composition. However, Kim et al. found that
postprocessing an already effective thin-film dielectric by high-energy ion bombardment further improved the material
because of the introduction of specific types of defects that ultimately improved the energy storage performance. The
results suggest that postprocessing may be important for developing the next generation of capacitors.
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