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Abstract:

Silicon integrated lead-free oxide thin film capacitors with high energy storage
density (Wr), high efficiency (r) and good thermal stability have great application
potential in modern communication field. Here, 1 mol% SiO;-doped Ba(Zro35Ti0.65)O3
(BZTS) thin film capacitors are integrated on the Si and HfO> buffered Si substrates
by radio-frequency magnetron sputtering system. It is found that the energy storage
performances are significantly improved by inserting an HfO» buffer layer (about 13.5
nm) between the BZTS layer and the Si substrate. The improved W of the
BZTS/HfO:> thin film capacitors can be up to 93.48 J/cm? at room temperature, which
is by about 65% higher than that of the film without the HfO» buffer layer, and the
n~71.44%. Moreover, the introduction of the HfO, buffer layer leads to a superior
thermal stability in the wide temperature range from -100 °C to 200 °C with a very
small change rate of ~3.39%. Under different irradiations with doses of the He" from
1x10'? ions/cm? to 7x10' ions/cm? and neutrons from 5x10'? ions/cm? to 1x10'
ions/cm?, the BZTS thin film capacitors with HfO, buffer layer show ultra-stable
energy storage performance. Our research provides an effective strategy for the
integration of high performance BZTS thin film capacitors on Si substrates, and our
results demonstrate potential of the Si integrated thin film capacitors for the
application in nuclear technology, space station, satellite, radiation center and other

harsh environments.
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1. Introduction

With the continuous consumption of global energy and the increasingly serious
problem of environmental pollution, the demand for renewable energy is increasing
day by day. How to solve the problem in energy storage has become a hot topic of
current research. Compared with electrochemical capacitors, supercapacitors and
batteries, dielectric capacitors have faster discharge speed, higher power density and
longer service life, which have become the focus of academic and industrial research
in recent years.! Normally, the energy storage density (Wr), the energy loss density

(Wess) and the efficiency (77) of dielectric materials are defined as:
= (1)
= 2)
n=—(y— 3)

n
where Pmax and Pr are the maximum polarization and remnant polarization of the
material, respectively. E is the applied electric field. In order to design a dielectric
energy storage device with good useable performance, the selected dielectric
materials need to simultaneously meet the requirements of large Pmax, small P; and
high electric breakdown strength (Ep).° Dielectric materials for energy storage can
usually be divided into four types: linear dielectric, ferroelectric, relaxed
ferroelectric and antiferroelectric.>® Among these types, relaxor ferroelectric
dielectric is one of the ideal candidate materials for energy storage capacitors due to
its slim hysteresis loop with high Ps and low P:. Most of the relaxor ferroelectric thin
films with better energy storage properties have been reported to be lead-based
(Pb-based) materials. Such as 0.68Pb(Mg13Nb2/3)03-0.32PbTiOs,'°
PbooLao.1(Zros2Tio4s)0s,'! and Pb(Zro.s3Ti0.47)0.90S¢0.1003.12 It is well known that
Pb-based materials is harmful for human health and the environment, and thus their
applications will be seriously limited in the future. Therefore, it is an urgent task to
seek a high-performance lead-free relaxation ferroelectric material to meet the

practical application.



Recently, a lead-free relaxor ferroelectric Ba(ZrxTiix)O3 thin film has attracted
much attention due to its high dielectric constant, good thermal stability and relatively
high energy storage performance.'*"!> Ba(ZrxTiix)O3 thin films have been prepared by
different methods (sol-gel, magnetron sputtering, etc.) on various substrates (LaAlOs3,
SrTiOs, MgO, etc.).'®!7 However, the energy storage performance of Ba(ZrxTii-x)O3
thin films grown on Si substrates have not been reported. Si is the basic material of
current and even future integrated circuits and MEMS devices.!®2? Therefore, to
integrate the energy storage devices on Si substrates is an important step in facilitating
the industrial application and rapid promotion of energy storage devices.

In this paper we propose a new strategy to improve the energy storage
performance of Ba(Zro35Ti0.65)O3 (BZT) thin film capacitors by adding a buffer layer
on the Si substrate. According to our previous studies,® According to our previous
studies,?® the Ep of BZT films can be improved by a small amount of doping SiO»
with low dielectric constant and excellent electrical insulation property in BZT target.
In this work, the 1 mol% SiO> doped BZT (BZTS) thin films are fabricated on Si and
HfO; buffered Si substrates by radio-frequency (RF) magnetron sputtering system,
respectively. The effects of the HfO; buffer layer on the BZTS thin film’s structure,
ferroelectric performance, energy storage performance and thermal stability are
mainly studied. The results show that the enhancement of Pmax and Ep is achieved by
inserting the buffer layer. An ultra-high W:~93.48 J/cm? for the BZTS/HfO> thin film
at room temperature (RT) was obtained, which is about 65% higher than the
W:e~56.66 J/cm?® of the BZTS thin film without the HfO: buffer layer. Besides, the 7
of BZTS thin film capacitors with and without HfO> buffer layer are 71.44% and
70.99%, respectively. In addition, the HfO; buffer layer can also significantly improve
the thermal stability of the BZTS thin film capacitors. At the same time, in order to
expand the application of Si integrated BZTS thin film capacitors in harsh
environment, we also investigate the influence of different doses of He* and neutron

irradiation on the energy storage performance of the Si integrated BZTS thin film



capacitors.

2. Experimental

Before the BZTS thin film growth, the native SiO» layer on p-type Si (100) substrates
was etched by a hydrofluoric acid etch. The HfO, buffer layer with a thickness of
about 13.5 nm was deposited on the p-type Si (100) substrate at 280 °C using plasma
enhanced atomic layer deposition (ALD) technique, and the thickness was determined
from Fig. S1. Then, the optimized BZTS thin films with thickness ~415 nm was
deposited on both Si and HfO»/Si substrates by a RF magnetron sputtering system,
respectively. The energy storage performances of BZTS thin films on HfO/Si
substrates as function of thickness of BZTS are shown in Fig. S2 and S3. All thin
films were grown under 700 °C and 0.2 mbar of Ar/O> (1:1) mixing pressure. After
the growth, all the BZTS thin films were in sifu annealed at 700 °C for 15 min under
the Ar/O2 mixture pressure of 200 mbar, and then naturally cooled down to RT.

The crystal structures of the BZTS thin films were characterized by the
high-resolution X-ray diffraction (HRXRD) of PANalytical X’Pert MRD. The
microstructure and phase composition of the thin films were investigated by scanning
transmission electron microscopy (STEM) and the energy dispersive X-ray energy
dispersion spectroscopy (EDS) mapping was performed on a JEOL ARM 200F
electron microscope. For measurements of the dielectric/ferroelectric properties of the
BZTS film, 100 nm thick Pt top electrodes with size of 200 um % 200 pm were
deposited on the BZTS film using RF sputtering with a shadow mask. The
top-to-bottom electrode configuration was used to apply the electric field. The
dielectric constant (&) and dielectric loss (tand) were characterized depending on both
frequency (100 Hz~1 MHz) at RT and temperature (0~500 °C) at 1 kHz by Keysight
E4980AL Precision LCR Meter. The first order reversal curve (FORC) loops and
ferroelectric (P-E) hysteresis loops were characterized using TF Analyzer 2000 E with
the input wave of a triangular wave at 40 Hz and 1 kHz respectively. The P-E loops of

different temperature were controlled through Lakeshore cryo-cooled probe station
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(CRX-6.5K, Lake Shore Cryotronics, Inc., USA). The leakage current density curve
of the BZTS thin films was measured with a step scan duration of 2 seconds by TF
Analyzer 2000 E at RT.

The He" irradiation was performed in a 4 MV electrostatic accelerator located at
Shanghai Institute of Applied Physics (Chinese Academy of Science) with an energy
of 3 MeV, and the irradiation doses were 1x10'%, 1x10'3, 5x10', 1x10'5 and 7x10"
ions/cm?, respectively. The neutron irradiation was performed at Xi'an Pulsed Reactor
located at Northwest Institute of Nuclear Technology with an average energy of 1
MeV, and the irradiation dose was 5x10'2, 3x10'3, 7x10'3 and 1x10' ions/cm?,

respectively.

3. Results and discussion

The XRD 6-260 scanning of the BZTS films are shown in Fig. la. It can be seen that
the BZTS thin films on the Si substrates with and without HfO> buffer layer are all
perovskite-phase polycrystalline films without any secondary phases. However, the
BZTS thin film grown on the HfO buffered substrate has a relatively stronger
diffraction peak intensity than the BZTS thin film grown directly on the Si (100)
substrate. The enhancement of the diffraction peak may be due to the increase of the
grain size in the BZTS film caused by the HfO: buffer layer.>* Fig. 1b and Fig.lc
shows low-magnification dark field STEM images of the BZTS thin films without and
with HfO, buffer layer, respectively. The corresponding selected area electron
diffraction (SAED) patterns are shown in the insets of Fig. 1b and Fig.lc were
recorded in the region of the BZTS thin films. The results show that the SAED
patterns of the BZTS thin films grown on Si substrates show obvious polycrystalline
diffraction rings with or without HfO, buffer layer. EDS was used to map the
distribution of chemical elements in the region within the red box in Fig. 1c, and the
details are shown in Fig. 1d. The spatial distribution of Ba, Ti, Hf and O elements in
different layers can be seen clearly, which further confirms the HfO, buffer layer.

It is obvious from formula (1) that the E, of the capacitors is an important
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parameter for improving the recoverable energy. The E, of both the BZTS thin film
capacitors with and without HfO. buffer layer were analyzed by the Weibull
distribution function,® and the details are shown in Fig. 2a. It is noted that the
addition of the HfO, layer leads to an enhancement of Ey, from ~6.92 MV/cm to ~8.78
MV/cm. It is well known that the leakage current density (J) directly affect the Ey of
ferroelectric film capacitor. The leakage current density varying with the electric field
(J-E) of the BZTS and BZTS/HfO; thin film capacitors at RT are shown in Fig. 2b.
The leakage current density at the electric field of £1 MV/cm is below 5x107 A/cm?
for both the BZTS and BZTS/HfO; thin film capacitors, which is much lower than the
reported values of the BZT thin film capacitors.?® This phenomenon is mainly
attributed to the doping of SiOz in BZT target. The SiO> always show high electrical
insulation, which can be improve the insulation characteristics of the BZT thin film
capacitors. Meanwhile, the leakage current density of the BZTS thin film capacitors
with HfO; buffer layer is lower than that of the film without HfO; buffer layer in the
whole test electric field range at the same thickness (~ 430 nm), which is mainly due
to the good insulation of the HfO» buffer layer that hinders the free electron
movement in the BZTS thin films. In order to understand the contribution of the HfO>
buffer layer to the improvement of the Ep, of thin film capacitors. A numerical
simulation based on the finite element method was performed for the research
samples. Fig. 2c and Fig. 2d are the electric tree path diagrams in the BZTS and the
BZTS/HfO; thin film capacitors, respectively, under different applied electric fields of
2.3 MV/cm, 4.7 MV/cm and 7.2 MV/cm. It can be clearly seen that the spread of
electric tree branches in both film capacitors increase as the increase of external
electric field. When the electric field reaches 7.2 MV/cm, the electric branch
penetrates whole thickness of the BZTS thin film capacitors without HfO» buffer layer
from the top electrode to the bottom electrode, breaking down the device. In
comparison, in the BZTS thin film capacitors with HfO; buffer layer the electric

branch stops at position before the BZTS/HfO> interface under the electric field of 7.2



MV/cm. This means that the BZTS thin film capacitors with HfO, buffer layer have
higher Ey than that without HfO» buffer layer. The addition of the buffer layer reduces
the potential in BZTS layer to a too small value to accelerate the free electrons to a
sufficiently high energy state, and thus greatly restricts the growth of electrical
branches, resulting in significantly improved breakdown field strength of the film. In
addition, we note that the results of the £}, obtained by experiment and simulation are
slightly different, which can be interpreted as the influence of unavoidable defects in
actual materials.

Besides the Eb, the difference between Pmax and Pr is another parameter to
determine the energy storage performance. The value of Pmax and Pr in nature is
controlled by the mechanism of domain switching. The first order reversal curve
(FORC) is an effective method to characterize polarization characteristics. Here, we
set Emax = 3.6 MV/cm, AE: = AE = 0.12 MV/cm and totally 60 FORC loops were

measured. The selected loops are shown in Fig. 3a and Fig. 3b. The FORC

2
distribution density can calculated by the formula ( , )= % C.) according to

the FORC loops, where P(E,, E), E and E, corresponding to the polarization of the
FORC loop, the real electric field and the reversal electric field, respectively. The
FORC distribution of the BZTS thin films without HfO, buffer layer (Fig. 3¢) exhibits
a low-density distribution zone around the central region, which can be understood as
ferroelectric domain switching in the low electric field and can contribute to the
relative larger Pmax in Fig. 3a. Compared to Fig. 3c, the FORC distribution of the
BZTS thin films with HfO; buffer layer (Fig. 3d) is more uniform, indicating a lower
coercive electric field corresponding to a weak ferroelectric polarization behavior and
more stable relaxor ferroelectric state. This can contribute to a slimmer P-E loop and
reduce the hysteresis loss.

Fig. 4a shows the frequency dependence of & and tand of the BZTS and the
BZTS/HfO; thin films at RT. It can be seen that & of both BZTS and BZTS/HfO; thin

films decreases with the increase of frequency. The & of the BZTS/HfO> thin films is
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lower than that of BZTS thin films, which is mainly due to the low & of the HfO>
buffer layer and the BZTS/HfO: structure that is equivalent to the series connection of
the ferroelectric and the dielectric layer.?’?® In fact, the moderate & of the BZTS thin
films with HfO; buffer layer actually assists to obtain the high energy density with the
enhanced Ep. The tand of the BZTS and BZTS/HfO; thin films shows no significant
differences in the frequency range of 100 Hz ~ 1 MHz. Fig. 4b shows the P-E
hysteresis loops of the BZTS and BZTS/HfO; thin film capacitors. The Pmax of the
BZTS/HfO; thin films with high E} can reach 34.47 uC/cm?, which is higher than of
the BZTS thin films (28.17 uC/cm?). Based on the results of Ey, and polarization of the
BZTS and BZTS/HfO; thin film capacitors, the energy storage performance changes
were investigated at RT. The Wi and 5 of the BZTS and BZTS/HfO; thin film
capacitors obtained from the corresponding P-E loops as function of electric field are
presented in Fig. 4c. It is clearly seen that the W increases with the increases of
applied electric field and reaches the maximum value of 56.66 J/cm? for the capacitor
without buffer layer at 6.07 MV/cm and 93.48 J/cm? for the film with buffer layer at
8.53 MV/cm. The Wi of the BZTS thin film capacitors with the HfO; buffer is by ~
65% higher than that of the film without HfO, buffer. In addition, the # of BZTS thin
film capacitors with and without HfO, buffer layer are 71.44% and 70.99%,
respectively. All these results demonstrate that the energy storage performance of
silicon integrated BZTS thin film capacitors is significantly improved through
inserting HfO» buffer layer. In addition, it is well known that excellent ferroelectric
fatigue durability is a necessary condition for dielectric capacitors to achieve
long-term stable charging and discharging. Fig. 4d shows the fatigue properties of W
and 5 for the BZTS/HfO> thin film capacitors under 7.7 MV/cm at RT. The energy
storage performance of the BZTS/HfO thin film capacitors has no obvious
degradation after continuous cycling (1x10° cycles). The variation of Wr and 7 of the
BZTS/HfO; thin film capacitors are only 0.56% and 1.07%, respectively, which

shows that BZTS/HfO, thin film capacitors have excellent fatigue properties at RT.



As we know, thermal stability is a key factor to determine the application of
materials in electronic devices. Fig. 5a shows the temperature dependence of & and
tand at 1 kHz for the BZTS thin film capacitors and the BZTS/HfO, thin film
capacitors. It can be clearly seen that the ¢ and tand of the BZTS film capacitors with
HfO; buffer layer are almost unchanged within the test temperature range, indicating
that the thermal stability of the film capacitors is significantly improved after the
insertion of the HfO; buffer layer. This may be attributed to the high thermal stability
of the HfO layer and the high interface quality on silicon.?’ In order to further
explore the effect of HfO; buffer layer on improvement of the thermal stability of the
film capacitors, the energy storage performances for the BZTS thin film capacitors
and the BZTS/HfO> thin film capacitors were investigated by measuring the P-E
loops in the temperature range from -100 °C to 200 °C, and the obtained W, and 7 are
summarized in Fig. 5b. The W; of BZTS thin film capacitors with HfO, buffer layer
can reach ~ 48.08 J/cm? at 200 °C and its change rate is only ~3.39%, which is much
lower than that of the film without HfO; buffer layer (~22.47%). At the same time, the
n of the film with the HfO» buffer layer are still higher than 65.05% even at high
temperature, which is much superior to 36.33% for the film without HfO; buffer layer.
All of these results indicate that the introduction of an HfO» buffer layer can
significantly improve the thermal stability of BZTS thin film capacitors for
integration on Si substrate. In order to further verify the thermal stability of the
BZTS/HfO; thin film capacitors, the fatigue behavior of the BZTS/HfO, thin film
capacitors were measured under 5.35 MV/cm at 200 °C (as shown in Fig. 5¢). The
results show that the W and #n of the BZTS/HfO: thin film capacitors have no
obvious signs of attenuation during the entire charge-discharge process. The changes
of Wi and 7 in 10° cycles are both less than 5%, showing the excellent fatigue
performance of the dielectric capacitor at high temperatures. From Fig. 5d, it can be
seen that both the energy storage density and the working temperature of the BZTS

thin film capacitors with HfO; buffer layer are superior to the reported lead-free and
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lead-based films prepared by physical methods on Si substrates.

In order to further explore the energy storage performance in harsh environment,
we also studied the influence of He" and neutron irradiation at different doses on the
energy storage performance of Si integrated BZTS thin film capacitors. Fig. 6a shows
P-E hysteretic loops at RT of the BZTS/HfO; thin film capacitors after different doses
of He" irradiation. The irradiation energy is 3 MeV and applied electric field is 8.2
MV/cm. It is noted that with the increase of irradiation dose, the P-E hysteresis loops
of the BZTS/HfO> thin film capacitors do not change significantly compared with the
unirradiated sample. The E, of the BZTS/HfO, thin film capacitors irradiated by He"
ions with different doses were analyzed using the Weibull distribution function (as
shown in Fig. S4), and the W and n were obtained by calculating the P-E hysteresis
loops of the thin film capacitors after He" irradiation. Fig. 6b summarizes the changes
of Wk, nn and Ey after He" irradiation, and the dotted line represents the energy storage
performance of the unirradiated samples. It can be seen that, the Wy, 7 and E} of the
BZTS/HfO; thin film capacitors do not significantly change with the increase of He"
irradiation dose, and the variation of W, 1 and Ey are only about 7.73%, 2.76% and
2.87%, respectively. Fig. 6¢ shows the P-E hysteretic loops of the BZTS/HfO; thin
film capacitors at RT after neutron irradiation with different doses (irradiation energy
of 1 MeV and applied electric field of 8.2 MV/cm). From Fig. 6c, it can be seen that
the Pmax increases slightly with the increase of neutron irradiation dose, while the P;
shows stable. The W, # and E}, (from Fig. S5) of the BZTS/HfO; thin film capacitors
after neutron irradiation with different doses are summarized in Fig. 6d, and the
dotted line represents the energy storage performance of the unirradiated samples. The
results show that with the increase of neutron irradiation dose, the variation of Wr., #
and Ey, of the BZTS/HfO; thin film capacitors are only 4.62%, 3.69% and 5.29%,
respectively. In general, He" irradiation would mainly introduce displacement damage
inside the materials, while neutron irradiation would introduce a large number of

vacancy defects. Compared with He" irradiated samples, the Ep of the BZTS/HfO»
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thin film capacitors after neutron irradiation decreases more greatly, which may be
attributed to the fact that vacancy defects introduced in dielectric materials are more
likely to cause the degradation of Ep of dielectric film capacitors than displacement
damage. Although the energy storage performance of the samples after He™ irradiation
and neutron irradiation vary to some extent, the overall rate of change is still much
lower than the requirement of industry (£15%), and thus we can still consider that the

BZTS/HfO; thin film capacitors has a good irradiation resistance.

4. Conclusions

In conclusion, both the energy storage density and thermal stability are largely
improved by inserting a high resistance dielectric HfO, buffer layer between the
BZTS thin film and the Si substrate. The W. of the BZTS thin film capacitors with
HfO, buffer layer can reach to 93.48 J/cm? at RT, which is by about 65% higher than
that of the film without HfO, buffer layer, and the #~71.44%. Besides the
enhancement of the energy storage density at RT, the insertion of the HfO; buffer
layer also results in a superior thermal stability in the wide temperature range from
-100 °C to 200 °C with a very low change rate (~3.39%), which is much lower than
the requirement of industry (+15%). The enhanced energy storage performances
demonstrate that the dielectric buffer layer between relaxor ferroelectric and Si
substrate is a feasible way to improve energy storage density and thermal stability of
the devices for energy storage application and speed the industrial applications due to
it is directly integrated on Si substrates. In addition, the BZTS thin film capacitors
with the HfO; buffer layer also show very stable energy storage performance after
He" and neutron irradiation with different doses, which provides experimental basis
for the application of ultra-high energy storage thin film capacitors integrated with Si
in harsh environments (such as high temperature, high cold, radiation environment,

etc).
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Fig. 1 (a) Typical XRD 6-26 scans of the HfO>, BZTS and BZTS/HfO; thin films on
Si substrates. (b), (c) Low magnification dark field STEM images of the BZTS/Si (b)
and the BZTS/HfO/Si (c) heterostructure. Insets of (b) and (c) are corresponding
selected area electron diffraction (SAED) patterns on BZTS with 0.1 nm beam size
for the BZTS and the BZTS/HfO; films. (d) Element mapping of the sample area

covered by the red box in Fig 1(c).
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function of the electric field. (c), (d) The electric tree simulation results for (c) BZTS
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Fig. 3 (a), (b) FORC loops of the BZTS thin film capacitors and the BZTS/HfO, thin
film capacitors, respectively (only four of the total 60 loops are shown for clarity). (c),
(d) Corresponding FORC distribution p (E;, E) of the BZTS thin film capacitors and
the BZTS/H{O: thin film capacitors.
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Fig. 4 (a) Frequency dependence of dielectric constant (&) and dielectric loss (tand) at
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the BZTS thin films and the BZTS/HfO; thin films. (c) The W: and 7 of the BZTS

thin films and the BZTS/HfO: thin films depending on electric field. (d) The Wr and

5 of the BZTS/HfO; thin films during 10° charge-discharge cycles.
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Fig. 5 (a) Temperature dependence of & and tand at 1 kHz for the BZTS thin film
capacitors and the BZTS/HfO; thin film capacitors. (b) The W: and # as a function of
temperature for the BZTS thin film capacitors and the BZTS/HfO; thin film
capacitors under the electric field of 5.35 MV/cm. (¢) The W, and » of the
BZTS/HfO:> thin film capacitors during the 10° charge-discharge cycles at 200 °C. (d)
Comparison with some of the recently reported wide temperature energy storage

performances of thin film capacitors grown on Si substrates by physical method.
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Fig. 6 (a) The room temperature P-E hysteresis loops of the BZTS/HfO: thin film
capacitors irradiated by 3MeV He" ions with different doses, and the applied electric
field was 8.2 MV/cm. (b) The W, n and Ey calculated from the P-E hysteresis loops
in figure (a) as a function of the irradiation dose. The dotted line in the figure
represents the energy storage performance of the un-irradiated sample. (c) The room
temperature P-E hysteresis loops of the BZTS/HfO: thin film capacitors irradiated by
neutron with an average energy of 1 MeV and irradiation dose ranging from 5x10'2
ions/cm? to 1x10'* ions/cm?, and the applied electric field was 8.2 MV/cm. (d) The
Wre, 1 and Ey calculated from the P-E hysteresis loops in figure (c) as a function of the

irradiation dose.
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