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1. INTRODUCTION

In the present paper, the influence of manganese doping on the energy storage capability of
Ba0.8Sr0.2TiO3 thin films is presented. The stored and recoverable energies have been calculated
from the material’s Polarization-electric field loop and the energy storage efficiency and figure of
merit (F.O.M.) were deduced. For the undoped material, the energy loss is important and the
breakdown field is low. At a suitable dopant rate, this effect disappears and a recoverable energy
density of 4.4 J/cm3 has been found for 1% of manganese doping. In this case, an efficiency of 93.6%
and a F.O.M. of 3.82 J/cm3 have been obtained. Moreover, it has been shown that the permittivity of
the BST thin films doped at 1% Mn is rather stable and varies less than 2% between —80°C and 60°C,
and that the dielectric losses tand are temperature independent and smaller than 0.014.

Today, the renewable energies replace more and more traditional fossil fuel energies implying a great
demand of the associated energy storage systems.The choice of an energy storage system depends on
parameters like the amount of energy to be stored and the available power, the device cost and its life-
time (number of charging - discharging cycles). In this context, ferroelectric materials seem to be
good candidates because they have a high permittivity [1-3] allowing high-power energy storage
applications [4]. They appear to be good competitors against super-capacitors [5], can be integrated as
thin layers [5] and have a small package volume [4]. An optimal use as energy storage systems
however depends on a precise control of the material's dielectric characteristics. The recoverable
energy storage density per unit of volume of a ferroelectric capacitor Urec is given by [3, 4, 6]:

P max

U, = o E dP Q)
where E is the applied electric field and P the polarization. Pmax is the maximum value of the
polarization and Pr is the remnant polarization. To have a high energy storage density, a large
difference between Pr and Pmax is necessary and most studies on energy-storage performances are
focussed on antiferroelectric films [7-9] due to a very low remanent polarization. A high recoverable
energy (32,7 Jicm3) and efficiency (~ 90%) have been obtained in Pb0,97Y0,02 [(Zr0,6Sn0,4)
0,925Ti0,075]03 thin films under an applied electric field of 1800 kV/cm [7]. Relaxor ferroelectrics
based on Pb(Zr,Ti)O3 system are also considered and have comparable recoverable energy storage
(31 J/cm3) but lower efficiency (~64%) under 2000 kV/cm [10]. These two types of antiferroelectric
and relaxor ferroelectric thin films are interesting beacause they have a high breakdown field but all
these energy storages employ lead which is poisonous to humans and environment. It is thus
necessary to find lead free dielectric film with high energy storage density. Lead free Ba(l-
X),SrxTiO3 material (BST) is a soft ferroelectric for x > 0.3 which has been widely studied for its high
and tunable permittivity for the realization of tunable devices [11, 12]. Recently, BST has also been
considered for energy storage applications [13-15] but the energy storage density or the efficiency is
still low [15, 16].Therefore, it is desirable to improve energy storage density of BST films to have the
best compromise between high energy storage density and high efficiency.

In the present study, Ba0.80Sr0.20TiO3 thin films doped with manganese (Mn2+) were synthesized
by Chemical Solution Deposition (CSD) and spin-coating on alumina substrates using a classical
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multi-layers technique. A Ba/Sr ratio of 80/20 has been chosen because this composition has a room
temperature ferroelectric phase with a Curie temperature above but close to the room temperature
[17]. The typical P-E loop of this type of material is slim and the loss energy hence will be small.
Manganese ions are already known to operate as electron acceptors by substituting to the titanium
ions and compensate the electrons released by oxygen vacancies [18]. Mn-doping is also used to
enhanced the energy storage density of lead based relaxor ferroelectric thin films [19] or paraelectric
BST thin films [15]. The optimal doping rate thus depends on the material's defect density and BST
doping with manganese up to 1.5% has been performed to find the best proportion by studying the P-
E loops and calculating the different energies. As ferroelectric materials are also pyroelectric, the
permittivity and the dielectric losses have been measured to show the stability of the dielectric
properties as a function of the temperature which is fundamental for a future application. The best
trade off between high released energy and low loss energy is sought.

2. EXPERIMENTS

Ba0,80Sr0,20TiO3 thin films were realized by a sol-gel process based on the use of an alkoxide
precursor. Barium acetate Ba(OOCCH3)2 was mixed with strontium acetate Sr(OOCCH3)2 in
suitable proportions in order to obtain a Ba/Sr ratio of 80/20. Manganese acetate was added to obtain
in addition BST thin films doped at 0.5, 1 and 1.5 %. The mixed powder was dissolved in acetic acid
which is heated at 100°C until complete dissolution. The obtained solution was cooled down to room
temperature before the addition of the titanium n-propoxide Ti(C3H70)4. The composition was
adapted in such a way to compensate for the incorporation of Mn on the Ti sites, hence resulting in a
stoichiometric perovskite composition for all dopant concentrations. Ethylene glycol HO-CH2-CH2-
OH was added to reduce the appearance of cracks in the film [20] and stabilize the solution [21].
Before spin-coating on platinum coated alumina substrates, the resulting solutions were filtered with a
0.2 1 m PTFE filter to remove dust particles. Each solution was deposited at 4000 rpm during 20 sec
and the samples were annealed during 15 min in a pre-heated open air furnace at 750°C. Multiple
spin-coating was used when thicker BST layers are desired. In this work, a deposition of fourteen
layers has been done.

The surface and cross-section morphology of the films were examined with a Jeol 7600 scanning
electron microscopy (SEM). X-ray diffraction (XRD) was performed for phase identification using a
Siemens D5000 diffractometer with CuK« radiation. Square platinum electrodes of 0.5 mm width
were sputtered through a shadow mask on the films in order to form metal-ferroelectric-metal
capacitors (MIM structure). The polarization versus electric field (P-E) hysteresis loops were
measured at 1 kHz using a classical Sawyer Tower circuit. The capacitance and the dielectric loss
factor (tan ©) were measured using an Agilent 4294A at 1 kHz and 580 mV/um and the dielectric
constant of each sample was calculated.

3. RESULTS AND DISCUSSION

The X-ray diffraction patterns of the Ba0.8Sr0.2TiO3 thin films doped from 0 to 1.5 mol%
manganese are shown in Fig. 1. The peaks corresponding to the BST perovskite structure are obtained
for all films which have a non-textured polycrystalline structure without preferential orientation. No
parasite peak and no evidence of any secondary phase formation are visible, indicating the
incorporation of the dopant into the lattice [22]. The Mn2+ ion substitutes partially Ti4+ on the B site
as acceptor dopants in ABO3 perovskite [23]. Furthermore, the diffraction angles do not shift when
the dopant concentration increases, indicating that the incorporation of the Mn ion does not change
the lattice parameters. This parameters are calculated on the basis of the XRD data and a value of
3.992 A is obtained which correspond to the a parameter of the pseudo-cubic structure of
Ba0.8Sr0.2TiO3 [24]. The ionic radius of Mn2+ is 670 pm, which is almost the same as the ionic
radius of Ti4+ (605 pm) [25].
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Figl. X ray diffraction patters for the BaygSro,TiOs thin films doped with 0, 0.5, 1 and 1.5% manganese dopant.

A typical SEM cross-section of a Ba0.8Sr0.2TiO3 film morphology is shown in Fig. 2. All the films
show a uniform, well-crystallized and void-free microstructure without cracks with an average grain
size of about 60 nm. No evolution of the grain size has been found with increasing Mn content. The
overall thickness of the film and of one individual layer is respectively 850 nm and 60 nm. The latter
corresponds to the average grain size which effectively shows layer by layer crystallization.
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Fig2. SEM cross-section of the BST thin film morphology

In order to verify the effect of Mn doping on the BST ferroelectric properties, the P-E hysteresis loops
of the thin films were measured at room temperature and 1 kHz (Fig. 3a-3d). All the films have been
measured at their maximum value of electric field before breakdown. All the breakdown field Eb are
done in the table 1. The undoped BST (Fig. 3a) does not present a pronounced ferroelectric hysteresis
loop and its breakdown field is low which is probably due to a too high leakage current. The
hysteresis loop of the BST doped at 0.5% (Fig. 3b) shows a slim ferroelectric loop with a very small
coercive field and a remnant polarization typical of BST (80/20). The effect of doping is clearly
visible as only 0.5% of manganese is sufficient to considerably reduce the losses of the material. The
coercive field is 5 kV/cm and the remnant and saturation polarization are 0.3 pC/cm? and 10.8
pHC/cm?, respectively, similar to what is observed for silicon substrates [26, 27]. At 1%, and 1.5% of
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dopant, the breakdown field is higher (700 kV/cm for the BST doped at 1%) and the polarization at
saturation is nearly 17.5 pC/cm? for the two samples, showing that defects like oxygen vacancies are
neutralized by doping. The coercive field is slightly higher for the two samples (Ec [ 9 kV/cm) and at
1.5% Mn, the hysteresis loop is more opened showing that additional defects were created in the

material.

Tablel. Ferroelectric and energy storage properties of doped and undoped BST thin films.

Samples Ep (kV/cm) Prmax (MC/cm?) Urec (J/cm®) 0 (%)
BST 0% 150 6.9 0.45 45.9
BST 0.5% 520 10.6 2.13 94.4
BST 1% 730 175 4.36 93.6
BST 1.5% 600 17.6 4.24 92.2

The P-E loops allow us to calculate the recoverable energy Urec and the stored energy Us and these
energies are shown in Fig. 4 for all doping rates. The stored energy is the integration between the
charge curve and polarization axis and the recoverable energy between the discharge curve and
polarization axis. For the undoped sample, Us and Urec are small due to the important conduction
losses in the material and the low breakdown field. When introducing the Mn2+ ions, the loop
becomes thinner and the energy loss is considerably reduced, as a consequence the stored and released
energies become similar. However, the sample doped at 0.5% presents a lower breakdown field than
the BST doped at 1% and the maximum energy released remains low (Urec = 2,13 J/cm3). As a
consequence, the released energy initially raises, attains a maximum near 1% doping rate and then
slightly decreases, following the evolution of the breakdown field. The highest released energy is
found for 1% of manganese and is equal to 4.36 J/cm3. This value is in agreement with the measured
and calculated energy density of Ba0.8Sr0.2TiO3 ceramic material for a maximum electric field of
700 kVicm [3].
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Fig3. Hysteresis loop P-E of the BST thin films doped at (a) 0%, (b) 0.5%, (c) 1 %, and (d) 1.5% of manganese

International Journal of Advanced Research in Physical Science (IJARPS) Page | 4



Mn-Doped BaggSr,, TiO3 Thin Films for Energy Storage Capacitors

b T T T T
—e—Storedenergy |
4| L= & Energy released ‘s oo
("JA
g sl
~
2
>
2t
o
c
L
1F
0 1 1 1 1
0.0 0.5 1.0 15

Dopant rate (%)

Fig4. Stored energy and energy released as a function of the doping rate

To qualify the energy storage efficiency, the proportion of the charge energy which is released is
determined by [4, 15]:

n(%) = % x100 2)

S

The efficiency as a function of the dopant rate is shown in the Fig. 5. As the hysteresis loops is
slimmer when the dopant rate reaches 0.5%, the efficiency is maximum. An efficiency of 94.4%,
93.6% and 92.2% has been found for the BST doped at 0.5%,1% and 1.5%, respectively. These values
are higher than the efficiency reported on other materials such as {Ba(Zr0.2Ti0.8)O3}(1-
x)}{(Ba0.7Ca0.3)TiO3}x ceramics (72 % maximum) [28], BaTiO3/Bal-x/SrxTiO3 relaxor-
ferroelectric superlattices (59 to 67%) [29] or Ba0.4Sr0.6TiO3 thin films (35.6 to 48.5%)[15].
However a high efficiency is not profitable if the released energy is weak as for the BST doped at
0.5%. Hence a figure of merit (F.O.M.), taking into account the trade off between a high released
energy and a low consuming energy, can be defined:

FOM.=nxU,, (3)

The higher the F.O.M. is, the more efficient is the energy storage device. In our case, the highest
F.O.M. is found for the BST doped at 1%. For a lower dopant rate, even if the efficiency is high, the
energy release is not enough important. For a dopant rate higher than 1%, the losses are low but the
released energy is lower too due to additional defects created in the material. The BST doped at 1%
presents an efficiency of 93.6% and a F.O.M. of 3.82 J/cm3 which is higher to what is reported in [28]
(0.68 J/icm3) but lower to [29] (7.0 J/cm3) due to a smaller released energy and a smaller applied
electric field.
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Fig5. Efficiency and F.O.M. of the BST thin films as a function of the dopant rate.
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For a future energy storage application, the ferroelectric thin films must be stable in a large
temperature range around the ambiant temperature. The relative permittivity and the dielectric losses
as a function of temperature are shown in Fig. 6 to know the stability of the BST thin films. The value
of the permittivity decreases with the dopant rate which is attributed to the increasing number of
nonferroelectric cells when incorporating the dopant into the material [12]. All films present the same
evolution and show the non sensibility to doping. Contrary to a single-crystal, there is no abrupt
ferroelectric - paraelectric phase transition and the evolution of the relative permittivity is smooth,
which has already been reported in [12, 30]. This slow temperature evolution is due to the absence of
a preferential orientation (Fig.1), the quite small grain size (Fig. 2), and the substrate which induces
stress in the film [26]. In the ferroelectric phase, below 60°C, the relative permittivity is quite stable,
but at higher temperatures, in the paraelectric phase, it significantly drops with a slope of —0.9°C—1.
The dielectric losses do not show a significant evolution as a function of the temperature but depend
on the dopant rate as already visible from the hysteresis loops (Fig .3). The dielectric losses decrease
for doping up to 1% and increase again when the amount of the dopant becomes more important since
new defects are created. The minimum dielectric losses at 1% addition of manganese were smaller
than 0.014, again confirming this optimum doping rate.
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Fig6. Relative permittivity and dielectric losses of doped and undoped BST thin films at 1 kHz and as a function
of the temperature.

As the permittivity of ferroelectrics is generally temperature dependent and varies especially near to
the Curie temperature, it is important to indicate the temperature stability of the elaborated thin films
which is quantified by the Temperature Coefficient Capacitance (TCC) [13]:

& (T)-& (25°C)|
£,(25°C)

TCC(%) = %100 (4)

with er’(T) the relative permittivity at the temperature T and er’(25°C) the reference value of the
relative permittivity at room temperature (25°C). The TCC(%) is represented as a function of the
temperature for all dopants in Fig. 7, also indicating the 2% variation limit of high value commercial
capacitors [31]. For all dopants, the variation of the material’s relative permittivity is less than 2%
from -80°C to +60°C. The corresponding temperature interval of 140°C is larger than what it is
reported in literature [32, 33] and shows the good stability of the BST thin film dielectric properties as
the function of temperature which fundamental for energy storage application.
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Fig8. Temperature coefficient capacitance of the doped and undoped BST thin films as a function of
temperature

4. CONCLUSION

Substitution at the B-site of the perovskite lattice of Ba0.80Sr0.20TiO3 (BST 80/20) thin films by
Mn2+ ions has been investigated to study the effect of the doping on the energy storage properties.
The BST 80/20 composition is located near to the ferroelectric-paraelectric structural phase boundary
and hence has a slim ferroelectric loop. Introduction of a small amount of the manganese dopant
prevents diffusion due to oxygen vacancies since manganese is an electron acceptor and hence
considerable reduction of the losses is observed. The breakdown field is then higher for 1% of Mn
doping and a recoverable storage energy of 4.4 J/cm3 is found. Doping with 1% manganese results
also in an optimum figure of merit as the efficiency is 93.6%.

Moreover, it has been shown that the dielectric properties of the BST thin films are rather stable over
a large temperature range. The permittivity varies less than 2% between —80°C and 60°C and the
dielectric losses are rather temperature independent and smaller than 0.014 in the totally temperature
range for the BST doped at 1%.
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