Self-poled heteroepitaxial Biga-x)DyxFeOs films with promising pyroelectric properties
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Pyroelectric materials are very promising for thermal energy harvesting applications.
To date, lead-based systems are the foremost studied materials in this field. A facile
and simple metal organic chemical vapor deposition (MOCVD) route is applied for
the fabrication of lead-free, high quality, epitaxial Bi(-xDyxFeOs (x= 0, 0.06, 0.08,
0.11) thin films deposited on conductive SrTiOs:Nb (100) single crystal substrates.
The films are studied by structural, morphological, compositional and functional
characterization. The correlation between the Dy-doping amount and the dielectric
properties is thoroughly investigated. Unipolar PE loops and permittivity
measurements show the important impact of Dy on ferroelectric, dielectric and
pyroelectric properties. Dy doping increases considerably the dielectric response, but
much more the pyroelectric coefficient, up to a concentration of 8% Dy. The films are
self-poled, which is an ideal situation for pyroelectric applications. The best figure of
merit for pyroelectric energy harvesting, Fe, is 82 J/(m3K?), showing a factor increase
of 2.6 as compared to the undoped film of our sample series. It constitutes a factor 4.5
improvement as compared to previous results obtained on BiFeOs based thin films.

1. Introduction

Multiferroics are multifunctional oxides with fundamental physical properties that are very
promising for potential applications in several fields: signal transduction, energy harvesting,
sensors, memories and spintronics.[Y BiFeOs (BFO) and its related systems with their high
ferroelectric and magnetic transition temperatures (Tc = 1103 K and Tn = 643 K) are of

special interest,[?] as they maintain their ferroelectric, piezoelectric and pyroelectric properties

even in an extreme temperature environment.



The development of BFO based energy harvesters has been mostly investigated for exploiting
their photoelectric and piezoelectric properties.[>4! Power generation employing the
pyroelectric effect has been more rarely studied, and, in particular, previous works based on
BFO thin films are limited to pure BFO, La-doped BFO or BFO/Pb(ZrxTi1-x)O3 bi-layers.[
Pyroelectricity originates from a change of an internal polarization of the material,
particularly of the spontaneous ferroelectric polarization, upon a temperature change.¢! This
means that charges are generated together with a voltage depending on the capacitance of the
pyroelectric capacitor. Pyroelectricity is thus of special interest for thermal energy harvesting,
meaning the transformation of temperature fluctuations into electricity. These fluctuations
occur in systems with time varying heat flows. In contrast to the thermoelectric effect,
pyroelectricity does not need a thermal gradient, and thus a spatial temperature difference.” €l
As leading materials for energy harvesting, Pb(ZrxTi1-x)Os (PZT) and (1-
X)[Pb(Mg13Nb2/3)O3]-x[PbTiO3] (PMN-PT) have been widely incorporated and combined
with lead-free materials to tune their piezoelectric and pyroelectric properties,[®-1 but today
the use of lead based materials raises environmental issues, which are always at the center of
our attention. The answer is the development and integration of lead-free perovskite-like
materials, such as BiFeOs, LiNbO3 *1¢1or (K,Na)NbO3z,[*" in energy harvesters.[8-20 The
possibility of combining at least two of the previous properties in a single device, a hybrid
energy harvester, makes BFO one of the most promising materials for the next generation of
energy harvesters and, recently, some BFO-based energy harvesting devices have already
been studied.[?-24] In general, pyroelectric properties of ceramics and single crystals have
been intensively studied compared to thin films. Films present several advantages: with their
smaller heat capacity, they are subjected to a larger temperature change upon a given heat
input and are suitable for integration into microsystems.[?%! Fine-tuned depositions can give
high-quality materials and some deposition techniques offer good process scalability.[”2¢]

Among the above mentioned lead-free materials, BFO presents an intrinsic polarization of 60
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pC/ecm? and 100 pC/cm? along the [001]pc and [111]pc directions, respectively,l271 (pc stands
for the pseudocubic unit cell), which makes it a perfect candidate to investigate its
pyroelectric response.

Moreover, pyroelectricity is strongly influenced by material preparation conditions and a fine
tuning of BFO thin film properties can be achieved in many ways. Numerous approaches have
been reported: strained films,[28-2%1 modified synthesis parameters,[3°31 synthesis of BFO
nanocomposites, 32331 but, by far, the easiest and most used approach is the ionic substitution,
which is achieved by doping BFO films with transition metals and/or rare-earth elements.[3*
361 Doing so, BFO structure and properties can be widely modified, adapting and designing
the material to different situations/use/working conditions and recent works have been
focused on BFO A-site doping. BFO systems have been deposited on various substrates using
pulsed laser deposition (PLD),!37-3 metal organic chemical vapor deposition (MOCVD),[3%-4]
sputtering,*4 sol-gel>46l and chemical solution deposition.[38:47]

In this study, we report on the promising pyroelectric properties of pure BFO and Dy-doped
BFO (BDFO) films deposited, through a simple, easily scalable MOCVD approach, on Nb
doped SrTiOs3 (STO:Nb) (001) single crystal substrates. Bi(phenyl)s, Fe(tmhd)s and
Dy(hfa)sdiglyme (phenyl= -C¢Hs; H-tmhd=2,2,6,6-tetramethyl-3,5-heptandione; H-hfa=
1,1,1,5,5,5-hexafluoro-2,4-pentanedione; diglyme= bis(2-methoxyethyl) ether) are used as
precursors, mixed in a tri-component source. The epitaxial growth of BDFO on STO:Nb is
confirmed through X-ray diffraction (XRD), while field emission scanning electron
microscopy (FE-SEM) allowed to assess the flat, homogeneous surfaces of deposited films.
The effect of Dy-doping, whose amount has been evaluated by means of X-ray photoelectron
spectroscopy (XPS) and energy dispersive X-ray analysis (EDX), on ferroelectric, dielectric
and pyroelectric properties of BDFO thin films has been investigated. Permittivity and loss
tangent have been determined using impedance—capacitance—resistance (LCR) measurements.

The correlation between Dy-doping and pyroelectric response of BDFO thin films has been
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established by applying an oscillating temperature ramp on the samples. A clear-cut trend has
been observed with the best dielectric and pyroelectric properties found at an intermediate Dy

doping level.

2. Results and discussion

2.1. Growth and characterization of BFO and BDFO films

A straightforward MOCVD route, using a multi-component precursor mixture, has been
applied for the fabrication of pure and doped BiFeOs films, using the Bi(phenyl)s and
Fe(tmhd)s, as Bi and Fe sources, and the Dy(hfa)sediglyme to dope BiFeOs films at the A-site
with Dy3*. Three different Dy doping amounts in the precursor mixture have been evaluated
by using Dy/(Dy+Bi) molar ratios of 8%, 11% and 15%, giving rise to films with the
following compositions (vide infra): Bio.g4aDyo.06FeO3 (from now on BDFO- 6%),
Bio.92DYyo0.0sFe03 (BDFO-8%) and Bio.ssDyo.11FeO3 (BDFO-11%).

2.1.1. Structural characterization.

BDFO structural characteristics have been investigated by XRD, the planes and their
reflections are reported considering a pseudocubic structure. In fact, the parent BFO has a
rhombohedral structure with am = 3.965 A and am = 89.41° but, given the angle of almost 90°,
it is usually referred as pseudocubic. Thus, a lattice mismatch of 1.53% at room temperature
is expected for the epitaxial (001)pc BFO films on the SrTiOs substrate having a perovskite
cubic structure with an a-axis parameter as = 3.905 A. The 6-20 XRD patterns of BFO and
BDFO are reported in Figure 1a. For all samples, pure and Dy-doped BFO, the diffraction
patterns show exclusively reflections associated with BFO-like phase and STO:Nb 001 and
002 reflections, thus indicating that highly oriented films are grown without forming any
parasitic phases. A closer look to the second order reflections, Figure 1b, reveals structural
changes caused by the dopants. Firstly, the increase of the Dy content causes a broadening of

the BDFO 002 reflection.
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Figure 1 XRD patterns of the doped and undoped BFO films: a) 0-20 patterns and b)
enlarged 20 region in the 44°-48°; ¢) rocking curves of the BFO and BDFO films around their
002 reflections; d) ¢ scan of 210 reflections of the BDFO 11% film and the STO:Nb
substrate.

In addition, a shift of the 002 reflections toward higher angles and, consequently, the decrease
of the out-of-plane lattice parameter are observed, as the average A-site ionic radius is
reduced when the smaller Dy3* (r12-coord = 1.24 A) replaces Bi®* (ri2-coord = 1.36 A).[4849]

The film out-of-plane alignment has been confirmed by recording the rocking curves of the
002 reflections of the four studied films. The second order reflections are at the following
positions: 45.75°, 45.73°, 45.93°, and 45.97° for the BFO, BDFO-6%, BDFO-8% and BDFO-
11%, respectively. The rocking curves and the full width half maximum (FWHM) values of
each system have been reported in Figure 1c. Pure BFO and BDFO-6% films show a similar

mosaicity, with a FWHM of 0.27° and 0.24°, respectively. At higher doping, the shift of the

002 reflection and its broadening, visible in the 6-20 patterns, are reflected on the rocking
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curves FWHM values of 0.78° and 1.04° for the BDFO-8% and BDFO-11%, respectively. It
is worth to note that even if the increasing doping indicates a higher misalignment of film
grains, all the films are of high quality, in terms of pure phase and high out-of-plane
orientation.

Considering the remarkable out-of-plane alignment, in-plane alignment has been investigated
by recording ®-scans of the BDFO films. A similar study was already performed on BFO
deposited on STO (001)*° demonstrating its epitaxial growth on STO single crystal.
Following a similar approach, ®-scan patterns of the highest doping content film, the BDFO-
11% and the STO:Nb substrate have been recorded at x=26° to observe both BDFO (26 =
51.52°) and STO:Nb 210 (260 = 52.33°) reflections (Figure 1d). The presence of four peaks
every 90° of @ indicates that the film is in-plane aligned. The correspondence of the (210)
BDFO poles with the STO:Nb (210) poles demonstrates that BDFO films are epitaxially
grown cube-on-cube on STO:Nb single crystal substrate.

Finally, to have more insights on the film structure on changing the Dy doping, Bragg-
Brentano patterns have been recorded at y=26° in the range 26= 50° to 54° for the 012
reflection of the film and the substrate (Figure 2). Pure BFO peak splitting in the 012 and 0-
12 reflections assesses the rhombohedral nature of the film. For Dy-doped systems a shift
toward higher angles is observed. The extremely broad nature of the diffraction peak suggests
the presence of a splitting similar to the one observed for pure BFO. Literature studies report a
phase transition from rhombohedral to orthorhombic structure in the case of BFO Dy-doping,
with a morphotropic phase boundary around a Dy content of 8%.5% In the case of BDFO
ceramics, a Dy-doping of at least 15% is necessary to determine a transition from the
rhombohedral to the orthorhombic phase.5-5% Thus, the present XRD study confirms a slight
structural modification in the films as the Dy doping amount increases. The analyzed films

present a rhombohedral structure and the low Dy concentration in the films (11% is the



highest concentration used in the present study) does not induce the transformation to an

orthorhombic structure.
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Fig. 2 XRD patterns of the BFO and BDFO thin films acquired in Bragg-Brentano mode (6-
20) in the range 50-54° at y=26°.

2.1.2 Compositional analysis.

This work major aim is to define a relation between the dopant concentration and
multifunctional properties. XPS and EDX analyses have been used to assess the presence of
Dy in the film and to determine the solid solution average composition. XPS survey scan after
10 min of Ar* sputtering is reported in Figure S1. The Dy doping is assessed by the presence
of the 3ds/2 peak at 1297.8 eV. Due to the low kinetic energy of the 3ds/2 derived
photoelectrons (188.8 eV) and, in turn, to their low mean free path,[® Dy detection is strongly
affected by the presence of surface overlayers and, therefore, a preliminary 10 min sputtering
is needed to clearly detect the Dy 3ds/2 band. Note that the Dy 4d peak at about 153 eV cannot
be detected because of its overlapping with the much more intense Bi 4f signals. Thus,
quantitative XPS analysis of Dy is hampered due to the combination of the low mean free
path of Dy 3ds/2 photoelectrons and to the effects of the sputtering process,54%%1 which can
induce changes on the surface composition. EDX spectra also confirm the presence of Dy
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dopant in the thin film, Figure S2. Two Dy peaks can be observed: M line at 1.29 keV and L,
line at 6.49 keV. The proximity between Dy L« and Fe Kq (6.39 keV) lines makes precise Dy
quantification challenging, but an accurate approach to EDX Dy and Fe quantification makes
possible to estimate film composition. Since the EDX software does not allow the use of the
Dy M lines for Dy quantification, Dy L. and Fe K lines have to be used for elements
quantification. To overcome this problem, an undoped BFO film has been used as a reference
to get a conversion coefficient between the Fe K, and the Fe L line intensity. Then, for Dy-
doped films, the study of the ratio between the Fe K, line and the Fe L line, compared to the
reference value obtained for pure BFO sample, allowed us to separate the contribution of the
Dy L peak in the quantification of Fe in the films. Table 1 reports the nominal precursor
mixture composition, deposited films stoichiometry and overall (Bi+Dy) / Fe ratio in the
films. This approach enables to estimate the increase of doping element in the film: interesting
is the linear trend between the mixture nominal element composition and the final film
composition, which allows, in a flexible and simple way, to predict and finely tune film
properties.

Table 1 Relationship between precursor nominal composition and film stoichiometry based
on EDX evaluation.

Film stoichiometry

Precursor composition Dy/(Dy | (Bi+
+ Bi) Dy) / Fe

BiFeOs 0% 0.95

Bi@x)DyxFeOs (x = 0.08) 6% 0.96

Bigx)DyxFeOs (x = 0.11) 8% 0.94

Bi-xDyxFeOs (x = 0.15) 11% 0.95

2.1.3. Morphological characterization.
BFO and BDFO film samples, deposited on STO:Nb (5 mm x 10 mm), present mirror-like
surface quality. FE-SEM micrographs of the studied films, obtained through detection of

secondary electrons, are reported in Figure 3. The morphology of pure BFO film is very



uniform (Figure 3a) and presents well-coalesced, large, squared grains of about 500 nm in
average. Dy-doped BFO films, with increasing Dy doping from 6% to 11%, are reported in
Figure 3b, c, d, respectively, and show an even smoother morphology with a flat surface
formed by fully coalesced regular grains; thus, the increase of doping content seems to

generally improve film morphology.

Fig. 3 Secondary electron FE-SEM plan view images of a) BiFeOs, b) BDFO 6%, c) BDFO
8%, and d) BDFO 11%.

Finally, sample thickness has been checked through FE-SEM cross-sections. The thicknesses
of both BFO and BDFO samples are in the range of 450-500 nm for a 1-hour MOCVD

process, indicating a similar growth rate of 8 nm min-t (Figure 4).[%°



Figure 4. Secondary electron FE-SEM cross section of a) BiFeOs and b) BDFO-8%.

2.2. Functional properties of BFO and BDFO

2.2.1. P-E unipolar loops.

The polarization-electric field (P-E) negative unipolar loops have been measured between -
200 and 0 kV/cm at 5 kHz to limit leakage current impact on the measurements (the sample
had a more important leakage under positive polarity).°®! Figure 5 reports P-E unipolar loops
of 500 nm thick BFO, BDFO-6%, BDFO-8% and BDFO-11% thin films at room temperature.
Unipolar loops do not allow ferroelectric switching, thus the film polarizations cannot be
measured and compared. All thin film ferroelectric half loops show a rounded tip and an
increasing charge with decreasing electric field amplitude, which is common for BiFeOs
systems.[52 This difference with the classical shape of ferroelectric hysteresis loops indicates
the presence of leakage currents in the samples. The up-bending of the curve upon returning
to zero electric field, however, is due to a ferroelectric response. It is also clear that the films

do not switch, which is the case when they had a heavy imprint favoring one direction. As it
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becomes even more clear with the pyroelectric characterization, the films are self-poled in
direction from the substrate to the top electrode, thus parallel to the negative electric field as

used for the half-loop measurements.
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Figure 5. P-E negative unipolar loops of doped and undoped BFO films, measured between -
200 and 0 kV/cm at 5 kHz.

As the thin film Dy-doping increases from 6% to 8%, the impact on ferroelectric behavior is
more and more visible. For a Dy doping amount superior to 8%, a significant reduction of the
BDFO properties has been observed. A similar behavior has been previously reported and
attributed to phase transition from a ferroelectric to a paraelectric phase due to the rare-earth
doping amount.[*1434 Thus, larger ferroelectric contributions are visible for the Dy-doped
BFO films, compared to the undoped BFO one, which indicate the strong influence of Dy-
doping on material properties.

2.2.2. Permittivity.

Sample relative permittivity (€r) and dielectric loss [tan(d)] at three different frequencies (100
Hz, 1 kHz and 10 kHz) are reported in Figure 6a. Sample permittivity values have been
calculated from the capacitance measured in parallel plate configuration:
(Au/Cr)/BDFO/STO:Nb. Compared to previous studies, pure BiFeOs films possess a similar

relative permittivity value of & sro= 130 at 1 kHz, in the literature reported values oscillate
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around & = 100, depending on the synthetic method and the measurement frequency.[26:57]
The major aspect of this test is to highlight the impact of Dy-doping on the film permittivity.
The first two levels of doping (6% and 8%) provoke an important and significant increase of
the film permittivity, the highest value of € spro=250 at 1 kHz is obtained for a Dy doping

content of 8%.
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Fig. 6 a) Relative permittivity (Er) and b) dielectric loss [tan(8)] of doped and undoped BFO
films, measured at 100 Hz, 1 kHz, 10 kHz.

Above this concentration, similarly to the trend observed during the polarization study of
BDFO films, a deterioration of the film permittivity has been detected with a €r decrease from
250 to 170 between BDFO-8% and BDFO 11%. Dy-doping also affects dielectric losses of
the films at 100 Hz (Fig. 6b). At this frequency, the tan(d) of BFO is 4.7, while for the BDFO
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samples lower losses are observed, of about 0.4 for the 6% and 11% samples and 1.9 for the
8% one.
Pyroelectric properties. The oscillating temperature method was applied for the pyroelectric
measurements. While the average temperature was achieved using heating elements, the
temperature oscillation was realized with Peltier cooling elements in the substrate chuck.
A critical parameter is the homogeneous temperature distribution within the sample. Thus,
before starting any measurement, to ensure a homogeneous temperature of the whole sample,
temperature equilibrium between the Peltier and the samples had to be achieved.[81 All the
four systems, pure and Dy-doped BFO films, have been carefully put into thermal equilibrium
and pre-cycled to avoid thermally stimulated currents before their pyroelectric properties were
investigated. Samples have been tested “as-deposited”, no poling has been performed.
Pyroelectric responses of BFO, BDFO 6%, BDFO 8% and BDFO 11% samples are reported
in Figure 7a, b, c and d, respectively. The setup used for the pyroelectric measurement is
shown in Figure S3 and for the sake of clarity a close up view of single pyroelectric
measurement cycles for all the samples is reported in Figure S4. Pyroelectric current (in blue)
is easily identified because it reverses its sign when the applied temperature ramp (triangular
temperature waveforms in black) is reversed. The pyroelectric coefficients were calculated
using equation 1:

i

__n»
P~ 3T Eql

G A

where pi, ip, A and dT/dt are the pyroelectric coefficient, pyroelectric current, area of the
electrode and heating rate of the sample, respectively.[®8 The technique is based on the
variation of the material spontaneous polarization AP when a change in temperature AT is
applied on it. The polarization change determines a pyroelectric current ip flowing in an
external circuit and depends only on the rate of temperature change (dT/dt).[l The

temperature oscillation method is a well-established method for determining the pyroelectric
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coefficient of thin films. Because the causes of thermally stimulated current are various, the
dynamic measurement method is quite valuable as it allows to distinguish between reversible
and irreversible current responses. Thus, this dynamic method, being the pyroelectric current

reversible, allows evaluation of only the pyroelectric current.
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Figure 7. Pyroelectric responses of a) BiFeOs, b) BDFO 6%, ¢c) BDFO 8%, d) BDFO 11% to
a triangular temperature waveform AT=4 °C at RT.

Moreover, the possibility of choosing the reference temperature is useful to monitor and
compare different samples under similar working conditions, here around RT. In the case of
distortions in the pyroelectric current curves, this gives information about deposited films. 6
Because of the leakage in the samples, pyroelectric current does not always reach saturation
and the cycle curves (Figure 7) are different than the ideal ones (Figure 8). The different
shape may be explained considering that domains, i.e. regions of the material with oriented
dipoles in the same direction, do not adapt immediately to the change of temperature, because

of domain wall traps and build-up of film stress (elastic energy). This slow re-arrangement of
14
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domains gives rise to a smooth increase of the pyroelectric current density at the end of the
temperature ramp-up. In contrast, when the temperature goes back to its average value, there
Is an easy back-switching and a reduction of elastic energy. The polarization reacts
immediately, giving rise to an abrupt decrease of the current at the beginning of the
temperature ramp and then, again, to a smooth decrease due to the slow domain

rearrangement, in the case of samples reported in Figure 7a, b, and d.
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Figure 8 Scheme of the Au/BDFO/STO:Nb behavior under a variation of temperature with 0
the initial state and 1 and 2 the variation of the internal polarization and measured

A similar behaviour is observed for the BDFO 8% sample (Figure 7c), but, in addition, the
back-switching seems to be very quick, leading to peaks at the extreme of the temperature
ramps due to a kind of overshoot.

Since pyroelectric current does not reach saturation, ip has not been measured peak-to-peak
(Figure 7) and to avoid overestimation of film pyroelectric coefficients, current density
slightly lower than ip peak-to-peak have been selected to calculate the pyroelectric
coefficients. This means that the reported values are underestimated with respect to the peak-

to-peak derived ones.
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Even though samples have a leaky behavior, very good pyroelectric coefficients have been
measured, the main hypothesis to explain this phenomenon is that films are self-poled. This is
because the generated charges give a much stronger current than the leakage due to a rather
small generated voltage governed by the ratio of charge and the rather large dielectric
constant. Illustration of the proposed mechanism is presented in Figure 8, the evolution of the
self-poling direction in the material and the sense of pyroelectric current, as measured when a
temperature variation is applied to the films, are detailed.

For each film, the pyroelectric coefficient value has been reported along with the relative
permittivity and the figure of merit for pyroelectric energy harvesting application (Fe) in the
Table 2, which also lists literature data for BFO systems and other materials of interest. Fe is
calculated with Equation 2, where o and erare vacuum permittivity and material relative
permittivity, respectively.[5?]

Figure of merit values are of great interest to simplify the comparison of materials for a given
application. Whatever the electronics for harvesting the pyroelectric energy, the delivered
current is governed by the pyroelectric coefficient of the material, and the voltage by the
charge on the capacitor (also proportional to pi) divided by the capacitance, which is
proportional to the dielectric constant (&,¢,), yielding the material’s figure of merit for

pyroelectric energy harvesting as given in Equation 2.

2
b;
FE -
& X &,

.Eq2

The pyroelectric response is equal to pi=dP/dT at a given temperature. An increase of this
coefficient is either due to an increase of polarization, or due to a lowering of the ferroelectric
transition temperature.!%2 As PE loops have shown an increase of ferroelectric features till a

nominal Dy doping of 8%, it could indeed be that the polarization increases. Nevertheless, as

the composition changes, the second possibility cannot be excluded.
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Table 2 Comparison of presently obtained pyroelectric coefficient, permittivity and Fe for the
BFO and Dy-doped BFO films with respect to available literature values for BFO, LiTaOs,
LiNbOs, PZT and PMN-25PT systems.

System Synthesis Shape T pi £ Fe Ref
method measurement [1C/(m2*K)] [3/(m3K?)]
(°c)
BiFeO3 MOCVD Thin film RT 188 130 (at 1 30.71 This
kHz) Work
BDFO-6% MOCVD Thin film RT 256 190 (at 1 38.96 This
kHz) Work
BDFO-8% MOCVD Thin film RT 426 250 (at 1 81.98 This
kHz) Work
BDFO-11% MOCVD Thin film RT 288 170 (at 1 55.1 This
kHz) Work
BiFeO; PLD Thin film RT 40 ~100 1.81 Ref.
(at 10 kHz) 11
Bi;_,La.FeOs PLD Thin film RT 85 ~240 3.4 Ref.
(at 10 kHz) 11
BFO/PZT (70/30) sol-gel Thin film RT 91 288 (at 1 3.25 Ref.5
kHz)
BFO/PZT (30/70) sol-gel Thin film RT 5.1 244 (at1 0.02 Ref. 5
kHz)
BiFeO3 chemical solution Thin film RT 15 76 (at 1kHz) 0.33 Ref.
59
BiFeO3 solid-state- Ceramic RT 71 ~100 5.69 Ref.
reaction (100 kHz) 66
BiFeO; solid-state- Ceramic 25 90 - - Ref.
reaction 65
Bi;-xNd,FeO3 (x=0 — solid-state- Ceramic RT 30-50 100 to 140 1-2 Ref.
0.15) reaction (at 1kHz) 57
Biy.,Sm,FeO0; (x = solid-state- Ceramic RT 137 120- 140 15.1- Ref.
0.01- 0.08) reaction (100 kHz) 17.66 12
BiFeO3 solid-state- Ceramic RT 90 103 (1 MHz) 8.88 Ref.
reaction 26
Biy«Eu,FeO; solid-state- Ceramic RT 133.2 145 (1 MHz) 13,82 Ref.
(x=0.05) reaction 26
Bi;..Gd,FeO; solid-state- Ceramic RT 145.5 141 (1 MHz) 16.96 Ref.
(x=0.05) reaction 26
Biy«Th,FeO; solid-state- Ceramic RT 88 122 (1 MHz) 7.17 Ref.
(x=0.05) reaction 26
Biy.,Dy«FeO; solid-state- Ceramic RT 98 128 (1 MHz) 8.47 Ref.
(x=0.05) reaction 26

Other lead-free systems

LiTaO3 single crystal 190 47 87 Ref. 7

LiNbO; single crystal 96 31 34 Ref.66

Lead-based systems

PZT (Toshiba) ceramic RT 350 471 29 Ref.65
PMN- 25 PT ceramic RT 602 1648 25 Ref.66
PIMNT [111] Single crystal RT 760 470 139 Ref.67
PZFNTU Ceramic RT 400 280 64.4 Ref.68
PMZT Sol-gel Thin film RT 350 253 54.7 Ref.69

While knowledge of pyroelectric properties in BFO ceramic is well established, results

regarding thin film characterization are still limited. Previous studies report pyroelectric
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values up to 90 uC/(m2K) for undoped BFO ceramics, 91 uC/(m2 K) for BFO/PZT thin films,
137 uC/(m2 K) for Bi@-xSmxFeOs ceramics and 145.5 uC/(m? K) for Bi1-xGdxFeOs
ceramics.[512261 The undoped BFO thin film deposited in this work displays a pyroelectric
coefficient of 188 uC/(m2 K), a value that is higher than any previously reported coefficient
for BFO, regardless of the chosen synthetic route.

The explanation for this important increase of the pyroelectric coefficient has to be related to
the dense, homogeneous and high-quality nature of the films, made possible by the applied
MOCVD protocol used for the sample preparation. In particular, the significant pyroelectric
increase with respect to the literature data can be mainly explained considering the epitaxial
nature of the grown films, and probably also the self-poling. This observation finds
counterpart in the study on textured and epitaxial PZT films. Moalla et al. found that the
dynamic pyroelectric coefficient of the epitaxial layer is about one order of magnitude larger

than that of the polycrystalline textured layer (—230 vs =30 pC m2 K'1).["91 |t is worth

mentioning that in ref. 70, pyroelectric devices have been tested dynamically with external
stimuli fluctuations (temperature), thus under conditions similar to those applied for
evaluating pyroelectric coefficient in this work. Pyroelectric and Fe values of the deposited
films are comparable with those reported for the lead-based systems. However, as mentioned
above, materials quality plays an important role and in the case of lead indium niobate - lead
magnesium niobate - lead titanate (PIMNT) single crystals Fe values as high as 139 have been
measured.[67-6%

As expected, Dy-doping has a strong impact on film pyroelectric behavior, which follows a
similar trend to that observed in the P-E measurements. For a Dy doping of 8% a maximum
value of pi = 426 pC/(m? K) is found, which is more than twice the value of the pure BFO
film. Efficiency for energy harvesting is conveniently compared thanks to the figure of merit
Fe which includes the effect of the relevant materials properties, i.e. pyroelectric coefficient

and permittivity. Ideally, the improvement of pyroelectric generators would target an
18



enhanced pyroelectric coefficient and a reduced permittivity. The presently reported undoped
BFO films already show similar Fe as PZT and PMN-25PT, the standard materials to
benchmark good quality lead-free materials.[5566] Although a certain increase of the film
permittivity is observed till a Dy-doping of 8%, the much stronger increasing pyroelectric
response gives rise to a Fe as high as 82 J/(m3K?) for the BDFO-8%. With such outstanding
properties, a performance equivalent to single crystal LiTaOzis reached.l! Figure 9 illustrates
the relation between pyroelectric coefficients and Fe values obtained for presently deposited
films with some pi and Fe data from the literature for BFO based systems and other materials
of interest providing a perspective of the complexity in comparing these data that depend not
only on the measurement approach, but also on the aggregation nature, single crystals,

ceramics or films, and in this case on the deposition methodology.

140 - °
PIMNT

120 A

Lead-free single crystals

Lead based systems

100 A
80 1
60

FE (3/(M’°K?))

40 -
20-

0- | .E Previous works on BFO systems

0O 100 200 300 400 500 600 700 800
Pyroelectric coefficient (UC/(mZ*K))

Figure 9. Comparison between pyroelectric coefficients and Fe obtained in this work (green
stars grouped in the green circle) and previous values of BFO related systems in film form
(green stars) and ceramics (green squares); lead based systems in film form (black star),
ceramics (black square) and single crystal (black circle); and lead-free single crystals (blue
circle).
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3. Conclusions

The main aim of the present study is to determine if dense films of undoped and Dy-doped
BiFeOs, as deposited on STO:Nb (100) through a simple, industrially appealing MOCVD
route, may be integrated as lead-free pyroelectric energy harvester. Thus, ferroelectric,
dielectric and pyroelectric properties of Bii—xDyxFeOs (x = 0, 0.06, 0.08 and 0.11) thin films
have been investigated. An extraordinary high pyroelectric coefficient of 188 uC/(mz2 K) has
been found for the undoped BFO film, an indication of the possible self-poling and the high
quality of the epitaxial films grown by MOCVD. Dy?* substitution has been shown to lead to
a large increase of pyroelectric properties with respect to the undoped system. A very high
value of the pyroelectric coefficient of 426 uC/(m2 K) has been achieved for the 8% Dy3*
doping. Above this concentration, pyroelectric properties start to degrade. The presently
found pyroelectric coefficients are significantly higher than those reported in the literature and
the figure of merit values for energy harvesting are impressively promising. In fact, the
obtained Fe value of 82 J/(m3 K?) for the BDFO-8% sample, is a striking improvement with
respect to the previously highest reported value of Fe = 17 J/(m?K?) for a Bi1-xSmxFeO3
ceramic sample. The very appealing and excellent properties reported in this study indicate
that the presently described, straightforward and facile MOCVD synthetic route produces
high quality epitaxial BFO and BDFO thin films, which can be envisaged as lead-free

materials of choice for pyroelectric energy harvesting.

4. Experimental Section

The film depositions were carried out in a customized, horizontal, hot-wall MOCVD reactor.
Bi(phenyl)s and Fe(tmhd)s precursors were purchased from Strem Chemicals Inc. and used
without further purification, while the Dy(hfa)sediglyme was synthesized in our lab following

a similar protocol to that reported in ref. 71. A tri-metallic mixture of the mentioned
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precursors was placed in an alumina boat and heated at 120 °C. Oxygen and argon were used,
respectively, as reactant and carrier gases, their flows were kept constant for the whole
deposition at 150 sccm (standard cubic centimeter per minute) for both species. The
depositions were carried out in the temperature range from 750 °C to 800 °C during 60 min.
BFO films were deposited on a 5 mm x 10 mm STO:NDb (100) substrate acting at the same
time, as bottom electrode for ferroelectric and functional characterization.[*’]

XRD patterns were recorded using a Rigaku Smartlab diffractometer, equipped with a rotating
anode of Cu K, radiation operating at 45 kV and 200 mA. Bragg-Brentano patterns were
acquired with a resolution step of 0.02°. Film surface morphology was examined by field
emission scanning electron microscopy (FE-SEM) using a ZEISS VP 55 microscope. Film
atomic composition was analyzed by energy dispersive X-ray analysis (EDX), using an INCA
Oxford windowless detector with an electron beam energy of 15 keV and a resolution of 127
eV for the Mn K,. X-ray photoelectron spectra (XPS) were measured at 45° takeoff angle
relative to the surface plane with a PHI 5600 Multi Technique System (base pressure of the
main chamber 3 x 10%° Torr). The spectra were excited by Al-Ka radiation. The XPS peak
intensities were analyzed after a Shirley background removal. Spectra calibration was
achieved by fixing the “adventitious” C Is peak at 285.0 eV.

Before any functional characterization, 150 nm thick Cr/Au top electrodes (3.84 mm?) were
sputtered on the samples through a hard mask. The dielectric properties were investigated at
room temperature through capacitance and loss measurements with an impedance—
capacitance—resistance (LCR) meter (Model HP 4284A, Hewlett—Packard, Tokyo, Japan)
using 500 mV signal amplitude. Data were taken at three frequencies: 100 Hz, 1 kHz, and 10
kHz. Ferroelectric polarization was investigated with negative half loops at a cycle frequency
of 5 kHz. This unipolar operation was chosen to limit the impact of leakage currents. [l
Measurements are the results of 20 average loops under an applied field from -200 to 0

kV/cm. Measurements of the pyroelectric coefficient were carried out using a classic dynamic
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temperature cycling method. In this approach, the pyroelectric current between the film top
and bottom electrodes was registered upon subjecting the film to a triangular temperature
oscillation of + 2 °C around room temperature (RT = 22 °C).["? A cycle frequency of 10 mHz
was applied. The slow heating rate of 0.08 °C/s, coupled with the small substrate thickness,

0.5 mm, enables a good and homogeneous thermal transfer across the whole sample.

Supporting Information

Supporting Information is available from the Wiley Online Library or from the author.
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A selective and reproducible MOCVD process Yields heteroepitaxial, self-poled pure and Dy-
doped BiFeOs films. An extraordinary high pyroelectric coefficient of 188 pC/(m2 K) is
observed for the undoped BiFeOs film and a very high value of the pyroelectric coefficient of
426 puC/(m2 K) is found for the 8% Dy3* doped BiFeOs films.
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Supporting Information

Self-poled heteroepitaxial Biu-xDyxFeOs films with giant pyroelectric properties

Quentin Micard, Giacomo Clementi, Ausrine Bartasyte, Paul Muralt, Guglielmo G.
Condorelli, and Graziella Malandrino-*
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Figure S1. Typical XPS spectrum of BDFO film after 10 min sputtering.
*The signal of Au is due to the gold contacts required for the electrical measurements of
BDFO films.
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Figure S2. EDX spectrum of a BDFO 8% film.
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Figure S3. a) Insertion of the sample to measure the pyroelectric current. The sample is in
contact with the Peltier element and is probe between the top Au/Cr electrode and bottom
STO:Nb conductive substrate and b) To avoid external thermal gradient, the sample is brought
to equilibrium temperature and pre-cycled to avoid thermally stimulated current.
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Figure S4. Single cycle pyroelectric responses of a) BiFeOs, b) BDFO-6%, ¢) BDFO-8% and
d) BDFO-11% thin films to a triangular temperature waveform AT=4°C at RT.
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