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Abstract

BiFe ¢1Zr( 1905 (9BFZrO)/LaNiO; (LNO)/MgO and 9BFZrO/LNO/Si multilayers were prepared by the sol-gel method using
MgO and Si single crystals as substrates, and LNO films with a thickness of approximately 50 nm were deposited by mag-
netron sputtering to form bottom electrodes and transition layers. The effects of different substrates on the crystal structure,
phase composition, oxygen vacancy content, ferroelectric properties, dielectric properties, leakage mechanism, and ageing
properties of the 9BFZrO films were systematically analysed. X-ray diffraction showed that the prepared 9BFZrO thin films
had a structure composed of both rhombic R3¢ and orthogonal Pnma phases, and the films prepared on the MgO substrate
contained a significant amount of the R3¢ phase. SEM analysis showed that the thin film prepared on the MgO substrate
had a relatively large grain size. X-ray photoelectron spectroscopy showed that the Fe?* content and oxygen vacancy defect
concentration of the MgO substrate samples were relatively low. The thin film prepared on the MgO substrate has a high
residual polarization strength (2P, =60.28 pC/cm?) and a low leakage current density (4.71 x 107% A/cm?). After 90 days
of room-temperature ageing, the residual polarization strength (2P,) of the film on the MgO substrate decreased by 16.8%,

with a lower ageing degree and better stability.
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Introduction

A multiferroic material refers to a material with two or more
ordered parameters, such as ferroelectricity, ferromagnetism
(antiferromagnetism), and ferroelasticity, and a series of rich
physical properties due to the interaction between ordered
parameters. '~ BiFeO; (BFO) is a scarce material that exhib-
its multiferroic properties at ambient temperature and has
become a research hotspot due to its excellent ferroelectric
properties, ability to perform magnetoelectric coupling, and
photovoltaic effects.>* Because of its ferroelectricity and
G-type antiferromagnetism at ambient temperature, BFO
possesses elevated Curie temperature (7-=1103 K) and
Neil temperature (7, =647 K) values. Therefore, BFO has
become a popular topic for in-depth investigations of multi-
ferroic materials, garnering universal interest from materi-
als scholars.>”” However, Fe** in pure-phase BFO tends to
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transform into Fe?* and generate oxygen vacancies, leading
to increased leakage current and other issues.® Therefore,
by doping of components, creating solid solutions, creating
double- or multilayer composite films, and changing sub-
strates, researchers can create high-quality films.”™'* Sub-
strates are essential for the development of thin films and
for testing certain characteristics. Different substrates exhibit
different lattice constants, and a lattice mismatch occurs in
the upper layer. The choice and orientation of the substrate
directly impact the crystal structure and other characteris-
tics of the thin film.'* Therefore, understanding how various
substrates affect the composition and characteristics of thin
films is essential.

Ujimoto et al.'> examined the composition and ferro-
electric characteristics of epitaxial thin films of BFO with
various lattice mismatches and found that lattice mismatches
led to the generation of defects in grains and affected polari-
zation reversal. In thin films with low mismatch strengths,
the grain density decreases with increasing leakage current
and coercive field. Park et al.'® prepared BFO thin films on
indium tin oxide (ITO) and Pt utilizing pulsed laser deposi-
tion to apply substrates and found that the leakage current
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of the Pt substrate was 8 X 1072 A/cmz, the ITO substrate
leakage current was 7x 107> A/cm?, and the leakage current
density on the ITO substrate decreased. Hou et al.!” pre-
pared BaTiO;/BiFeO; (BTO/BFO) bilayer films and found
that introducing BTO films generated stress that prevented
the formation of M-phase BFO and greatly contributed to
the reduction in dielectric loss and leakage current in BFO
films; as a result, the ferroelectric and piezoelectric prop-
erties of the films were improved. Wang et al.'® prepared
thin coatings on stainless steel substrates buffered with
LaNiO; (LNO), and after a buffer layer was incorporated,
the dielectric loss and density of leakage current decreased
substantially. Therefore, investigating the impacts of various
substrates on the structure and properties of BFO thin films
is a viable endeavour.

Based on the above literature, replacing substrates with
different lattice constants can generate substrate stress on
thin films, which can significantly affect the characteristics
and structure of BFO thin films. However, the literature
contains many discussions regarding the impacts of various
substrates on the ferroelectricity, ageing, and crystal struc-
ture alterations of thin films. In preliminary experiments,
we improved the performance of BFO thin films using ion
doping and found that 9BFZrO thin films achieved improved
performance over pure BFO thin films.!? In this paper, the
mechanism by which substrates impact the ferroelectricity
and phase transition of 9BFZrO thin films was comprehen-
sively analysed. Specifically, magnesium oxide (MgO) and
silicon (Si) single-crystal wafers with the same orientation
(<110>) were applied as substrates to study the impact of
various substrates on the composition and electrical charac-
teristics of 9BFZrO thin-film samples.

Experimental Procedure

MgO and Si single-crystal wafers were selected as sub-
strates, and magnetron sputtering was used to prepare
approximately 50-nm-thick LNO thin films as bottom elec-
trodes. The sol-gel method was used, with Fe(NO;);-9H,0,
Bi(NO;);-5H,0, and Zr(NO;),-5H,0 used as solutes. Since
bismuth salt is volatile at high temperatures, Bi(NO5);-5H,0
was weighed in excess of 5%. A 1:3 ratio of CH,CH,OH to
CH;COOH was used as the solvent, and CH;COCH,COCHj,
was added as the chelating agent. The mixture was stirred
at a constant speed for 12 h to generate a uniform and stable
semitransparent dark red solution. The LNO/MgO and LNO/
Si substrates were placed on a homogenizer for rotary coat-
ing, dried on a heating plate, and placed in a rapid anneal-
ing furnace for pyrolysis. The final heat treatment was per-
formed at 525°C to fully crystallize the thin film. The above
steps were repeated until the thin-film sample reached the
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expected thickness, and 9BFZrO/LNO/MgO and 9BFZrO/
LNO/Si multilayer thin films were constructed.

In this experiment, a Bruker D8 Advance x-ray diffrac-
tometer was used to analyse the crystal structure of the
9BFZrO thin films. The lattice phase transitions of the thin
films were characterized using a LabRAM HR 800 Raman
spectrometer. The surface morphology and grain size of the
thin films were characterized using a Hitachi SU8010 scan-
ning electron microscope. The changes in the valence states
of the elements in the thin film were determined using a
ESCALAB 250xi XPS analyser. A Radiant Technologies
ferroelectric tester was used to test the ferroelectric and leak-
age characteristics of the thin films. The dielectric constant
and dielectric loss were calculated using a TH2828S dielec-
tric tester.

Results and Discussion

Figure 1a shows the x-ray diffraction (XRD) patterns of the
9BFZrO thin films on MgO and Si substrates, and the pre-
pared samples are all polycrystalline in structure; Fig. 1b
shows the magnified (001) and (002) diffraction peaks of
the 9BFZrO film. The positions of the dashed lines indicate
the corresponding diffraction peaks of the single-crystal
bulk BFO. Compared with the MgO thin-film samples, the
Si thin-film samples no longer exhibit clear peak separa-
tion but merge to form a single peak. This change resulted
from a lattice mismatch caused by different lattice constants
between the thin film and substrate, resulting in differences
in the crystal structure of the thin film. The lattice mismatch
degree is calculated by Eq. 1 as follows:
a,—a
= M

Qs

where q; is the substrate lattice constant, and ay is the lat-
tice constant of the thin film. The lattice constant of the
MgO substrate is 4.216 /0%, and the lattice constant of the
Si substrate is 5.431 A. The lattice mismatches with the
9BFZrO thin film are 5.9% and 26.9%, respectively. Com-
pared to those of bulk BFO, the (001) and (002) diffraction
peaks of the 9BFZrO thin films on MgO and Si substrates
shift towards higher angles, corresponding to a decrease in
the lattice constant. Moreover, the degree of shift in thin
films prepared on Si substrates is greater than that on MgO
substrates, which can be explained by in-plane stress. Low-
angle movement corresponds to lattice elongation caused
by compressive stress, while high-angle movement reflects
lattice compression caused by tensile stress.”” The lattice
constants of MgO (4.216 A) and Si (5.431 A) are greater
than that of BFO (3.965 A), indicating that the 9BFZrO thin
films exhibit tensile strain on the MgO and Si substrates. To
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Fig.1 (a) XRD pattern of 9BFZrO thin films on MgO and Si substrates, (b) magnified (001) and (002) diffraction peaks, and (c) Williamson—

Hall plot.

verify our hypothesis, we further determined the strain of
the thin-film sample using the Williamson—Hall formula,*!
which is expressed as follows:
Bhiacost = % + 47sind, )
where f,,;, is the half-maximum width in radians, which is
the full width at half maximum (FWHM), D is the grain
size, K is a constant equal to 0.89, 4 is the x-ray wavelength,
0 is the Bragg diffraction angle, and 7 is the lattice strain.
P cosf was separated, and the y-axis and x-axis of the
4sin# function graphs were drawn based on the obtained
intercept and slope values to analyse the lattice strain of the
sample, where y is B, cos0 and x is 4sin6. Figure 1c shows
the Williamson—Hall plot of the 9BFZrO thin films on MgO
and Si substrates. The fitted straight-line slopes (0.0038
and 0.0019) of both samples were positive, confirming the

existence of tensile strain.?? The larger slope of the Si sub-
strate sample indicates that it has generated greater tensile
stress.

To investigate the impact of substrate stress on the
crystal structure of the 9BFZrO thin films, we performed
Raman spectroscopy. A group theory study revealed that
the BFO crystal in the R3c phase exhibited 13 Raman-
active modes”>**; IRaman.gse = 44| + 9E, where LaAlO;
and LaMnOj are very similar to rhombic R3¢ perovskite.?
Figure 2a shows the Raman spectra of the 9BFZrO thin films
on the MgO and Si substrates in the range of 50-650 nm.
The Raman spectroscopy data obtained by direct measure-
ment were further fitted, as shown in Fig. 2b and c. Table 1
shows the corresponding positions of each Raman mode,
which is consistent with the research results of Fukumura®
and Abdel et al.>” The Raman modes with frequencies below
170 cm™" correspond to the vibrations of Bi atoms, while
the Raman modes with frequencies between 170 cm™' and

@ Springer



Z.Jiang et al.

(

Q
~

Si

Intensity (a.u.)

MgO

—
O
~
>

Intensity (a.u.)

MgO

A-3
E
A -4
CW™\... \_

T T T T T T T T T T T
100 200 300 400 500 600

Raman shift (cm™)

T T v T T T v T d T
100 200 300 400 500 600

Raman shift (cm™)

(c) |E

Intensity (a.u.)

Si

' 1 ' )
100 200 300

) ' ) v )
400 500 600

Raman shift (cm™)

Fig.2 (a) Raman spectra of 9BFZrO thin films on MgO and Si substrates; (b, c) Raman spectra fitting.

260 cm™! correspond to the vibrations of Fe atoms. The
Raman modes with frequencies greater than 260 cm™' are
mostly associated with the motion of oxygen.?’ Further-
more, all 9BFZrO films have distinct peaks at approximately
200 cm™!, 320 cm™!, and 610 cm™! (shown by asterisks in
Fig. 2b and c), which correspond to the orthorhombic Pnma
phase of BFO films.?®?° These peaks are consistent with the
results reported by Iliev et al. for LaMnO; and YMnO; with
orthorhombic Pnma space groups.*® Therefore, the 9BFZrO
thin-film samples on the MgO and Si substrates coexist in
the rhombic R3¢ and orthogonal Pnma phases, which is
consistent with our previous research results.'® In addition,
it can be seen from the figure that the relative intensity of
the A;-1 Raman mode in the thin-film sample prepared on
the MgO substrate is significantly enhanced, indicating that
the sample has greater diamond distortion and greater R3¢
phase content. The Pnma Raman mode of the Si substrate
sample near 610 cm™! has a lower displacement and higher
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relative intensity, indicating that the sample contains more
of the Pnma phase. This can be explained by tensile strain,
as studies have shown that when tensile stress is continu-
ously applied, the BFO lattice transitions from the rhombic
R-phase to the orthogonal phase.?! Compared to that of the
MgO substrate, the excessive tensile stress generated by the
Si substrate causes the sample to contain more orthogonal
phases, which may affect its electrical properties.

Figure 3a and b show the SEM surface morphology
of the thin 9BFZrO layers on the MgO and Si substrates.
The grain development of all the samples was significantly
compact. The average grain sizes of the two samples are
approximately 57.6 nm and 52.5 nm, respectively, indicat-
ing that the MgO substrate sample has a relatively large
grain size, which is consistent with the XRD analysis
results. Figure 3c and d show SEM cross-sectional images
of the 9BFZrO thin films on the MgO and Si substrates.
Clear interfaces of 9BFZrO/LNO, LNO/MgO, and LNO/
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Table 1 Raman modes of the 9BFZrO thin films

Raman mode MgO (em™) Si (em™)
E 76.48 75.05
E 111.67 109.07
Al 14153 138.93
A2 170.35 168.43
Pnma 207.55 202.51
A3 229.27 228.22
E 258.21 257.12
E 285.74 286.69
Pnma 315.96 317.89
E 363.42 360.64
E 454.57 454.93
A4 483.87 483.38
E 515.81 514.68
E 545.86 544.72
E 581.72 581.85
Pnma 610.33 608.78
R fitting 0.9947 0.9988

Both A and E Raman modes correspond to the R3¢ space group.

Si can be observed in the images, with thicknesses of
approximately 800 nm and 50 nm for the 9BFZrO and
LNO layers, respectively.

XPS can further reveal the valence state changes and
defect states of various elements in the 9BFZrO thin films.
In general, the extent to which the film current leaks is
directly impacted by the valence variation in Fe** and the
number of oxygen vacancies in the 9BFZrO thin films, thus
influencing its overall performance. Figure 4a and b show
the Fe 2p,,, fitting of 9BFZrO thin films on various sub-
strates. The fitting results indicate that the Fe 2p5,, peaks of
both samples are composed of Fe?* and Fe** and are near
709.5 eV and 711 eV, respectively.*>*} The defect equation
states that the concentration of Fe?* is exactly proportional

to the concentration of oxygen vacancies as follows>*:

2Fe§e + 0§

- 2Fe,, + Vp + %02 T 3)

The figure shows that the ratio of the fitting areas of Fe**
and Fe?* in the samples of the MgO and Si substrates is
2.50 and 2.23, respectively. The results indicate that the
Fe>* content in the film with the MgO substrate is lower.
Figure 4c and d show high-resolution XPS spectra of O 1s
orbitals in thin film samples on the MgO and Si substrates.
The O 1s peak was fit using a Gaussian Lorentz curve. The
peak at binding energy of approximately 529 eV is attrib-
uted to lattice oxygen (O, ), while the peak at approximately
531 eV encompasses oxygen vacancies (Oy) and adsorbed
oxygen (O).*® The ratios of the fitting areas for Oy, and O
are 0.49 and 0.52, respectively. The thin film using MgO as

the substrate exhibits a comparatively low concentration of
oxygen vacancy defects, which aligns with the fitting results
obtained for Fe 2p;), orbitals.

Figure 5a shows the leakage current density curve (J-E
curve) of the 9BFZrO thin films on the MgO and Si sub-
strates. The study revealed that the J—E curve displays asym-
metry in positive and negative electric fields. This asymme-
try results from the disparate stress levels induced by the two
substrates and the distinct built-in potentials created by the
top and bottom electrodes. The leakage current densities of
the samples fabricated on the MgO and Si substrates under
a positive electric field of 200 kV/cm were approximately
4.71x107% A/em? and 7.16 x 10~® A/cm?, respectively. The
J value of the sample prepared on the MgO substrate was
slightly lower than that of the Si substrate sample. This may
result from the combined effects of a smaller lattice mis-
match, lower oxygen vacancy and Fe?* defect concentra-
tions, and larger average grain size in the MgO substrate
samples.*® o is the slope of the log(J)-log(E) curve, and
through a, the conductivity mechanism of the thin film is
derived, as shown in Fig. 5b. The leakage current mecha-
nism is shown in Table 2.

In Table 2, g represents the charge of an electron, y rep-
resents the mobility of the carrier, Ne represents the con-
centration of the carrier, ¢, represents the relative dielectric
constant, g, represents the vacuum dielectric constant, d is
the thickness of the film, K is the optical dielectric constant,
A, B, C, and D are constants, E is the electric field strength,
¢, is the Schottky barrier height, E, is the trap ionization
energy, K, is the Boltzmann constant, and 7 is the thermo-
dynamic temperature. From the above leakage mechanism,
it can be inferred that the log(J)-log(E) linear slopes of
the ohmic conduction and SCLC mechanisms are 1 and 2,
respectively. The fitting slopes of the two samples in Fig. 5b
(ov) are close to 1, indicating that the leakage current mecha-
nism of the 9BFZrO thin films on the MgO and Si substrates
is mainly an ohmic conduction mechanism.

Figure 6 shows the hysteresis loop (P-E) diagram of
the 9BFZrO thin films on the MgO and Si substrates, with
a test electric field of 990 kV/cm and a test frequency of
1 kHz. The two thin-film samples show residual polarization
strength (2P,) of approximately 60.28 pC/cm? and 25.17 pC/
cm?, respectively, and the residual polarization intensity of
the Si substrate sample is relatively low. Research has shown
that when tensile stress is continuously applied, the BFO
lattice transitions from the rhombic R-phase to the low-sym-
metry Mg phase and then to the orthorhombic phase, which
is a non-ferroelectric phase with opposite polarity.**~*> XRD
analysis revealed that, compared with the MgO substrate, the
Si substrate provided greater tensile stress to the 9BFZrO
film. Therefore, the decrease in residual polarization of the
Si substrate sample may result from the presence of more
orthogonal phases in the film, leading to a decrease in the
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Fig.3 (a, b) SEM surface morphology of 9BFZrO thin films on MgO and Si substrates; (c, d) SEM cross-sectional view.

ferroelectric properties of the film, which is consistent with
Raman analysis. Furthermore, the ferroelectric character-
istics of thin films are influenced by the concentration of
defects and the grain size. The Si substrate sample exhibits a
significant abundance of oxygen vacancies and Fe?* defects,
resulting in high leakage current density and small aver-
age grain size; as a result, it is difficult to flip ferroelectric
domains, and the residual polarization strength of the thin-
film sample is reduced.

Figure 7 shows the relative dielectric constants of the
9BFZrO thin-film samples on the MgO and Si substrates
(g,) and the dielectric loss (tand) as a function of the testing
frequency. The dielectric constant decreases with increas-
ing frequency, which is related to the polarization mecha-
nism.*** In the low-frequency range, the electrons accumu-
late at the grain boundaries and thus produce polarization
if they move to the grain boundaries as a result of thermal
motion or field stress. However, with the increase of the
measuring frequency, the pile-up effect is reduced because
the electrons continuously reverse their direction of motion,
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and hence the polarization is decreased.*> When the fre-
quency is greater than 10° Hz, the dielectric loss of both
samples is significantly increased, possibly because the flip-
ping of ferroelectric domains cannot match the flipping of
the electric field.*® The graph shows that the MgO substrate
sample has a relatively large dielectric constant and low
dielectric loss, indicating good dielectric performance. This
property may result from a combination of a smaller lattice
mismatch, lower defect concentration, and larger grain size
in the sample.

After the application of ferroelectric thin films, the reli-
ability of a device is almost completely dependent on the
stability of the ferroelectric thin films, so the anti-ageing
performance of thin films is particularly important. After the
films were aged for 90 days at room temperature, the hyster-
esis loops of the 9BFZrO films on various substrates were
re-evaluated. The results are shown in Fig. 8a and b. The
residual polarization intensity (2P,) of the thin films
decreased by 16.8% and 45.6% on the MgO and Si sub-
strates, respectively. The thin film produced on the MgO
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Table 2 Leakage current Leakage mechanism

Expression formula

Linear relationship Conditions met

mechanism
Ohmic conduction [19] Jommic = GUN,E log(J)-log(E) a1
Space charge-limited cur- Jscre = due o o log(J)-log(E) ar?2
rent (SCLC) conduction 8a?
[19]
Schottky emission [37] of JE n(J/T2 &E%
Jse =AT2exp(—%”T)exp<—( K‘;TO")> ( )
Poole—Frenkel (P-F) o /=)=, In(J/T?) &E3
emission [38] Jpr = BEexp [(”#;)] (/%)
Fowler—Nordheim (F-N) D2 /o In(J/E*) &1
tunnelling effect [39] Jen = CE%exp [— \E/Z ( ) E
60 substrate exhibited a low degree of ageing and excellent sta-
bility. The ageing mechanism of the body involves the for-
40+ mation and rearrangement of defect electric dipoles by the
o~ migration of point defects, often oxygen vacancies. In the
g 201 9BFZrO thin films, (Fe§+3+ > and (V,y,_)" form ordered defect
9 / ;o
‘8’ 0 7 dipoles [(Feé}) = (Vo) “], which align the symmetry of
"5 204 the defects with the crystal and form and internal electric
5 field PD.47 After an external electric field E,, is applied, the
£ .40 MgO orientation of the spontaneous polarization P, is altered;
N however, the internal electric field P, remains unchanged.*®
60 . : . : : After the external electric field E, was eliminated, the defect
-1000 -500 0 500 1000 symmetry remained unaltered, and the internal electric field

Electric Field (kV/cm)

Fig.6 Hysteresis loop (P-E) diagram of 9BFZrO thin films on MgO
and Si substrates
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Fig. 7 Frequency-dependent curves of the relative dielectric constant
and dielectric loss of 9BFZrO thin films on MgO and Si substrates
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P, acted as a restorative force, causing the direction of P to
revert to its initial orientation, as shown in Fig. 8c. Accord-
ing to the XPS analysis above, the sample on the MgO sub-
strate contains a low concentration of defects such as oxygen
vacancies and Fe?*, and the pinning effect of the domains is
weak. Therefore, the ageing effect caused by the orderly

!’
arrangement of defect dipoles, such as [(Feéj3+ ) — (VOZ‘ ) ]

is weak, and the anti-ageing performance of the film on the
MgO substrate is good.

Conclusions

9BFZrO/LNO/MgO and 9BFZrO/LNO/Si multilayers were
prepared by the sol-gel method on MgO and Si single crystals
as substrates, respectively, and LNO thin films approximately
50 nm thick were used as bottom electrodes and transition
layers by magnetron sputtering. The XRD and Raman results
indicate that the 9BFZrO thin film samples prepared on MgO
and Si substrates have a structure composed of both rhombic
R3c and orthogonal Pnma phases. For MgO substrates, the
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excessive tensile stress provided by Si substrates results in
more orthogonal phases in the samples. SEM analysis revealed
that the grains of all the samples were relatively dense, and
the thin films prepared on the MgO substrate had relatively
large grains. The XPS results indicate that the Fe** content and
oxygen vacancy defect concentration of the thin film prepared
on the MgO substrate are relatively low, indicating that exces-
sive lattice mismatch can lead to an increase in Fe**. At room
temperature, a test frequency of 1 kHz, and an electric field
intensity of 990 kV/cm, the MgO substrate sample exhibited the
maximum residual polarization intensity (2P,=60.28 uC/cm?).
Under a positive electric field of 200 kV/cm, the leakage cur-
rent density of the thin film on the MgO substrate was approxi-
mately 4.71 x 1076 A/em?. After 90 days of room-temperature
ageing, the residual polarization strength (2P,) of the film on
the MgO substrate decreased by 16.8%, with a lower ageing
degree and better stability. Therefore, these results indicate that
the smaller the substrate lattice mismatch, the more favourable
for the formation of structurally stable and electrically sufficient
thin films.
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