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Microplate (MP) and microrod (MR)-type CoFe>0,4/(Bis 25Ndg gsEUo.10) TisO12 composite thin films were fabricated by a combination of reactive ion
etching and metalorganic chemical vapor deposition. The effects of post-annealing temperature on the structural, magnetic, electrical, and
magnetoelectric (ME) properties of the films were investigated. Based on the results, the optimal ferroelectric pillar structure to obtain a large ME
voltage coefficient (o, ) was determined. The electrical insulation properties for the films improved with increasing post-annealing temperature. On
the other hand, magnetic and ferroelectric properties were degraded at high-temperature. Judging from the structural, magnetic, electric, and ME
properties, the optimum post-annealing temperature was 700 °C. The shape of the ferroelectric layer had a significant influence on the ferroelectric
properties and consequently on «,,_. The MR shape exhibited a smaller clamping effect than the MP shape, producing a greater ME effect. The a,,_
for the MR-type film post-annealed at 700 °C was 5.5 mV cm~' Oe™'. © 2021 The Japan Society of Applied Physics

1. Introduction

Multiferroics (MFs) with both ferroelectric and ferromagnetic
properties have attracted much attention. They are expected
to be applied in a wide range of industries because they
exhibit a magnetoelectric (ME) effect, which enables the
electric polarization to be controlled by a magnetic field and
the magnetism to be controlled by an electric field.'”'” MFs
can be roughly classified into single-phase and composite
types. Most single-phase MFs exhibit ferroelectricity and
ferromagnetism only at extremely low temperatures.'” On
the other hand, composite MFs exhibit both properties
because they contain both a ferroelectric material and a
ferromagnetic material, and are expected to produce a large
ME effect at room temperature. Because of the increasing
miniaturization of electronic devices, it is essential to use
thinner materials to enable higher levels of integration.
However, in the case of MFs, thinner films are affected by
the clamping effect from the substrate, which suppresses the
elastic interaction between magnetostriction and piezoelectric
and prevents a large ME effect. Various thin-film structures
have been studied in order to reduce this clamping
effect,'>™'* and one such approach is the formation of pillars
in the films. However, most such films are synthesized by
self-assembled crystal growth, and there are many problems
regarding their reproducibility and properties. Most studies
on pillar-type films have investigated the use of a ferromag-
netic material for the pillar structure and a ferroelectric
material for the matrix. To date, there have been few reports
on MFs with ferroelectric pillars and ferromagnetic
matrices.'” In our previous study, we have successfully
fabricated  a-axis oriented (Biz»5NdgesEug 19)Tiz01,
(BNEuT) nanoplates with a unique nanoplate structure and
large remanent polarization (2P, =66 uCcm %) at room
temperature.'®'® The MF composite films were fabricated
by utilizing the gaps in the nanoplate structure,'” but the
ME effect could not be clearly observed due to the small
amount of ferromagnetic material introduced in the small
gaps. Therefore, ferroelectric micropillar structure controlled
sizes of gaps were fabricated by reactive ion etching (RIE). In
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this study, the micropillar obtained by line and space
processing and grid processing are defined as microplate
(MP) and microrod (MR) [Fig. 1], respectively. MP-type
CoFe,0, (CFO)/BNEuT(#00) composite thin films were
successfully fabricated by densely depositing CFO in the MP
gaps.”" However, we have not been able to observe a clear
ME effect. This is thought to be due to the small size of the
deposited polycrystalline CFO particles, which results in a
small elastic interaction between magnetostriction and piezo-
electricity at the interface between the ferroelectric and
ferromagnetic domain walls. In order to solve this problem
and to obtain a clear ME effect, it is necessary to enhance the
magnetostriction by increasing the grain size and controlling
the orientation of the CFO film. In addition, there have been
no reports on the effect of ferroelectric film geometry on the
ME properties of MF composite thin films.

In this study, a-axis-oriented epitaxial BNEuT thin films
were prepared by high-temperature sputtering followed by
micropatterning using RIE to form MP and MR structures
with a pitch size of 5pum. Using these thin films as
ferroelectric pillars, MP-type and MR-type MF composite
thin films were subsequently deposited by metalorganic
chemical vapor deposition (MOCVD). The effects of the
post-annealing temperature on the structural, magnetic,
electrical, and ME properties of the films were then inves-
tigated. Based on the results, we determined the optimal
ferroelectric pillar shape to obtain a large ME voltage
coefficient.

2. Experimental procedure

The a-axis-oriented epitaxial BNEuUT thin films were fabri-
cated by high-temperature sputtering on Nb:TiO,(101) sub-
strates using powder targets with a chemical composition of
0.7(Bi3 25Ndg ¢5Eu.10)TizO;> + 0.3Bi,03. MP and MR
structures with a pitch size of 5 um were fabricated by the
same method as in our previous study.”” CFO films were
then deposited on the BNEuT(#00) MP and MR films by
MOCVD using [Fe(thd);] as a Fe source and [Co(thd),] as a
Co source. In order to confirm the effectiveness of the two
pillar types, lamination-type CFO/BNEuT(#00) composite

© 2021 The Japan Society of Applied Physics
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Fig. 1.

of 5 pym.

Table . MOCVD conditions for CFO film on the

BNEuT(#00)/Nb:TiO,(101).

Metalorganic precursor  Fe(thd); Co(thd),

Precursor temper. (°C) 145 111

Ar carrier gas flow rate 109 100
(sccm)

Deposition pressure (Pa) 600

Substrate temper. (°C) 550

Deposition time (min) 140

0O, gas flow rate (sccm) 350

Substrate BNEuT(h00)/Nb:TiO»(101)

film was prepared under the same conditions. Table I shows
the MOCVD conditions. The composite films were post-
annealed at 600 °C—850 °C for 10 h under a nitrogen atmo-
sphere.

Phase identification for the samples was conducted using
X-ray diffraction (XRD; Rigaku Ultima IV) measurements at
room temperature. The surface microstructure and Bi content
for the films were investigated using a field-emission scan-
ning electron microscopy (FE-SEM; JEOL JSM-7200F)
system equipped with an energy dispersive X-ray spectro-
metry (EDS) detector. In-plane and out-of-plane room-
temperature magnetization—magnetic field (M—H) character-
istics were measured by applying a DC magnetic field in the
range of 0 to +5 kOe using a vibrating sample magnetometer
(VSM; Toei Kogyo, VSM-5). The leakage current density
—applied electric field (J—FE) characteristics were measured
at room temperature under an applied field that was swept
from 20 to 400kVem ™! in 20kVem™! steps, at 10s
intervals using a programmable electrometer (Keithley
617). Polarization—electric field (P—E) hysteresis loops
were measured at room temperature using a ferroelectric
test system (Toyo FCE3-EMS). The applied electric field and
frequency were +600 kV cm™' and 100 Hz, respectively. The
ME voltage coefficient (o, ) was measured using a ME
measurement system. A DC magnetic field and an AC
magnetic field (6Hac) were applied parallel to the sample
surface at 0to+4.5kOe and 10 Oe, respectively. The fre-
quency of the AC magnetic field was 1kHz. The obtained
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Surface SEM images: (a) top view and (c) tilted view for MP-type film, and (b) top view and (d) tilted view for MR-type BNEuT film with a pitch size

ME signal (V) was measured using a lock-in amplifier
(NF LI5640). The o value was calculated using Eq. (1):23)

amMg = 0V/d - 6Hpc, (D

where 6V, Hac, and d indicate the ME voltage induced by the
AC magnetic field, the applied AC magnetic field, and the
thickness of the ferroelectric layer, respectively. The sample
was poled by P—E measurements repeated 50 times at an
applied electric field of 600kVcm™' and a frequency of
100 Hz in advance.

3. Results and discussion

Figure 2 shows XRD profiles for MP-type CFO/BNEuT
composite films with a pitch size of 5 ym post-annealed at
700°C-850°C and as-deposited films without post-an-
nealing. Diffraction peaks indexed as 111, 311, 222, 400,
422, 511, and 440, which are attributed to the inverse spinel
structure of CFO, were observed for all samples. On the other
hand, new diffraction peaks indexed as 012, 110, and 024
attributed to hematite (a-Fe,03), and 511 and 440 attributed
to Co304 appeared at 800 °C—850 °C. These results indicate
the thermal decomposition of CFO.**

Figure 3 shows surface FE-SEM images of MP-type films
post-annealed at 700 °C-850 °C. With increasing post-an-
nealing temperature, the average grain size increased in the
range 237-503 nm. Particularly, at 750 °C-800 °C, the
average grain size increased markedly from 259 to 438 nm.
In general, a material with a low melting point binds particles
with a high melting point, since the former becomes liquid
first. In the present case, Bi has a melting point of 271 °C,
Bi,03 has a melting point of 820 °C, and CFO has a melting
point of 1570 °C.*> Noguchi et al. reported that Bi and O
vacancies are formed in BiyTizO;, (BIT) crystals at high-
temperature. In addition, it was reported that Bi (g), Bi,O3
(2), and O, (g) are generated as a result of defect formation in
BIT at high-temperature.”® Therefore, it is considered that
volume and surface diffusion of Bi (g), Bi,O5 (g), and O, (g)
in the upper CFO layer caused remarkable CFO grain growth
in the post-annealing temperature range of 800 °C-850 °C.

© 2021 The Japan Society of Applied Physics
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Fig. 2. XRD profiles for MP-type CFO/BNEuT composite films with a
pitch size of 5 pum post-annealed at (a) 700 °C, (b) 750 °C, (c) 800 °C, and
(d) 850 °C, and (e) as-deposited MP-type CFO/BNEuT composite film
without post-annealing.

Fig. 3. Surface FE-SEM images of MP-type CFO/BNEuT composite films
with a pitch size of 5 pm post-annealed at (a) 700 °C, (b) 750 °C, (c) 800 °C,
and (d) 850 °C. A and B indicate the top and bottom parts of the line and
space pattern, respectively.

Figure 4 shows in-plane and out-of-plane room-tempera-
ture M—H hysteresis loops for MP-type films post-annealed
at 700 °C-850 °C. The magnetization at 5 kOe (M5 o) and
remanent magnetization (M,) in the in-plane direction are
much larger than those in the out-of-plane direction. This
suggests that this sample has shape magnetic anisotropy.
Clear magnetic hysteresis loops were observed for the
films post-annealed at 700 °C and 750°C. The M5 yoe
(46—49 emu g_l) and the coercivity (H.) (886-905 Oe) in
the in-plane direction for the sample post-annealed at
700 °C-750 °C were superior to those for the as-deposited
film (M5 0. = 46 emu gfl, H.=951 Oe). On the other hand,
a decrease in M5 o, and H. was observed in the in-plane
magnetic hysteresis at 800 °C and 850 °C. In addition, the
magnetic hysteresis loops had an unusual constricted shape.
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Fig. 4. Room-temperature in-plane and out-of-plane M—H hysteresis loops
for MP-type CFO/BNEuT composite films with a pitch size of 5 pm post-
annealed at (a) 700 °C, (b) 750 °C, (c) 800 °C, and (d) 850 °C.

This is considered to be caused by the coexistence of
antiferromagnetic a-Fe,05?” and Co30,4,*® which appear
as secondary phases with the main CFO phase, as is evident
in the XRD patterns. Based on these results, a post-annealing
temperature of 750 °C or lower is considered to be appro-
priate.

Figure 5(a) shows the J—FE characteristics of MP-type
films post-annealed at 600 °C-850 °C. The leakage current
density decreases significantly with increasing post-annealing
temperature. The MP-type films post-annealed at 700 °C—
850 °C showed excellent electrical insulation properties, with
a leakage current density of less than 1.0 x 107/ Acm ™2
under an applied electric field of less than 100kV cm™'. In
particular, the film post-annealed at over 800 °C maintained
high electrical insulating  properties (less than
5.4 % 107" Acm™?) even under an applied electric field of
400kV cm™ . It is presumed that this is because the grain
boundary volume of CFO, which acts as electrical conduction
pathways, decreased due to the remarkable growth of CFO
grains caused by high-temperature annealing. Figure 5(b)
shows room-temperature P—FE hysteresis loops for MP-type
films post-annealed at 600 °C-850 °C. Compared to the as-
deposited film, P, for the sample post-annealed at 600 °C was
significantly reduced from 49 to 27 ;C cm™2. This is thought
to be due to the reduction of leakage current by post-
annealing, as shown in Fig. 5(a). For annealing temperatures
of 800 °C and 850 °C, the loop shape became flattened in the
transverse direction and the ferroelectricity was significantly
reduced, despite the excellent J—FE characteristics. This may
be attributed to the fact that polarization reversal was
inhibited by the domain pinning associated with the forma-
tion of Bi and O vacancies in the underlying BNEuT layer
during the high-temperature post-annealing process.
Figure 5(c) shows the annealing temperature dependence of
the Bi/Ti ratio and P, value for MP-type films post-annealed
at 600 °C-850°C. The Bi content in the film decreased
relatively slowly at 600 °C-650°C, but significantly at

© 2021 The Japan Society of Applied Physics
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(a) Room-temperature J—E characteristics, (b) P—E hysteresis loops, and (c) variations in the Bi/Ti ratio and P, for MP-type CFO/BNEuT composite

films with a pitch size of 5 ym post-annealed at 600 °C-850 °C. The Bi content was determined from the intensities of the Bi-Ma peak at 2.42 keV and the

Ti-Ko peak at 4.51 keV in the EDS spectra.

650 °C-800 °C. This behavior is similar to that for P,. These
results demonstrate that evaporation of Bi occurs at high
post-annealing temperatures, and as a result, the ferroelec-
tricity of BNEuT decreases.

Figure 6(a) shows the room-temperature . for MP-type films
post-annealed at 600 °C-750°C as a function of the DC
magnetic field in the range of 0-4.5kOe, which indicates ME
behavior. This is similar to the ME behavior of lamination-type
BIT/CFO composite film reported by Tang et al.'® This confirms
the occurrence of the ME effect in this material. However, the
ME effect was not clearly observed for films annealed at
800 °C-850°C. The reason for this is considered to be the
decrease in magnetostriction due to the formation of antiferro-
magnetic a-Fe,0; and Co30,4 by thermal decomposition of CFO,
and the decrease in ferroelectricity due to the volatilization of Bi
in the underlying BNEUT layer at high-temperature. The inter-
action between magnetostriction and piezoelectric is considered
to have decreased due to the two factors described above. Here,
the DC magnetic field at which v shows a maximum is defined
as H,p,. From the figure, H, shifts from the high field to the low
field side with increasing annealing temperature from 600 °C to
750 °C. This may be explained as follows. The CFO layer
(CFO=85x10"°°C™H* is subjected to stress from
the ferroelectric pillar layer (BIT-g-axis=4.7 x 107°°C~",
BIT-b-axis =123 x 107°°C™", and  BIT-c-axis=17.5 x
107%°C1)*? due to the difference in the coefficient of linear
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expansion. Naturally, the degree of stress changes as the
annealing temperature changes, and the magnetostriction beha-
vior of the CFO thin-film layer is assumed to have been affected
by the change.*" Figure 6(b) shows the post-annealing tempera-
ture dependence of the maximum value of room-temperature o
for MP-type films. The a_ increases at 600 °C-700 °C, reaches
a maximum at 700°C (o, =2.1mV cm ! Oefl), and then
significantly decreases at 750 °C. The initial increase is due to
the increase in magnetostriction caused by the increase in the
grain size of CFO, which enhances the elastic interaction
between magnetostriction and piezoelectricity. On the other
hand, the subsequent decrease may be explained by the
presumption that the effect of the decrease in ferroelectricity
brought about by the volatilization of Bi in the BNEuT is greater
than the effect of the increase in magnetostriction with increasing
grain size. Based on these results, it is concluded that the
optimum post-annealing temperature to obtain a maximum o,
is 700 °C.

Figure 7(a) shows in-plane room-temperature M—H hys-
teresis loops for MP-, MR- and lamination-type films post-
annealed at 700 °C. All types showed good magnetic hyster-
esis. The magnetization for the lamination-type film is
slightly smaller than that for the MP- and MR-type films,
but there is almost no difference in M, and H.. This suggests
that the magnetic properties are not affected by the shape of
the underlying ferroelectric layer. Figure 7(b) shows P—FE

© 2021 The Japan Society of Applied Physics
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size of 5 ym, and a lamination-type CFO/BNEuT composite film post-annealed at 700 °C.

hysteresis loops for the MP-, MR- and lamination-type films
post-annealed at 700 °C. The P—E loops for the MR-type
film have a longitudinal rectangular shape with smaller E.
than those for the lamination- and MP-type films. The P,
(=35 uCem ) for the MR type is about 3.7 times larger
than that for the lamination-type film and about 2.5 times
larger than that for the MP-type film. This suggests that the
clamping effect of the substrate is smaller for the MR-type
film than for the MP- and lamination-type films.*?

Figure 8 shows a _for the MP-, MR-, and lamination-type
films post-annealed at 700°C as a function of the
DC magnetic field in the range 0-4.5kOe. The
a, (5.5mV cm ' Oe ') for the MR-type film is 9.2 times
larger than that for the lamination-type film and 2.6 times
larger than that for the MP-type film. These results indicate that
the shape of the underlying ferroelectric layer is closely related to
a, . In other words, compared with the lamination-type film and
the MP-type film, the MR-type film can suppress the clamping
effect from the substrate to the lowest level and is effective for
obtaining a large o . This is presumably due to the fact that one
MP is a continuous structure in one direction, while MRs are
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Fig. 8. Room-temperature o, for MR- and MP-type CFO/BNEuT
composite films with a pitch size of 5 ym, and a lamination-type CFO/
BNEuT composite film post-annealed at 700 °C as a function of the DC
magnetic field in the range of 0—4.5 kOe.
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independent. In other words, the MR not only suppresses the  3)
constraint from the substrate but also reduces the constraint of
the MR itself. From the viewpoint of the magnetic and ferro- g;
electric properties, it can be concluded that the main reason for
the dependence of o on the shape of the ferroelectric layer is 6)
that the degree of clamping effect varies depending on the shape, 7)
and thus the ferroelectric characteristics change. We found that 8)
the MR-type film post-annealed at 700 °C shows the largest
a, due to the small clamping effect. The o, (=5.5mV cm ™! 9)
Oe ') of the MR-type composite film obtained in this study was 10)
smaller than that of the previously reported multilayer films of
CFO/PZT (o, =40-273mVcm ' Oe 'y and CFO/BIT  11)
(o, =29.3mV em ' 0e ) due to various factors such as
material properties and sample preparation method. However, if 12)
the MR structure is fabricated using a ferroelectric material with 13)
excellent piezoelectric constants such as PZT, an even larger o
than that of conventional multilayers can be expected. 1;;
4. Conclusions 13;
MP-type and MR-type CFO/BNEuT composite films were  18)
fabricated and the effects of the post-annealing temperature
and the ferroelectric layer morphology on their properties 9)
were investigated. The results can be summarized as follows:
(1) Judging from the structural, magnetic, electric, and ME
properties, the optimum post-annealing temperature was 20
700 °C. 21)
(2) The shape of the ferroelectric layer had a significant  2p)
influence on the ferroelectric properties. The MR shape
reduced the clamping effect and produced a large ME 29
effect.
(3) The MR-type film post-annealed at 700 °C showed an  24)
a, value of 5.5 mV cm 'Oe . 25)
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