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Regardless of the deposition time (30—90 min), almost single-phase magnetite (Fe30,) films with a cubic inverse-spinel structure were produced at
a substrate temperature of 500 °C by metalorganic chemical vapor deposition (MOCVD). The Fe304/(Biz 25Ndg 65EU0.10) TizO12 (BNEUT) composite
film deposited at 500 °C for 90 min by MOCVD exhibited excellent room-temperature magnetic properties, such as a saturation magnetization of
480 emu/cm®, a residual magnetization of 160emu/cm?, and a coercivity of 297 Oe. Ferromagnetic Fe30,4 electrodes micropatterned using a
combination of photolithography and reactive ion etching were fabricated after MOCVD, and their structural, leakage current, and ferroelectric
characteristics were investigated. The room-temperature leakage current density—applied electric field and polarization—electric field (P-E)
characteristics of the composite films were successfully measured using Fe;O,4 electrodes. The room-temperature P-E hysteresis loop for a
sample with the structure Fe;04/BNEUT/Nb:TiO,/Ti had a relatively good shape, with a remanent polarization of 8 uC/cm? and a coercive field of

193kV/cm. © 2017 The Japan Society of Applied Physics

1. Introduction

To minimize clamping effects'™ due to the presence of a
substrate, and achieve enhanced multiferroic (MF) properties
(ferroelectricity and ferromagnetism) and a large magneto-
electric (ME) effect,*® we fabricated nanopillar-type MF
composite devices by depositing the ferromagnetic material
magnetite (Fe304)9_14) on (200) (Bi3'25Nd0‘65EU0_10)Ti3012
(BNEuT)/(101) Nb:TiO, substrates'>17 by metalorganic
chemical vapor deposition (MOCVD)!'%? in our previous
study.?” We succeeded in achieving a high magnetite particle
filling rate of approximately 90% in narrow spaces between
BNEuT nanoplates. The substrate temperature during
MOCVD was found to be the dominant factor influencing
both the filling rate and the crystallinity of the magnetite
particles. It is known that Fe;O, has a cubic inverse-spinel
structure (space group: Fd3m)*" above the so-called Verwey
transition temperature of 120 K.?>? A film with a thickness
of 100 nm was found to exhibit a room-temperature electrical
conductivity of 2.38 x 10>S/cm, which is as high as that
of metals.? It also displayed excellent room-temperature
ferromagnetism with a large saturation magnetization (M) of
479 emu/cm>? and a comparatively small coercivity (H,) of
200-400 Oe.?® Although these properties make such films
promising for use in magnetic electrodes at temperatures of
120-858 K,?¥ it is necessary to develop an effective electrode
micropatterning process in order to investigate the electrical
properties of the composite devices. In the present study, we
examine the feasibility of high-speed, accurate micropattern-
ing of Fe;O4 films on BNEuT/Nb:TiO, substrates by
reactive ion etching (RIE).>2® Kanda and coworkers
reported the use of RIE to fabricate multimorph cantilevers
with a stacked structure comprising alternate piezoelectric
Pb(Zr,Ti)O; and internal Pt/Ti/Pt electrode layers.?’=» The
devices generated a larger force than conventional unimorph
and bimorph cantilevers. However, there have been no
reports on the fabrication of ferromagnetic Fe;O, film
electrodes micropatterned by RIE thus far.
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In the present study, multiferroic Fe;0,/BNEuT compo-
site thin films were fabricated by depositing ferromagnetic
Fe;04 films with different thicknesses on (200) BNEuT/
(101) Nb:TiO, substrates by MOCVD and varying the
deposition time. The Fe;0, films were then micropatterned to
produce electrodes using a combination of photolithography
and RIE. The structural, leakage current, and ferroelectric
characteristics of the RIE-processed composite films were
then investigated.

2. Experimental procedure

BNEUT ferroelectric template films were deposited on (101)
Nb:TiO, substrates using an rf sputtering equipment.'>~17)
Fe;0,4 films were deposited by MOCVD using iron(IIl)
tris(2,2,6,6-tetramethyl-3,5-heptanedionato)  [Fe(thd);]***
as the metalorganic precursor. The MOCVD system had a
single metalorganic precursor delivery system, and has been
described in detail elsewhere.?” Each film was deposited on a
1.9-um-thick (200) BNEuT/(101) Nb:TiO, substrate at a
substrate temperature of 500 °C under a carrier gas flow rate
of 100 sccm and an oxidizing gas flow rate of 300 sccm. To
investigate the effects of the Fe;Oy electrode thickness on the
electrical properties of the composite films, deposition times
of 30, 60, and 90 min were used. Figures 1(a) and 1(b) show
the schematic illustrations of as-deposited and RIE-processed
composite films, respectively. The thicknesses of the Fe;O4
layers deposited for 30, 60, and 90 min were approximately
70, 140, and 210 nm, respectively. A schematic illustration
of the MOCVD and RIE processes for fabricating micro-
patterned Fe;O4 film electrodes on BNEuT/Nb:TiO, sub-
strates is shown in Fig. 2. After spin-coating the Fe;O,/
BNEuT sample with a photoresist layer, it was patterned
using a photomask containing circular holes with diameters
of 30, 50, 100, and 200 um in a Canon PLA-501 photoli-
thography system. Following the development of the photo-
resist, the exposed Fe;O,4 regions were processed using a
commercial ICP-RIE system (SAMCO RIE-101HU) under
the etching conditions listed in Table 1.

© 2017 The Japan Society of Applied Physics
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Fig. 1. Schematic illustrations of Fe;0,/BNEuT composite thin films deposited by MOCVD: (a) as-deposited and (b) RIE processed.
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Fig. 2. Schematic illustration of MOCVD and RIE processes for fabricating micropatterned Fe;O, film electrodes on (200) BNEuT/(101) Nb:TiO,

substrates.
Table I. Etching conditions for micropatterning Fe;O, electrodes by RIE.
Reactive gas CF,
Flow rate of reactive gas (sccm) 20
Rf power for plasma generation (W) 300
Rf bias power (W) 50
Process pressure (Pa) 2
Etching rate (nm/min) 10

Phase identification in the composite films was conducted
by X-ray diffraction (XRD; Rigaku Ultima IV). The ob-
servations of the surface microstructure of the as-deposited
films and the Fe-Ka and Bi-Ma elemental mapping of the
films following RIE processing were performed by field-
emission scanning electron microscopy (FE-SEM; JEOL
JSM-7001FA) combined with energy-dispersive X-ray spec-
troscopy (EDS). Magnetic moment—-magnetic field (m—H)
curves for the samples were measured at room temperature
using a vibrating sample magnetometer (Toei Industry VSM-
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5).373%) A magnetic field of 0 to +5kOe was applied in the
plane of the samples. The magnetization (M) was calculated
as m - p/w, where m is the magnetic moment, p is the density
(5.195 x 10°kg/m>) estimated from the theoretical volume
and molecular weight of polycrystalline Fe304,>? and w is
the Fe;O4 mass determined from measurements using an
ultra-microbalance (Mettler Toledo XP2U) before and after
Fe;0, deposition. To form ohmic contacts for electrical
measurements, rf sputtering without substrate heating was
carried out to deposit a 30-nm-thick Ti film*® on the back
side of the substrate. The samples used to measure the
leakage current density—applied electric field (J-E) and
ferroelectric characteristics thus had the structure Fe;Og4/
BNEuT/Nb:TiO,/Ti. The J-E characteristics were measured
at room temperature under an applied field that was swept
from 0 to 250kV/cm in 10kV/cm steps, at 10s intervals
using a programmable electrometer (Keithley 617). Polar-
ization—electric field (P-E) hysteresis loops were measured
at room temperature using a ferroelectric test system (Toyo
FCE3-EMS).

© 2017 The Japan Society of Applied Physics
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Fig. 3. XRD profiles for iron oxide films deposited at 500 °C for (a) 30,
(b) 60, and (c) 90 min by MOCVD, and (d) typical (200) BNEuT/(101)
Nb:TiO, substrate before MOCVD deposition.

3. Results and discussion

Figure 3 shows XRD profiles for composite films following
iron oxide deposition for (a) 30, (b) 60, and (c) 90 min by
MOCVD, and (d) a typical BNEuT /Nb:TiO, substrate before
MOCVD deposition. As can be seen, the BNEuT films
used as ferroelectric templates exhibit a strong 200 diffraction
peak and relatively weak 00/ peaks; the degree of ag-axis
orientation was calculated to be approximately 98.5%. In
Figs. 3(a)-3(c), the deposited iron oxide is observed to
consist of mainly single-phase Fe;O4 with a cubic inverse-
spinel structure,?” regardless of the deposition time. The
existence of 220, 311, 511, and 440 diffraction peaks
suggests that the Fe;Oy is polycrystalline, which is consistent
with the ring-like selected area electron diffraction patterns
observed in our previous study.?”

Figure 4 shows the surface FE-SEM images of (a) a
BNEuT ferroelectric template film and Fe;O,/BNEuT
composite films deposited for (b) 30, (c) 60, and (d) 90 min
by MOCVD. Figure 4(a) shows characteristic BNEuT nano-
plates with a height of 1.9um and a width of 50-100 nm
stacked along the [001] direction. As seen in Figs. 4(b) and
4(c), for Fe;0,4 deposition times of 30 and 60 min, the surface
morphologies are similar, consisting of ferromagnetic grains
with diameters of 110—150 nm thinly coating both surfaces of
the nanoplates while maintaining the underlying nanoplate
shape. On the other hand, at 90 min, agglomerated particles
comprising grains with an average diameter of approximately
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Fig. 4. Surface FE-SEM images of (a) sputtered BNEuT thin film used as
ferroelectric template and Fe;O,/BNEuT composite thin films deposited at
500 °C for (b) 30, (c) 60, and (d) 90 min by MOCVD.
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Fig. 5. (a) Room-temperature in-plane m—H curves for Fe;04/BNEuT
composite films deposited at 500 °C for (a) 30, (b) 60, and (c) 90 min, and
(b) room-temperature in-plane M—H curve for a Fe;0,/BNEuT composite
film deposited at 500 °C for 90 min by MOCVD.

190 nm are observed in Fig. 4(d). The latter result is seen to
be produced according to MOCVD growth that is a diffusion-
limited process determined by the rate of arrival of raw
material gases and the rate of desorption of unnecessary
produced gases, as described in detail elsewhere.??)

Figure 5(a) shows room-temperature in-plane m—H curves
for composite films produced by Fe;O, deposition for (a) 30,
(b) 60, and (c) 90 min, and Fig. 5(b) shows a room-tem-
perature in-plane M—H curve for the composite film produced

© 2017 The Japan Society of Applied Physics
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Table Il. Relationship between hole diameter in photomask and RIE accuracy.
MOCVD time (min) 30 60 90
Fe;0; film thickness (nm) 70 140 210

Hole diameters in photomask (um) Average diameters for RIE-processed electrodes (um)

(Theoretical values)

[comparison with theoretical values (%)]*

30 30.2 [100.6]
50 49.9 [99.8]
100 98.4 [98.4]
200 196.2 [98.1]

30.1 [100.4] 31.3 [104.3]
49.4 [98.7] 50.0 [100.0]
97.6 [97.6] 98.0 [98.0]
195.2 [97.6] 195.2 [97.6]

a) {[measured average values]/[theoretical values]} X 100.

Fig. 6.

(Color online) (a) Surface FE-SEM image of composite thin film, following Fe;O,4 deposition at 500 °C for 90 min by MOCVD and RIE for 30 min,

(b) enlarged image showing circular electrodes, (c) high-magnification image of RIE-processed region, and EDS elemental maps using (d) Fe-Ka peak at
6.398 keV (white color) and (e) Bi-Ma peak at 2.419keV (yellow color) for the region shown in (b).

by Fe;0,4 deposition for 90 min. As seen in Fig. 5(a), all of
the samples exhibit narrow rectangular hysteresis loops,
indicating that these materials are ferromagnetic, and the
room-temperature saturation magnetic moments are 0.56 X
1073, 1.00 x 1073, and 1.21 x 1073 emu for deposition times
of 30, 60, and 90 min, respectively. Furthermore, the residual
magnetic moment () increases with the deposition time.
This can be attributed to the increase in the amount of Fe;Oy,
with increasing deposition time. As shown in Fig. 5(b), the
composite film produced by Fe;O4 deposition for 90 min
exhibited excellent magnetic properties, such as an M; of
480 emu/cm?, a residual magnetization (M;) of 160 emu/cm?,
and a H; of 297 Oe. The M; value is in good agreement with
the value of 479 emu/cm® for (100)-oriented Fe;O, films
produced by reactive sputtering on (100) MgO substrates.”
In addition, the H. value is consistent with the values of
200-400Oe previously reported for epitaxial Fe;O4 films
deposited on (100) MgO and (110) MgO substrates by pulsed
laser deposition.?Y Therefore, it is expected that the
composite film can be used as a soft magnetic material for
ferromagnetic applications.

To fabricate micropatterned Fe;O4 film electrodes on the
BNEuT/Nb:TiO, substrates, RIE was carried out. RIE is
thought to involve a two-step reaction: 1) 2CF, — 4F~ +
2CF,** and 2) Fe;04 + 4F~ + 2CF,>* — FeF, +2FeF; +

10PF02-4

2C0O;. The reaction products (FeF, and FeFs) and CO, gas
are removed from the chamber via an exhaust system.
Figure 6(a) shows a surface FE-SEM image of a composite
film produced by Fe;0,4 deposition for 90 min, following RIE
patterning for 30 min. Figure 6(b) shows an enlarged image,
where the circular Fe;O4 electrode regions can clearly be
seen. Figure 6(c) shows a high-magnification image of a
region processed by RIE to remove the Fe;O, film. The EDS
elemental maps of the region in Fig. 6(b) obtained using the
Fe-Ka and Bi-Ma peaks are shown in Figs. 6(d) and 6(e),
respectively. The RIE accuracy is given in Table II. The
highest RIE accuracy was achieved for holes with a diameter
of 50 um, and the accuracy decreased with increasing hole
diameter, regardless of the Fe;O4 deposition time. In
Fig. 6(c), it is clear that the etched surface between the
electrodes consists of the underlying BNEuT nanoplates.
Also, the elemental maps in Figs. 6(d) and 6(e) show that the
electrode regions contain a high level of Fe, whereas the
region between them contains a high level of Bi; these results
are consistent with the presence of Fe;O, and BNEuT,
respectively, and indicate that the Fe;O,/BNEuT composite
films could be successfully micropatterned by RIE.

Using the micropatterned Fe;O, electrodes with a diameter
of 200um, the measurements of room-temperature J—E
characteristics were carried out. Figure 7(a) shows the results

© 2017 The Japan Society of Applied Physics
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Fig. 7. Room-temperature J—E characteristics measured using 200-um-
diameter electrodes for samples with the structures (a) Fe;0,/BNEuT/
Nb:TiO,/Ti and (b) Pt/BNEuT/Nb:TiO,/Ti for comparison.
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Fig. 8. Room-temperature P-E hysteresis loops for samples with the
structures (a) Fe;0,/BNEuT/Nb:TiO,/Ti and (b) Pt/BNEuT/Nb:TiO,/Ti
for comparison.

for a sample with the structure Fe;O0,/BNEuT/Nb:TiO,/Ti,
and for comparison, Fig. 7(b) shows those for a sample with
the structure Pt/BNEuT/Nb:TiO,/Ti, which had a Pt
electrode with a diameter of 200 um. A positive bias was
applied to the top electrode, thus producing an electric field
that was parallel to the major polarization direction of the
BNEuUT films, as demonstrated using piezoresponse scanning
force microscopy in our previous study.’” The leakage
current density for both samples was relatively low, at less
than approximately 1 x 107> A/cm? under an applied field of
up to 200 kV /cm. The electrical insulating properties of both
samples were thus judged to be sufficiently high to evaluate
their ferroelectric properties.

Figures 8(a) and 8(b) show room-temperature P—-E hys-
teresis loops for the Fe;O,/BNEuT/Nb:TiO,/Ti and Pt/
BNEuT/Nb:TiO,/Ti samples, respectively. The sample (a)
was fabricated by RIE after MOCVD, while the sample
(b) was fabricated without RIE by rf sputtering to form the
Pt top electrodes on BNEuT/Nb:TiO, substrates. Both
samples exhibited relatively good hysteresis loop shapes,
with remanent polarization (2P;) values of (a) 8 and (b)
38 pC/cmz, and coercive field (2E.) values of (a) 193 and
(b) 360kV /cm, respectively. The 2P, value in Fig. 8(a) is
approximately one-fifth that in Fig. 8(b), which is considered
to be due to RIE that relaxes the thermal strain between the
Fe;O4 layer and the BNEuT layer and/or in the BNEuT

10PF02-5

layer, resulting in the degradation of the polarization.
Therefore, it can be expected that micropatterned Fe;Og4/
BNEuUT composite thin films with excellent M—H and P-E
characteristics can be realized by further optimizing the RIE
conditions, such as the species and flow rate of reactive gas.

4. Conclusions

Ferromagnetic Fe;O4 thin films were deposited on (200)
BNEuT/(101) Nb:TiO, substrates at 500 °C for 30-90 min
by MOCVD, and their structural and magnetic characteristics
were investigated. Subsequently, Fe;O, electrodes micro-
patterned using a combination of photolithography and RIE
were fabricated on (200) BNEuT/(101) Nb:TiO, substrates,
and their structural, leakage current and ferroelectric
characteristics were investigated. The following results were
obtained:

(1) Regardless of the Fe;O,4 deposition time (30-90 min),
almost single-phase Fe;O,4 films with a cubic inverse-
spinel structure were produced.

(2) The Fe;04/BNEuUT composite film deposited at 500 °C
for 90 min by MOCVD exhibited excellent room-tem-
perature magnetic properties, such as an M of 480
emu/cm3, an M, of 160 emu/cm3, and a H. of 297 Oe.

(3) The room-temperature J-E and P-E characteristics of
the composite films were successfully measured using
the Fe30y4 electrodes.

(4) The room-temperature P—E hysteresis loop for a sample
with the structure Fe;O4/BNEuT/Nb:TiO,/Ti had a
relatively good shape, with a 2P, of 8 uC/cm? and a 2E,
of 193kV/cm.
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