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We report substantially reduced fatigue and electrical leakage in BiFeO; membranes fabricated by
releasing epitaxial (001) BiFeO; films from the Si substrates on which they were grown.
Fatigue-free switching behavior of up to 10!° cycles was observed for BiFeO; membranes with Pt
top electrodes, while as-grown films break down at ~10° cycles. This is attributed to the low
coercive field of BiFeO; membranes and their being free from substrate clamping. In contrast, (111)
BiFeO; films exhibit significant fatigue at the same electric field. Epitaxial (001) BiFeO;
membranes with low coercive field are very promising for lead-free ferroelectric memory and
magnetoelectric devices. © 2008 American Institute of Physics. [DOI: 10.1063/1.2842418]

The lead-free perovskite BiFeO; has received consider-
able attention for nonvolatile memory applications because
of its large polarization of ~100 uC/cm? along the [111]
direction.'™ Epitaxial growth of BiFeO; on silicon has been
demonstrated using an intervening epitaxial SrTiO; buffer
layer.5 The critical challenges remaining to be overcome be-
fore BiFeOj-based films will be candidates for integrated
microelectronic devices are lowering its coercive field (E,)
and leakage current and demonstrating its reliability.6 Addi-
tionally, the multiferroic nature of BiFeOj; offers the very
exciting possibility of manipulating magnetic state by an
electric field at room temperature.6 Recently, Zhao et al.
showed evidence of coupling between the ferroelectric and
magnetic order parameters in BiFeO3.7 The magnetoelectric
coupling in BiFeO; has also been suggested to enable the
switching of a ferromagnetic material such as (La,Sr)MnO;
or Co coupled to the multiferroic through exchange
interactions.®

In this paper, we demonstrate that the ferroelectric prop-
erties of epitaxial (001) BiFeOj; thin films can be signifi-
cantly enhanced by releasing them from the underlying Si
substrate and transferring them onto a new substrate. (001)
BiFeO; membranes with Pt top electrodes exhibit signifi-
cantly lower E,, lower leakage current, and improved fatigue
in comparison to as-grown films. After release, fatigue-free
switching behavior to 10'” cycles was achieved for BiFeO;
membranes. The mechanism of fatigue-free behavior in a
(001) BiFeO; membrane is discussed and compared with
both clamped (001) and (111) BiFeOj films.

Epitaxial (001) BiFeO; films were grown by off-axis
radio-frequency (rf) magnetron sputtering” on (001) Si sub-
strates miscut by 4° toward [110]. Prior to the deposition of
the BiFeO; films, an epitaxial 15-nm-thick SrTiO; buffer
layer and 100-nm-thick SrRuO; bottom electrode were de-
posited on the 50-um thick Si substrates by molecular-beam
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epitaxy’ and 90° off-axis rf magnetron sputtering,'™'" re-

spectively. The fabrication process of epitaxial (001) BiFeO,
membranes is described with schematic diagrams in Fig. 1.
After epitaxial growth of BiFeO; films on the
SrRuO;/SrTiO5/Si templates, Pt top  electrodes
(50-nm-thick and 100 um in diameter) were formed on the
BiFeO; film by rf sputtering and photolithography. After
measurement of the electrical properties of the capacitors
with the Pt top electrodes, the underlying Si substrate was
completely removed by dry etching. In the etch process, the
bottom SrTiO; and SrRuO; layers were used as etch stop
layers. In order to handle the BiFeO; membranes,
25-pum-thick Au platforms were formed on the thin-film
membranes using electroplating. In this way, capacitors of
BiFeO; membranes with the same original Pt top electrodes
were obtained and tested.

The lattice parameters and symmetries of the BiFeO;
films before and after lift-off were determined by reciprocal
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FIG. 1. (Color online) Schematic diagrams showing the fabrication process
of strain-free BiFeO; membranes: (1) epitaxial growth of
BiFeO;/SrRuO5/SrTiO;/Si heterostructures; (2) deposition of Pt top elec-
trodes; (3) bonding the capacitor structure onto a supporting wafer; (4)
removal of the Si substrate by inductive plasma etching; (5) Au electroplat-
ing; and (6) final structure after detachment of the membrane from the
supporting wafer by dissolving the adhesive in acetone.

© 2008 American Institute of Physics
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FIG. 2. (Color online) P-E hysteresis loops of the 400-nm- and
600-nm-thick (001) BiFeO; as-grown films and membranes. Both loops
were obtained from the same Pt top electrode before and after lift-off. The
P-E hysteresis loop of a 600-nm-thick (111) BiFeOs film on (111) SrTiO; is
shown for comparison.

space mapping using high-resolution x-ray diffraction; the
details are reported elsewhere.'? The as-grown films are sub-
jected to biaxial tensile strains due to the large mismatch in
the thermal expansion coefficients of Si and BiFeO3.5 For the
membranes, the out-of-plane and in-plane lattice parameters
are the same as those of bulk BiFeOs;, indicating that the
BiFeO; membranes are fully relaxed and strain-free. The
strain relief accompanying lift-off results in a symmetry
change of the BiFeO; films from monoclinic for the as-
grown strained films to rhombohedral for the membranes.

The ferroelectric properties were characterized by
polarization-electric field (P-E) measurements. Figure 2
shows the P-E hysteresis loops measured on 400-nm- and
600-nm-thick (001) BiFeO; films on Si before and after lift-
off. It should be noted that we measured the same Pt top
electrode before and after lift-off, which excludes all other
variables affecting P-E hysteresis loops. It is apparent that
the membranes display significantly enhanced ferroelectric
properties, including increased remanent polarization (P,)
and reduced E.. The 400-nm-thick film on Si has a higher
coercive field than the 600-nm-thick one. Both the 400-nm-
and 600-nm-thick membranes, however, have almost the
same coercive fields, which are 25%-30% lower than the
clamped films. Achieving such low E. values is a key to the
use of BiFeO; in nonvolatile memories. Notably, the E.
(80 kV/cm) of the membranes is the lowest ever reported for
epitaxial BiFeOj5 films'~ and comparable to those of epitax-
ial Pb(Zr,Ti)O; films."" This observation implies that the
relatively high E. reported for epitaxial BiFeO; thin films
originates from a substrate-clamping effect. Meanwhile,
(111)-oriented epitaxial BiFeO5 films on (111) SrTiO; sub-
strates show a large P, (102 uC/cm?) and very high E,
(200 kV/cm?).

To confirm the low E,. of the BiFeO; membranes, we
conducted  piezoelectric ~ force  microscopy  (PFM)
measurements.”> The results (not shown) revealed a two-
domain stripe pattern with stripes separated by 71° domain
walls in both the as-grown film and the BiFeO; membrane,
consistent with transmission electron microscopy analysis,3
Furthermore, the lower E. of the membrane is observed via
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FIG. 3. (Color online) Fatigue characteristics of 600-nm-thick (001)
BiFeO5/(001) Si and (111) BiFeO3/(111) SrTiO; films. The width and fre-
quency of switching pulses were 10 us and 100 Hz, respectively.

dc poling by the PFM tip. The polarization of the membrane
was switchable by *£12 V, whereas the bias had to be in-
creased to £20 V to complete switching in the clamped film.
This decrease in E,. for the membrane as determined by PFM
poling is commensurate with the decrease observed in the
P-E loops. The discrepancy between both measurements is a
result of switching on a local scale (PFM) versus the average
switching observed under a patterned electrode (P-E
loop).>"?

Fatigue is one of the most important factors in determin-
ing the reliability of ferroelectric and magnetoelectric de-
vices. We carried out fatigue tests on as-grown (001) and
(111) BiFeOs; films by applying 5 us wide pulses with a
repetition frequency of 100 Hz to the top Pt and bottom
SrRuOj electrodes, as shown in Fig. 3. The cycling voltage
was selected to be *300 kV/cm, which gives complete
switching for both films, as shown in Fig. 2. The capacitor of
the (001) BiFeO; film on Si shows no fatigue up to 9
X 10° cycles and an abrupt break down at 1 X 10° cycles. In
contrast, the (111) BiFeO5 film on (111) SrTiO; substrates
exhibits a significant degradation in switching after
10* cycles, which is similar to the fatigue behavior typically
seen in Pb(Zr,Ti)O5."* The completely different fatigue be-
haviors between (001) and (111) films are consistent with the
previous report on fatigue anisotropy. Bornand et al 15
showed that (001)-oriented thin films of the rhombohedral
relaxor ferroelectric Pb(Yb;,,Nb,,,)O3—PbTiO3 have no fa-
tigue (2P,~ 50 uC/cm?) up to 10'! cycles, while (111) films
exhibit a marked fatigue by voltage cycling. 71° domain
switching occurs in the (001) BiFeOs film, as shown in Fig.
3, while only 180° domain switching occurs in the (111)
BiFeO; film. This difference in domain switching leads to
the fatigue anisotropy.ls’16

We also conducted fatigue tests on the (001) BiFeO;
as-grown films and membranes at a switching filed of
+160 kV/cm. Figure 4(a) shows the fatigue characteristics
of a 400-nm-thick (001) as-grown film and membrane. The
amplitudes of the switched polarization for the as-grown
films and membranes are very close to the 2P, values shown
in Fig. 2, indicating that the switching filed of =160 kV/cm
provides complete switching in both cases. The capacitor of
the as-grown film shows no fatigue up to 9 X 10 cycles but



062910-3 Jang et al.

150

@

100+
—=&— (001) as-grown with =160 kViem = 14E_
—O0— (001) membrane with £160 kV/em = 2E_

[4)]
o

P (uCicm?)

80l 0 180 £(kv/cm)
-304 — 1 cycle
— 10" cycles

il
=]
T

Switched polarization (uCfcm?)
o
T

L

o

=]
T

_150 PETERTTT ETEE T BATRTERTTIT BTATETTIT EETArEETTT EETArSTITT AR TTrT EETArEETTT SAArw T SR E T M e
100 102 104 108 108 1010
Number of cycles
10
F (b)
103
£ E
o
< ¥
2 F
105k
g [ 4
= I o (001) as-grown
[0} E ﬂm © (001) membrane
5 1078
3 107F]
b o
on
-9l i ! ; ! : L i . i
10 0 2 4 6 8 10

Voltage (V)

FIG. 4. (Color online) (a) Fatigue characteristics of a 400-nm-thick BiFeO,
film and membrane. The width and frequency of the switching pulses were
5 us and 100 kHz, respectively. The inset shows P-E hysteresis loops of the
BiFeO; membrane before and after 10'” cycles with a switching field of
+160 kV/cm. (b) Forward leakage current characteristics as a function of
applied voltage of 400-nm-thick BiFeO; thin film capacitors before (film)
and after lift-off (membrane).

breakdown at 1 X 10° cycles. In combination with the result
in Fig. 4, we conclude that the lower switching field sup-
presses the breakdown of the film during the voltage cycling.
In contrast, the BiFeO; membrane with Pt top electrodes
remains fatigue-free to 2.4 10'° cycles. It is remarkable
that 2P, of the BiFeO5; membrane is as high as 116 uC/cm?,
significantly higher than that of Pb(Zrys3Tig47)O05,"
SrBi,Ta,0,,'" and Bi; ;sLag »sTiz0;,."° For the 600-nm-thick
membranes, we observed a very similar result, confirming
the fatigue-free behavior of the BiFeO; membranes.

It is widely accepted that oxygen vacancies formed dur-
ing growth, cause a portion of the Fe** ions to become Fe?*,
which is responsible for the high leakage current in
BiFeO3.19 From this, we suggest that the breakdown during
the fatigue test could be due to the formation of conducting
filaments as they gather mobile defects such as oxygen va-
cancies. After breakdown, observation under an optical mi-
croscope revealed a small dark spot on the Pt top electrode,
which supports the formation of conducting filaments. Figure
4(b) shows that the membrane has a lower leakage current
than the as-grown film. We believe that the reduction in the
leakage current and easy domain wall motion that arises
from freeing the BiFeO; film from substrate claming pre-
veits breakdown during the fatigue test and, thus, icads to

Appl. Phys. Lett. 92, 062910 (2008)

the observed fatigue-free behavior. Further study is needed to
identify the mechanism responsible for the lower leakage
current in the BiFeO; membranes.

In conclusion, we have demonstrated a significant en-
hancement of the ferroelectric properties of (001) BiFeO,
thin films by removing the constraint of the underlying sub-
strate. The reduction of both coercive field and leakage cur-
rent and fatigue-free switching behavior over 10'° cycles
were achieved in strain-free BiFeO; membranes. This work
presents a route to overcome some of the major challenges
involved in applying BiFeOj thin films to nonvolatile memo-
ries and magnetoelectric devices. Another promising applica-
tion of BiFeO; membranes is microelectronics built on flex-
ible substrates. Using wafer bonding technology,20
freestanding BiFeOj thin films can be integrated on any kind
of flexible substrates, making it available for applications in
displays, solar cells, smart cards, and rf tags.
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