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Controlling the ferroelectric polarization at macroscopic or microscopic levels is crucial in the framework of the
development of ferroelectric materials used in yet challenging photo-electrochemical (PEC) cells and spintronic
applications. We report here on polarization methods allowing to electrically polarize prototypical samples of
BaTiO5 (001) films. Epitaxial single crystalline layers were grown up to a thickness of 25 nm by atomic oxygen

assisted molecular beam epitaxy on 1 at.% Nb doped SrTiO3 (001) single crystals. The samples were both micro-
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films.

scopically and macroscopically polarized using Piezoresponse Force Microscopy and electrochemical poling in an
electrolyte respectively. In addition we demonstrate the possibility to retrieve a quasi-native mixed ferroelectric
polarization state after annealing. These polarization methods may be applied to many other ferroelectric thin

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

There is currently a strong interest towards developing ferroelectric
materials for various applications such as their use in multiferroics sys-
tems [1-4], photoelectrochemical cells (PEC) [5-8], and heat and gas
sensors [9-11]. Ferroelectricity is a particular property of non-centro-
symmetric materials exhibiting a spontaneous electrical polarization
that can be reversed by the application of an external electric field. In
the recent years, an impressive amount of contributions have focused
on the ferroelectric properties of perovskite-based oxides such as
BiFeOs, BaTiOs, PZT (Lead Zirconium Titanate) [12-17]. For such crys-
tals, in the ferroelectric state, the barycenter of cations and anions in
the unit cell are slightly spatially separated, inducing an electric dipole,
i.e. an electric polarization. Dipoles rearrange themselves to minimize
the sample energy forming different ferroelectric domains wherein
the electric polarization points towards a given direction. Usually in an
as-grown thin ferroelectric film the polarization is not uniform and
the sample exhibits several ferroelectric domains where the polariza-
tion vector is pointing towards different directions. However, it is possi-
ble to control the orientation of the domains through the application of
a saturating external electric field that allows the majority of the electri-
cal dipoles within a domain to be oriented in a particular direction. Be-
cause of the wealth of technologically important applications deriving
from the inclusion of ferroelectric layers in smart devices, it is of major
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importance to understand and master the manipulation of the domains
electric polarization orientation in thin films, at the microscopic and
macroscopic scales. Recently multiferroic BiFeOs; samples were consid-
ered within this framework. M. Singh et al. have reported on the local
polarization of BiFeO3 samples at the microscopic scale by applying a
10V potential on an AFM tip [18]. Cao et al. have independently demon-
strated the poling of BiFeO3; samples at the macroscopic scale in a solu-
tion of Lithium Chlorate (LiClO4) in propylene carbonate [19]. In the
present work we consider the prototypical ferroelectric material
BaTiO5 that has the major advantages as exhibiting a simple perovskite
crystalline structure and featuring a para- to ferro-electric transition at
relatively high temperature (130 °C for bulk BaTiO3 and even much
higher for strained layers [20]). Here we demonstrate routes to master
the manipulation of the polarization state at microscopic and macro-
scopic scales of BaTiO3/Nb:SrTiO5 samples, as well as the possibility to
erase an applied polarization state by an air annealing of the very
same samples.

2. Experimental details

The BaTiOs epitaxial layers were deposited on single crystalline
1 at.% Nb:SrTiO5 (001) (i.e. ~0.5 wt% Nb) substrates using atomic oxygen
assisted molecular beam epitaxy (AO-MBE), a technique that makes
possible the deposition of single crystalline layers of controlled
morphology, stoichiometry and thickness [21]. The doped substrate is
conductive enough to use it as electrode during the BaTiOs; overlayer
poling procedures. The oxide layers were formed by thermal
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evaporating high purity metals from Knudsen cells, while exposing the
sample to an atomic oxygen plasma (RF power = 350 W) in an ultra-
high vacuum vessel (10~7 mbar working conditions, 10~ '° mbar base
pressure). In order to have a homogeneous deposition and to reach
the expected stoichiometry, the samples are rotated continuously
around their surface normal during the deposition while kept at a tem-
perature of ~900 K. The oxide deposition rate was about 0.12 nm/min.
To investigate the quality and the structure of the grown epitaxial
films, in situ reflection high-energy electron diffraction (RHEED) pat-
terns were acquired during the film growth. The thickness of the
BaTiOs layers investigated in the present work lies in-between 15 and
30 nm. In this range no influence of thickness on any measurements
could be observed within the techniques used in this paper which is
noticeably consistent with the previous report by Kim et al. [22] who re-
ported a critical thickness for ferroelectricity of BaTiOs of 4 nm and very
little changes of the remnant polarization with thickness above 15 nm.

In situ XPS spectra of the Ba 3d, Ti 2p and O 1s core levels, using Al-K,
radiation, were systematically recorded just after deposition to check
the consistency of the BaTiOs layer stoichiometry with previous reports
[21]. XPS spectra were also recorded after the different polarization
treatments to check eventual compositional changes in the layers.

We used Atomic Force Microscopy (AFM) and Piezoresponse Force
Microscopy (PFM) to investigate the surface morphology and ferroelec-
tric properties of our samples respectively. The images were realized
with a Briitker™ scanning probe microscope and a Nanoscope V
controller.

The samples were electrically poled using two major strategies as
depicted schematically in Fig. 1. (i) Local poling (microscopic scale)
was achieved using PFM, which was used in writing mode to create
well defined ferroelectric domains in our samples, by poling with vari-
ous positive or negative potentials applied on the tip (in the [0 V,
10V]range), Fig. 1a and b. Since, the back of the sample was always con-
nected to the ground, the sample surface was thus exposed to potentials
inthe [— 10V, + 10 V] range. This poling procedure will be hereafter re-
ferred to as PFM-poling. The tip velocity was 0.4 um/s and the writing
resolution was 20 nm. (ii) Macroscopic poling was realized using a
non-aqueous LiClOy4 electrolyte (0.1 M LiClO,4 in propylene carbonate),
with a large electrochemical window (i.e. a large voltage range in be-
tween which the substance is neither oxidized nor reduced), in an elec-
trochemical cell with 2 electrodes. The sample was mounted as the
working electrode and a Pt wire as the counter electrode. The geometry
of the experimental setup is shown on Fig. 1c and d and a scheme of the
experiment is given on Fig. 1e. This poling procedure will be hereafter
referred to as EC-poling. During the EC-poling procedure, the sample
was kept at 0 V. Potentials of +8 V and —8 V were applied several
times alternatively (while monitoring the current) on the platinum
counter electrode (during 10 s each) in order to reinforce the ferroelec-
tric state as proposed by Roelofs et al. [23]. To obtain a remnant electric
polarization pointing towards the substrate (by convention called
downward polarization), the last applied potential was + 8 V. Indeed,
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in a previous work [5], we demonstrated that 4+ 8 V EC-poling leads to
downward polarization of the BaTiO5 layer. Lastly the electric current
monitoring is of crucial importance during EC-poling since overcurrent
appeared to be strongly detrimental to the samples as we will demon-
strate later in this paper.

The PFM-poled written ferroelectric domains were observed by PFM
and Low Energy Electron Microscopy (LEEM). Beyond the recognized
full field morphology characterization capabilities of LEEM [24,25], it
has been previously reported that surface charge changes, expected
when the ferroelectric polarization orientation changes, provide a visi-
ble LEEM contrast [26]. This phenomenon was used to observe ferro-
electric contrasts between polarized and unpolarized regions of the
sample regions. The samples were optically patterned by laser lithogra-
phy and e-beam evaporation to include metallic Au landmarks on the
sample surface that allow finding the PFM polarized regions easily.
The 200 nm thick Au landmarks were evaporated on top of a 15 nm
thick Ti seed layer. For a broader view, one may also use Kelvin probe
force microscopy [27,28] or scanning surface potential microscopy
[29] to map the surface charge changes due to different ferroelectric do-
mains polarization orientations, and DARTSSPFM for P-E loops mea-
surements [30].

The high chemical stability in air of BaTiOs, as well as of the
Nb:SrTiOs substrates, allows for air annealing at high temperature with-
out composition changes. Since annealing above the ferroelectric order-
disorder temperature is easily possible in air, it appears as a method of
choice to “reset” the ferroelectric domains orientation after PFM- or
EC-poling. This was realized in a high temperature furnace above the
Curie temperature of BaTiO3 with typical rates of 14 °C/min up to 280 °C.

3. Results and discussion
3.1. Growth

In situ RHEED patterns were observed and acquired during film
growth to monitor the quality and the structure of the grown epitaxial
samples. Upon growth, the RHEED patterns switched from features typ-
ical of the perovskite Nb:SrTiOs3 substrate to the ones characteristic of
the BaTiOs thin epitaxial film (Fig. 2), similarly to observations reported
using undoped SrTiO3 (001) substrates [21]. By convention we indexed
the reciprocal space using the reciprocal space unit vectors (10)* and
(01)* to describe the primitive reciprocal surface lattice as depicted in
Fig. 2e. The RHEED reciprocal space streaks remain mostly 2D rod-like
with some hints of island formation for high thicknesses (intensity
modulations along the streaks at high thickness). The surface lattice pa-
rameter can easily be extracted from the streaks position while the error
bar is derived from the parameter dispersion obtained using several
azimuths. The surface lattice parameter evolution (Fig. 2f) reveals an al-
most complete structural relaxation for thicknesses above 10 nm. From
our RHEED observations we can conclude that the layers are mainly
epitaxial, single crystalline and flat.

(e)
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Fig. 1. (a) to (d) Geometry and expected polarization states using PFM-poling with —8 V (a) and + 8 V (b) poling potentials and using EC-poling with —8 V (c) and +8 V (d) poling

potentials. (e) Scheme of the EC-poling experiment.
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Fig. 2. (Left panel) RHEED patterns of a 28 nm BaTiOj film grown by AO-MBE on Nb:SrTiOj; at different deposition times/thicknesses (steps (a) to (d)) over the two lowest Miller index
surface diffraction directions. (e) The corresponding surface reciprocal lattice is represented; making explicit the diffraction directions, the elementary cell (in the reciprocal space) is also
shown. (f) In-plane lattice parameter derived from the RHEED data with the same method as in reference [21]. Dashed lines stand for the in-plane lattice parameter of bulk BaTiOs (blue-
top) and Nb:SrTiOs (red-bottom) at the deposition temperature of 900 K (taking into account the thermal expansion).

The chemical composition of the as-grown layers was investigated
by in situ XPS. A wide scan recorded over the entire accessible binding
energy region (Fig. 3) shows the presence of the expected species (Ti,
0 and Ba) and no additional eventual surface contamination. As previ-
ously reported in reference [21] a Ba rich surface oxide is necessary to
promote a good epitaxial growth leading to Ba/Ti ratio above unity (typ-
ically ~1.3). The binding energy of the Ba 3d*’? line was found at
780.4 eV from detailed measurements of the Ba 3d XPS lines as reported
in Fig. 4.

3.2. Microscopic polarization

The ferroelectric nature of the layers was investigated by PFM. Scan-
ning the tip-surface potential in the [—10 V, 410 V] range evidences
two distinct polarization states. In order to determine the ferroelectric
domain repartition we locally polarized the sample by applying +8 V

_ 3.04 Ba 3d
"

£ =9 15 nm BaTiO, / SITiO,

S 20/ —— As-grown
=) —— OQvercurrent during EC-poling
X, 1.5

= O1s

2 1.04 Ti2p

= Ba 4d
= 0.5- Ba 4p

& W

S

0.0 Sr 3p

800 700 600 500 400 300 200 100 0
Binding Energy [eV]

Fig. 3. Wide XPS scan of a 15 nm thick BaTiO3/Nb:SrTiO3 (001) sample elaborated by AO-
MBE. ((blue, top curve) As grown sample and (red, bottom curve) for the same sample
having experienced overcurrent during the macroscopic EC-poling procedure. The O 1s
line (located at ca. 530.1 eV) of the as-grown sample was used as a reference position
and the curves were shifted vertically for the sake of clarity.

and — 8 V on the tip (substrate at ground) accordingly to the pattern
shown in Fig. 5a. After the PFM-poling the pattern was read again by
PFM using a sinusoidal potential applied on the sample (tip at ground)
with a drive amplitude of 4000 mV. The resulting PFM phase image is
shown in Fig. 5b. The integrated phase profile through the image of
the written pattern (Fig. 5¢) shows 3 different phase levels (58°, —60°
and 54°) corresponding to the different remnant states: (i) +8 V
PFM-poled, (ii) —8 V PFM-poled and (iii) outside the writing region
(ie. 0V or ‘as-grown’), respectively. One may note that in this case the
PFM phase of the as-grown region (54°) is close to the one after +8 V
polarization (58°). This result shows that the as-grown state behaves
more like the + 8 V polarization states rather than like the —8 V ones
and that the ferroelectric domain mix between up and down orienta-
tions is different in each region. Moreover we observe that the PFM
phase difference between the +8 V and — 8 V remnant states is about
118°, which is smaller than the expected 180° value. This phenomenon
has been examined in more details in previous reports and can have
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Fig. 4. Ba 3d XPS photoemission lines (a) recorded for a 20 nm BaTiO3/Nb:SrTiO3 (001)
layer grown by AO-MBE and (b) enlarged region of the main Ba 3ds/, line: (—, red solid
line) as-grown layer, (—, black dashed line) after +8 V EC-poling in a LiClO, bath and
(+, blue cross-plus) after +8 V EC-poling and a subsequent annealing in air at 280 °C.
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Fig. 5. PFM measurements performed on a 15 nm thick BaTiO3/Nb:SrTiO3(001) sample realized by AO-MBE. (a) Sketch of the written pattern used to locally polarize the sample;
(b) observed PFM phase pattern in reading mode after writing at 4-8 V the pattern as described in (a) and using a drive amplitude of 4000 mV; (c) integrated intensity along the blue

dashed box depicted in (b).

different origins: (i) the domains are not fully polarized (i.e. a mix of up-
ward and downward domains); (ii) the PFM signal is disturbed by a
background signal [31] inherent to the PFM setup; (iii) an asymmetry
in polarization orientation may arise from an internal built-in electric
field at the bottom interface which may result in incomplete 180°
switching [32]; and/or the drive amplitude was large enough to induce
a charge build-up. Although the later effect is unlikely since successive
scans did not evidenced any evolution of the patterns. However, one
may note that an improved contrast using lower drive amplitude may
be obtained thanks to the DARTSSPFM method [30], unfortunately this
mode was not available in our setup. From region to region or sample
to sample (within a set of about 10 samples) the observed domain
mix, in the as-grown region, spans a wide range from nearly equiprob-
able to almost single domain. We can thus conclude that for the as-
grown samples, the ferroelectric domains are arranged in a random
fashion, i.e. a mix of upward and downward states.

PFM written patterns were subsequently investigated using full field
LEEM imaging. Contrarily to PFM that can be used for writing and read-
ing patterns, the LEEM technique allows a rapid investigation of large
areas of the sample without eventual unwanted modifications as
could be induced by a scanning tip, like during PFM measurements.
Prior to LEEM imaging the sample was outgassed for several hours at
80 °C. Working close to the Mirror Electron Microscopy (MEM) to
LEEM transition (starting voltage close to 1 V) allows the best imaging
conditions and contrast. Thanks to the Au landmarks, the written pat-
tern can easily be located as it can be seen in Fig. 6b (50 pm field of
view (FOV). A closer inspection with a FOV of 10 um (Fig. 6¢) confirms
the presence of 3 different contrasts and thus the mixed initial polariza-
tion states of the as-grown samples. The LEEM observations are fully
consistent with the previous PFM analysis.

3.3. Macroscopic polarization

After a PFM-poling (using the pattern shown on Fig. 6a), the sample
was macroscopically EC-poled by keeping the current below 1 mA and
observed again by LEEM. As it can be seen in Fig. 6d the pattern
completely vanished upon this +8 V EC-poling procedure, indicating

(7)) Sk (b (c)
£ -l.! .

- 10V

that the macroscopic polarization overcomes the PFM writing. To con-
firm that the ferroelectric properties of the sample were unaltered by
the EC-poling we performed again a PFM-poling using the initial PFM
pattern in identical conditions and observed it subsequently by LEEM.
As it can be seen in Fig. 6e the pattern is clearly visible defining again
3 contrasts states (4 8 V remnant state, — 8 V remnant state and EC-
poled remnant states). In addition one may note that the surface mor-
phology does not evolve upon EC-poling, remaining smooth and flat.
Moreover, as revealed by XPS the composition remained unchanged
after EC-poling since the peak intensities only marginally varied
(Fig. 4). The peak position of the Ba 3d > line (Fig. 4b) is shifted to
780.2 eV. This shift is likely linked to a global surface charge effect al-
though it is only slightly above the experimental error bar. Therefore
we can conclude that EC-poling a BaTiOs epitaxial layer in LiClO4
while keeping the current below 1 mA during the poling procedure
changes neither the surface composition nor the morphology of the
sample.

3.4. Overcurrent

By studying EC-poling with different successive increasing currents
flowing through the sample, we found out that a current flow above
1 mA leads to detrimental results. We investigated in more details the
effect of not limiting the current flowing through the sample during
the EC-poling procedure. AFM images of a sample having experienced
EC-poling without limiting the current (overcurrent) is reported in
Fig. 7. During the EC-poling procedure, the sample was mounted in a
special sample holder and fixed with a sealing joint in order to avoid
the electrolyte to be in contact to the back of the substrate. As a matter
of fact, the macroscopic polarization of the samples required some par-
ticular attention. Since BaTiOs is ferroelectric and in consequence neces-
sarily also piezoelectric, a mechanical strain may compete or even
overcome the effect of an external electric field when one desires to
tune the internal ferroelectric polarization. It is thus mandatory to get
rid of any mechanical strain while performing an external poling proce-
dure. In the case of our EC-poling procedure this was achieved by etch-
ing out a ring down to the substrate on the sample that corresponds to

(d)

Fig. 6. LEEM images of a 15 nm thick BaTiO3/Nb:SrTiO; (001) sample elaborated by AO-MBE. (a) PFM pattern used to write ferroelectric domains using 4- 10 V electric potentials; (b) and
(c) as grown situation with written PFM pattern for two field of views (FOV) (50 um and 10 um respectively) — The rectangular features are Au landmarks, as indicated — the arrow in
(b) highlights the ease of observation of a the written pattern with respect to the landmarks. (d) Observation of the same region (50 um FOV) than (a) after macroscopic EC-poling of the
sample with a potential of + 8 V in LiClO,4, the arrow indicates the original position of the PFM pattern; (e) observation of the same region than (d) (10 um FOV) after writing again the PFM
pattern depicted in (a) after EC-poling (10 um FOV). All images were taken around the MEM-LEEM transition potential with starting voltages ranging from 0.8 to 1.2 V.
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Fig. 7. Fast Scan AFM images recorded on a 30 nm thick BaTiO3/Nb:SrTiO; (001) sample elaborated by AO-MBE on both sides of an etched ring after the sample having been exposed to an
overcurrent during the macroscopic EC-polling polarization in LiClO4, (a) Region non-exposed to the electrolyte (no overcurrent, unpolarized as-grown, left region) and a fraction of the
ring (right region); (b) fraction of the ring (left region) and region exposed to the electrolyte (EC-poled, overcurrent, right region); (c) schematic drawing of the sample with the etched

ring and (d) integrated step heights as measured on zones labeled A, B and C in (a) and (

the position of the electrochemical cell sealing joint (Fig. 7). The etched
ring for sealing purpose separates the sample in two regions: outside
the ring the 30 nm thick BaTiOs layer was not exposed to the electrolyte
(Fig. 7a) while the inside region which was EC-poled in LiClO4 was
the siege of eventual overcurrent situations (Fig. 7b). This ring pattern-
ing allows comparing, on the same BaTiO3 sample, surfaces which
underwent overcurrent upon EC-poling (Fig. 7b, inside) or not
(Fig. 7a, outside). Integrated topography profiles at locations corre-
sponding to different contrasts (Fig. 7d) show that the difference of
height between the B and C regions is around 17 nm. Since the nominal
thickness of this BaTiOs film was 30 nm, we can conclude that the
darker regions correspond to sample zones where the BaTiOs film par-
tially disappeared. The film morphology and thickness seem unper-
turbed in the lighter (unexposed) regions. The corresponding global
XPS scan (Fig. 3) recorded on this sample confirms the massive loss of
BaTiOs after the overcurrent exposure of the surface, which is most like-
ly due to the dissolution in the electrolyte.

3.5. Annealing

Macroscopic single polarization states as likely produced by EC-
poling may be interesting for specific applications. For example we
could show a 2.5 times increased photocurrent density during solar
water splitting using a polarized BaTiO3 layer with respect to a non-
polarized configuration [5]. However, for many aspects, it is very desir-
able to be able to reset the sample domain configuration. To ensure the
complete control of the ferroelectric polarization and the repeatability
of our different poling procedures, we performed an air annealing of
an EC-poled samples at 280 °C (above the Curie temperature of
BaTiOs). After annealing we could write again patterns using PFM indi-
cating that after crossing the Curie temperature the sample came back
to a more mixed polarization state (effective ferroelectric polarization
“reset”). XPS showed unchanged composition and the Ba 3d*’? lines
where found at a position intermediate between the as-grown situation

b).

and the EC-poled ones (Fig. 4b). The ability to reset the polarization
state was investigated in more details by PFM starting from a virgin
sample. The ferroelectric domain configuration of a 15 nm thick
BaTiO3/Nb:SrTiOs layer was investigated before and after annealing in
air at 280 °C for 20 min (Fig. 8). The sample possessed Au landmarks, re-
alized by lithography, to allow a precise positioning of the tip on a given
region that was observed prior (Fig. 8a) and after writing (Fig. 8b). The
very same region was imaged again after a sample annealing realized at
280 °C for 20 min. As can be seen on Fig. 8c the pattern was “erased”
after the annealing procedure. Finally, we checked that the sample
showed similar ferroelectric behavior after annealing by writing a pat-
tern on another region of the same sample, as observed in Fig. 8d.
From these observations we can conclude that after an annealing cycle
the ferroelectric configuration of the layer is “reset” to a new mixed po-
larization state configuration.

4. Conclusion

In conclusion, we have demonstrated efficient methods to manipu-
late the polarization state of a prototypical BaTiOs ferroelectric layer
and also to retrieve a new mixed polarization state after macroscopic
polarization. We showed that our layers can be locally polarized using
PFM within the [—10 V; 4 10 V] potential range. We have also shown
that the BaTiOs layer can be downward polarized macroscopically in a
solution of LiClO4 in propylene carbonate chloride, provided that the
current is maintained below 1 mA. Upon overcurrent the BaTiO3 layer
is likely to dissolve. Moreover, we found that an air annealing at a tem-
perature above the Curie temperature performs a sort of “reset” of the
ferroelectric polarization. Our study presented a set of tools in order to
master the polarization states of ferroelectric layers, which is of top in-
terest in the framework of the use of ferroelectric materials in new de-
vices having tremendous potential in many technologically important
fields like multiferroics for spintronics or photoelectrochemical water
splitting devices in particular.
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Fig. 8. PFM measurements on a 15 nm thick BaTiO3/Nb:SrTiO3(001) sample realized by AO-MBE for (a) the as grown sample; (b) after writing at 4-8 V the pattern as described in Fig. 5a;
(c) same region than (b) observed after a sample annealing at 280 °C for 20 min and (d) after writing again the pattern on the sample on a virgin region.
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