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ABSTRACT Oxide heterostructure superlattices constitute a new family of materials with tunable ferroelectric

properties. While theoretical models predict the presence of nanosized ferroelectric domains in these films, they

had not been observed as the magnitude of the response functions challenges the limits of experimental

detection. Here, a new protocol in a precise variant of piezoforce microscopy is used to image domains in BaTi0;/

SrTi0; superlattices. Comparison of experimentally determined polarization to predictions of phase-field

calculations is in quantitative agreement. Additionally, a combination of theory and experiment is used to

determine the magnitude of internal electric field within the thin film, in a procedure that can be generalized to

all ferroelectric films.
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scanning probe microscopy

dvances in the fabrication of epi-

taxial oxide thin films and hetero-

structures, in combination with de-
velopments in the theory of complex oxide
behavior, have inspired a new class of ferro-
electric materials whose properties are con-
trolled by strain and dimensionality.' "’
The ability to create ferroelectric meta-
materials in which ferroelectric and dielec-
tric constituents are combined in epitaxial
superlattices with atomic layer thickness
precision has enabled fundamental studies
of size effects and coupling across inter-
faces. Quantitative understanding of these
phenomena in such superlattices has in-
voked the presence of domains, though
they have up to now not been seen. Here
we report the direct observation of domains
in epitaxial BaTiOs/SrTiOs superlattices us-
ing a high precision variant of piezoforce
microscopy. In addition to imaging the do-
mains, the internal electric field in the films
is determined at the nanometer scale. Com-
parison of experiment to phase-field calcu-
lations enables the internal electric field in
the thin film to be quantified, which is criti-
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cal in that it influences the properties of
any potential memory, sensing, or switch-
ing device based on these materials. These
results represent three significant advances:
the first imaging of ferroelectric domains in
a superlattice, quantification of local polar-
ization, and a new protocol for the determi-
nation of the local internal electric field in
a ferroelectric film.

In ferroelectric compounds, the cou-
pling between polarization and strain en-
ables strain to be used as a control param-
eter to tune phase transitions and
polarization. Although these effects were
first demonstrated using bulk samples, such
samples crack at relatively low strains.’? In
contrast, thin films can be commensurately
strained to percent levels without fracture
via mismatch strain to an underlying sub-
strate,® enabling enhancement of ferroelec-
tric transition temperatures by hundreds of
degrees,’ the transformation of materials
that are normally never ferroelectric into
ferroelectrics,” "> * or totally new phe-
nomena to emerge.'®~'® While the effect
of strain and dimensionality on macro-
scopic ferroelectric parameters has been
studied, little is known about the effect of
strain on ferroelectric domains; indeed
many theoretical approaches totally ne-
glect domains.

A widely studied model system of ferro-
electric superlattices is (BaTiOs),/(SrTiOs)m,,
where n and m refer to the thickness, in unit
cells, of the (001), BaTiO; and (001), SrTiO;
layers, respectively (Figure 1.) The subscript
p refers to pseudocubic indices. This sys-
tem has been widely investigated by both
theory*®'°~22 and experiment.®?%232* No-
tably, phase-field modeling of the transi-
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Figure 1. Structure of superlattices. Schematic of the epitax-
ial [(BaTiOs)3/(SrTiO3),],5 superlattice grown on a (001) SrTiO;
substrate that was the subject of this study.

tion temperatures of (BaTiOs),/(SrTiOs),, superlattices
was found to be woefully inaccurate when the films
were assumed to be a single domain.?° Only by assum-
ing that the films split into domains was good agree-
ment between theory and experiment achieved.?® As
no one has reported the observation of domains in any
ferroelectric superlattices, including (BaTiO3),/(SrTiO3),
superlattices, this raises the important question of
whether domains actually exist in these superlattices,
which is the subject of this study.

Piezoelectric force microscopy (PFM) is the method
of choice for the characterization of domain morphol-
ogy and switching in ferroelectric materials.>> 2% How-
ever, the small domain size and response functions
present challenges in relating strain to domain struc-
ture in very thin films that are exacerbated in superlat-
tices. The relation between strain and polarization in

Figure 2. Topography and amplitude (polarization) images of BTO/STO heterostructures grown on three substrates. (a—c) To-
pography images. (d—f) Amplitude images. a,d = SrTiO; (compression); b,e = GdScOs (relaxed); ¢,f = SmScO; (tension); (a—c)
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1 pm scan sizes. Z range for d—f = 1.5 pm.
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ferroelectric thin films is determined from laterally mac-
roscopic measurements such as X-ray diffraction, opti-
cal second harmonic generation, and more recently Ra-
man spectroscopy.?®2°3° Consequently, the lateral
morphologies of the domains are often not directly de-
termined. Thompson et al. have used electrostatic force
imaging (or surface potential) of epitaxial PbTiOs thin
films to map changes in domain morphology, provid-
ing a visualization of domains.?" This approach is effec-
tive in characterizing domain morphology and, in some
cases, domain dynamics but does not yield properties,
such as polarization. To date, the small piezoelectric
strains and nanometer size of ferroelectric domains as-
sociated with thin film heterostructure geometries have
precluded quantitative application to this problem.
Here we combine dual resonant tracking in piezoelec-
tric force microscopy (PFM) with pixel-by-pixel normal-
ization to allow picometer piezoelectric responses in
nanometer sized domains to be quantified. It is well-
known that this approach is susceptible to topographic
cross-talk, so we analyze only surfaces with roughness
less than 0.2 nm and where no cross-talk is detected.
Figure 2 compares the topographic structure and
amplitude images of three different thin films which
have different domain morphologies. The films are ex-
tremely flat in most areas with roughness <1 nm over 1
um? area. Analysis was carried out in areas with topo-
graphic variation less than 0.2 nm. In regions where to-
pographic features were larger, or similar features ap-
peared in the amplitude image, further analysis was not
attempted. In dual resonance tracking PFM, the mea-
sured parameters are amplitudes (A;, A,) and phases
(b1, d») at each of two frequencies (f;, f,), one above and
one below the resonance. Feeding back on the differ-
ences at these two frequencies does much to minimize
the effect of variations in local contact resonance. How-
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Figure 3. BaTiOs/SrTiOs heterostructures grown on a (100) SrTiOs (a)

topographicimage, (b) line profile of topography, (c) line profile of raw
amplitude (polarization), (d) line profile of corrected amplitude (polar-
ization).

ever, it does not yield a sample response independent
of the contact resonance, specifically it does not yield
the exact resonance frequency, f,, and quality factor, Q.
Gannepalli et al.>? developed an analytical description
based on a damped oscillator model that isolates these
as follows.

The measured amplitude (A; where i = 1 or 2), which
includes the contact resonance, is related to the actual
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amplitude of the surface, Agrives as
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where Agiive, o, and Q are unknown and A; and f;, f, are
experimentally known.
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Using these relations, the measured amplitudes
and phases along with the frequency set points can be
used to calculate the actual Q and f, at every pixel in the
image. This in turn yields the response of the sample, in-
dependent of the contact resonance of the cantilever.
Figure 3 compares the topographic signal in a region on
a BaTiOs/SrTiO; heterostructure with a usual amplitude
signal and the “corrected” value of sample response.
Two important observations are that the PFM ampli-
tude and surface topography differ and that the cor-
rected amplitude differs from the measured ampli-
tudes. Note that while it is possible to image surface
variations associated with domains in the absence of
the normalization, the corrections are necessary to
quantify the polarization in ferroelectric superlattices.
The thin film geometry is critical to the analysis as it pro-
vides an ideal configuration in that local electric fields
induced by the tip are, to first order, linear through the
film, which is in contrast to the general case of thicker
samples.?® In addition, the crystallographic orientation
constrains the polarization vectors to be within the
plane of the film or perpendicular to the surface.

Figure 4 illustrates the polarization variation in a Ba-
TiO3/SrTiOs superlattice in which the film is in compres-
sion, so the domains are perpendicular to the surface.
Figure 4a,b shows that the morphology consists of me-
andering domains with sizes ranging from 50 to 100
nm. The piezoresponse amplitudes (Figure 4c) exhibit
two peaks centered around 2.3 and 2.6 pm that corre-
spond to 0.57 and 0.65 pm/V and are attributed to up-

www.acsnano.org



Figure 4. Polarization of superlattices. Amplitude (polarization) images of BaTiO3/SrTiO; heterostructures grown on a (100)
SrTiO; substrate. Large area scans showing variations of piezoresponse (a,b), distribution of piezoresponse between 2.0 and
3.2 pm with the lines as a guide to the eye (c), subsets of the same dimensions as the simulation cell (d—f). Images acquired
with tip-free resonance = 79.14 kHz, k = 2.23 N/m, deflection set point = 0.3 V, oscillation amplitude = 6.6 V, tip contact reso-
nance = 312.1 kHz, amplitude offset = 4 kHz; (b) 500 nm X 500 nm image. Z range for a,b = 1.5 pm and d—f = 1 pm.

ward c+ and downward c— orientated domains. (The
line is simply a guide for the eye and not analytical.)
Since the tip diameter is ~30 nm, which is on the same
order as that of the domains, the tip is often over more
than one domain; therefore, the maxima and minima
values most accurately reflect the piezoresponse of the
domains. The ratio of the amplitudes of the c+ and

c— domains is about 1.2, which is discussed in detail
below.

The ferroelectric domain morphologies are pre-
dicted by the phase-field method coupled with mi-
croelasticity and electrostatics.>*3* Figure 5a,b shows
the calculated domain structures of the BaTiOs layer
and SrTiO; layer within a (BaTiOs)s/(SrTiOs), superlat-
tice on SrTiO;. If we assume that the superlattice is fully
commensurate with substrate SrTiOs, and at room tem-
perature dq,(SrTiOs) = 3.905 A, the BTO layer
as,p(BaTiO3) = 4.005 A within the superlattice is sub-

www.acsnano.org

ject to a strain of e;; = ey, = —2.5%, while the SrTiO3
layers are not strained. Figure 5 compares the SrTiOs-
and BaTiOs-terminated surfaces and shows the dimen-
sion of the internal layer of the heterostructure. Note
that the BaTiO; layer is thinner than the SrTiOs layer, as
in the experimental superlattice. Surprisingly, both lay-
ers are polarized with relatively large (40—100 nm) tet-
ragonal phase c+/c— domains. The size and general
shape of the domains agree well with experiment. The
polarization in the BaTiOs layer is spontaneous, while
that in the SrTiO; layer is induced by the polarization in
the BaTiO; layer to decrease the electrostatic energy.
The induced polarization in the SrTiOs is of the same ori-
entation as that in the BaTiO; so Figure 5a,b exhibits
the same terminations. This is, however, not the case
for films with different strain conditions.
A film consisting entirely of c+ and c— domains

should exhibit no variations in piezoresponse except
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Figure 5. Calculated polarization. Phase-field calculations of the
ferroelectric domain structure in a (BaTiO3)s/(SrTiOs), superlattice
constrained to the lattice constant of the underlying (001) SrTiO;
substrate showing the domain structure of the SrTiO; layer on the
surface. The size of the calculated image is 64 nm X 64 nm X 2.8
nm, but the z axis is exaggerated in order to illustrate the locations
of the layers in the film. The BaTiO; layer is in the center of the
slab with the SrTiO; at the outer surfaces. The calculation with the
BaTiO; layer at the surface looks exactly the same.

at the domain boundaries. However, Figure 4 shows
that there is a clear difference in the measured response
over ¢+ and c— domains. Ferroelectric films often con-
tain internal electric fields; they are a consequence of
differences in boundary conditions at the top and bot-
tom surfaces, which result in polarization asymmetry. In
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Figure 6. Determining the internal electric field. The ratio of
the average of the x; component of the positive and negative
polarization vector, i.e., (Ave. P,+)/(Ave. P,—), at different in-
ternal electrical field, predicted by phase-field simulation,
where E; = 9.65 X 10° V/m in the simulation. The dotted lines
show the experimentally determined polarization asymme-
try and consequent internal field.

METHODS

Dual Frequency Piezoelectric Force Microscope. In PFM, an ac elec-
tric field is applied to a conducting probe tip on a surface, and
the resulting expansion/contraction due to the inverse piezo-
electric effect piezoresponse is quantified from the mechanical
response of the cantilever. Signal to noise is enhanced by oper-
ating near the resonance of the cantilever in contact with the
surface (the so-called contact resonance). The contact resonance
is known to vary with position on a surface, an effect that is usu-
ally ignored. In dual frequency PFM, a frequency above and one
below the resonance are excited.*® Both amplitudes are detected
and used to shift frequencies so that contact resonance varia-
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order to examine this possibility, an electric field was in-
cluded in the phase-field simulation by introducing
the electrostatic energy Feec = —E;P; only a minor dif-
ference was observed in the domain structure. The in-
ternal field dependence of the ratio of the average of
the x; component of the polarization vector, positive
and negative, respectively, (Ave. P,+)/(Ave. P,—) is
shown in Figure 6.

The polarization asymmetry is proportional to the in-
ternal electrical field. The experimentally observed
asymmetry is predicted to occur with a field of ~5.7 X
10°V/m (around 0.6E, in the theory prediction, where E,
= 9.65 X 10°V/m). (See the Methods section for the jus-
tification of these values.) The field is well below
(10—30% of E.) the expected coercive field for epitax-
ial films of the thicknesses in these devices.?® *° The
presence of an internal field implies differences in polar-
ization compensation mechanisms at the bottom elec-
trode and at the surface. If under the ambient condi-
tions used here the surface is completely compensated
by atmospheric adsorbates, then the variations can be
attributed to the film/substrate interface. For example,
the substrate may more effectively supply carriers of
one sign for compensation, leading to an opposite
charge at this interface. More work is required to iso-
late the origins of the charge. Note that while the re-
sults in Figure 4 distinguish the differences in domain
properties, a measurement with electrodes larger than
the domain size (10—20 nm) would determine the po-
larization to be an intermediate value, ~0.6 pm/V, re-
flecting the behavior of neither.

In summary, we have experimentally determined the
value of polarization and domain structure in ferroelec-
tric BaTiO5/SrTiO; superlattices. The morphology of the
nanometer sized domains is in exceptionally good agree-
ment with theoretical calculations. Furthermore, the di-
rectional asymmetry in the observed polarization was
used to estimate the internal electric field in the film. This
approach to high precision characterization of small pi-
ezoresponses can lead to better characterization of ferro-
electric thin films. Perhaps more importantly, the protocol
that exploits these precise measurements in conjunction
with theoretical calculations to determine internal electric
fields locally can be generalized.

tions are eliminated from the data. In addition, we correct each
pixel with an analytical model that separates the contact reso-
nance and the sample response function.>? Images were ac-
quired with tip-free resonance = 79.14 kHz, k = 2.23 N/m, deflec-
tion set point = 0.3 V, oscillation amplitude = 6.6 V, tip contact
resonance = 312.1 kHz, and amplitude offset = 4 kHz. Nonlocal
electrostatic contributions were estimated with Si control
samples and shown to have noise on the order of 140 fm.

Film Growth. An epitaxial (BaTiOs)s/(SrTiO3), superlattice con-
sisting of three unit cells of (001), BaTiO; followed by four unit
cells of (001), SrTiO;, repeated 25 times was grown on a (001)
TiO,-terminated*' SrTiO; substrate by reactive molecular-beam
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epitaxy (MBE). The configuration is illustrated in Figure 1. The
BaTiO,/SrTiO; superlattice was formed by sequential shuttered
deposition of the precise single-monolayer doses of BaO, SrO,
and TiO, at substrate temperature of ~650 °C and a background
pressure of 5 X 1077 Torr of molecular oxygen. Growth was ini-
tiated with the SrO monolayer of the four unit cell thick (001),
SrTiOs layer and ended with the TiO, monolayer of the three unit
cell thick (001), BaTiO; layer. Four-circle X-ray diffraction analy-
sis confirmed that the [(BaTiO3)3/(SrTiOs),4]55 superlattice sample
was commensurate with the underlying substrate (see Support-
ing Information). The details of the shuttered reflection high-
energy electron diffraction (RHEED) intensity oscillations used
to control film stoichiometry and the unit cell layer thicknesses
of the BaTiOs and SrTiO; layers as well as structural characteriza-
tion of other BaTiOs/SrTiO; superlattices grown in the same
way can be found in ref 23.

Phase-Field Calculations. The ferroelectric domain structures are
predicted by the phase-field method coupled with microelastic-
ity and electrostatics.>*3* In this approach, we use the polariza-
tion P(x) = [P;(x), P,(x), P3(x)], as order parameter, and its tempo-
ral evolution, thus the domain structure, is described by the
time-dependent Ginzburg—Landau (TDGL) equations

P x,
WO F 203 M

at  ToP(xt)

where x = (x;, X, X3) is the coordinate, t is time, L is the kinetic co-
efficient related to the ferroelectric domain wall mobility, and F
is the total free energy of the system, which is given by

F= FoulP) + F

elas

(Pe) + F,

elec(P/" Er') + Fgrad(Pf,j) (2)
where Fuuiiy Felas: Felec @Nd Fgrag are the bulk chemical, elastic, elec-
trostatic, and gradient energies, respectively, ; is the elastic
strain, E; is the electric field components induced from
dipole—dipole interactions, and P;; = P/dx;. The mathematical
expressions and the numerical coefficients for obtaining the dif-
ferent energy contributions can be found in ref 21. The cell grid
matrix employed in our phase-field model is (64Ax; X 64Ax,) X
NAXx;, where the Ax; = Ax; = 1 nm, Axz = 0.504,,(SrTiO3) = 0.5 X
0.3905 nm, N = 2(n + m) for a (BaTiOs),/(SrTiOs),, structure. We
assume that the top surface of the superlattice and the film/sub-
strate interface are charge-compensated along the x; direction
and model the superlattice as a periodic structure. In the simula-
tion, the in-plane strains, e;; and e,,, imposed on the superlat-
tice are calculated from the lattice parameter difference:
b — asup

asup

@)

€ = €=

where dyyp and dg, is the lattice parameter of the substrate and
superlattice.

In our simulations, all quantities are converted to dimension-
less quantities, and at the end of a simulation, we convert them
back to values in real units. For example, 0.26 C/m is the sponta-
neous polarization of BaTiO; at room temperature, and it is used
to normalize the polarization. In a simulation, if the local polar-
ization value is 0.5, it means it is 0.5 X 0.26 C/m in real units; a,
is the Landau coefficient for BaTiO; for the second-order term.
Using those quantities to do reduced units, the conversion fac-
tor from values (in reduced unit, i.e., dimensionless) to values
with real unit for electric field is E,. So if the electric field in the
simulation is 0.8, it is 0.8 X E, in real units.
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