
www.advmat.de
www.MaterialsViews.com

C
O

M
M

U
N

IC
A
TIO

N

H. Lu, X. Liu, J. D. Burton, C.-W. Bark, Y. Wang, Y. Zhang, D. J. Kim, A. Stamm,  
P. Lukashev, D. A. Felker, C. M. Folkman, P. Gao, M. S. Rzchowski, X. Q. Pan,  
C.-B. Eom, E. Y. Tsymbal, and A. Gruverman*

Enhancement of Ferroelectric Polarization Stability  
by Interface Engineering
Switchable ferroelectric polarization in ultrathin-film hetero-
structures offers a promising functional basis for novel nano-
electronic devices. The main challenge for the implementation 
of such devices, however, is to overcome deleterious effects 
rendering ferroelectricity unstable, especially interface effects 
that become increasingly important as films are made thinner. 
Here, we demonstrate a synergetic experimental/theoretical 
approach to stabilize that ferroelectric polarization in nm-thick 
ferroelectric films by interface engineering. We find that in the 
epitaxial BaTiO3 films sandwiched between SrRuO3 layers the 
RuO2/BaO interface termination sequence, which commonly 
occurs during unit-cell-by-unit-cell growth, is detrimental to 
ferroelectric stability due to the presence of a pinned interface 
dipole. Our first-principles and phenomenological modeling 
predict and experimental measurements confirm that switch-
able ferroelectric polarization can be achieved by depositing a 
very thin layer of SrTiO3 at the top interface to eliminate the 
unfavorable interface termination. These results indicate that 
interface engineering is a viable approach to stabilize ferroelec-
tric polarization in ultrathin-film heterostructures.

Ferroelectrics are promising materials for a variety of tech-
nological applications such as non-volatile random access 
memories and high-density data storage devices.[1] Contin-
uing demand for further miniaturization of electronic devices 
brings up a problem of ferroelectric polarization stability at the 
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nanometer scale.[2,3] In particular, one of the promising research 
directions on ferroelectric tunnel junctions[4–6] relies entirely on 
the existence of stable polarization states in the ferroelectric 
barrier layers with thickness of just several unit cells. Switch-
able polarization of the barrier allows for a giant change in 
resistance in such junctions, known as the tunneling electrore-
sistance effect,[7,8] and control of the transport spin polarization 
if the electrodes are ferromagnetic.[9–11] Thus, maintaining and 
controlling a stable and switchable electric polarization in fer-
roelectric thin films down to the nanometer thickness range at 
room temperature is essential for exploiting the functionality of 
these materials for nanoelectronics applications.

Ferroelectric stability in thin films is largely determined 
by minimization of depolarizing field energy. The depolar-
izing field can be reduced by formation of screening charges 
at the film-electrode interfaces[12–14] or by forming a periodical 
stripe domain structure.[15–19] Although a free-electron charge 
in the metal electrodes is believed to provide the most efficient 
screening stabilizing the ferroelectric state down to nanometer 
dimensions,[12] stable ferroelectricity has been also observed 
in nm-thick films without top electrodes.[7,8,13,14] In this case, 
charge compensation at the free polar surfaces can be provided 
by ionic adsorbates, as has also been inferred from electro-
static force microscopy measurements[20] and first-principles 
calculations.[14]

The presence of two electrodes is essential for the functional 
control and reproducibility of ferroelectric-based device char-
acteristics. However, in some cases the screening provided by 
conductive electrodes appears to be less effective than screening 
by adsorbates on free surfaces exposed to air.[8] For example, 
deposition of the top SrRuO3 electrodes on BaTiO3 films results 
in severe relaxation to zero net polarization.[19,21] This effect 
is a consequence of strong effective depolarizing fields due to 
incomplete screening or reduced interface capacitance effect. 
In addition, the presence of asymmetric interfaces may lead to 
a built-in electric field, whose direction is independent of polar-
ization orientation resulting in two non-equivalent polarization 
states.[22] In fact, such asymmetry may even destroy the stability 
of one of the polarization states, making the system only mono-
stable in zero applied field and, therefore, non-ferroelectric. 
Addressing these detrimental effects is critical both for the 
fundamental understanding of the ferroelectric behavior at the 
nanoscale and related device performance.

One of the approaches to stabilize and even enhance ferro-
electricity in nm-thick films has been offered by first-principles  
calculations suggesting that interface atomic structure and 
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 chemical bonding may significantly impact a ferroelectric 

state.[23,24] In particular, interface engineering may be employed 
to eliminate the formation of a non-switchable interface dipole 
layer that is detrimental to ferroelectricity. In this paper, we 
exploit this approach to enhance ferroelectricity in thin BaTiO3 
films sandwiched between two SrRuO3 electrodes. Using first-
principles calculations and experimental studies we demon-
strate that introduction of a very thin layer of SrTiO3 at the 
SrRuO3/BaTiO3 interface eliminates the unfavorable RuO2/
BaO termination leading to a stable and switchable ferroelectric 
polarization.

Our first-principles calculations are performed using density 
functional theory as described in the Experimental Section. We 
consider systems where SrRuO3 electrodes are separated by an 
insulating layer made of either (i) n unit cells (u.c.) of BaTiO3, 
or (ii) n–2 u.c. of BaTiO3 plus a 2-u.c.-thick layer of SrTiO3. 
Since both SrRuO3 and BaTiO3 belong to the same pseudocubic 
perovskite-oxide family of structures with formula ABO3, we 
consider a 1 × 1 supercell stacked along the [001] pseudocubic 
direction using the typical AO-BO2 stacking of the atomic layers, 
where A = Ba or Sr and B = Ti or Ru. The in-plane lattice con-
stant is constrained to a = 3.87 Å which is the calculated LDA 
lattice constant of cubic SrTiO3. This constraint simulates the 
epitaxial strain of coherent growth on a single crystal SrTiO3 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G

Figure 1. (a) Schematic side view of the layer-by-layer atomic positions the S
(M-O) displacements in each atomic layer of the SrRuO3/(BaTiO3)8/SrRuO
the open symbols are A -O displacements (A = Sr or Ba). Red and blue curve
energy per Ti atom calculated from first-principles (symbols) and from the
for SrRuO3/(BaTiO3)n/SrRuO3 heterostructures with n = 8. (c) Free energy
using the phenomenological model for (a) the SrRuO3/(BaTiO3)n/SrRuO3 s
SrRuO3 structures and n = 5, 6, and 8.
substrate, just as in our experimentally grown samples. This in-
plane constraint imposes a compressive strain on the BaTiO3, 
yielding a c/a ratio of 1.055, ensuring a polarization along the 
[001] direction.

When BaTiO3 is deposited in the [001] direction by pulsed 
laser deposition (PLD) it grows unit-cell-by-unit-cell. This results 
in a stoichiometric film with different atomic terminations on 
the two sides, i.e. one surface/interface will be BaO terminated 
while the other will be TiO2 terminated. Therefore, since the 
usual AO-BO2 stacking sequence is preserved at the interfaces 
in a heterostructure with SrRuO3 electrodes, the bottom inter-
face has the TiO2-SrO termination sequence and the top inter-
face has the RuO2-BaO termination sequence. The structures 
of these asymmetric interface terminations are schematically 
shown in Figure 1. In this representation, for comparison with 
our experimental results below, the termination on the left side 
corresponds to the bottom interface while the top interface is 
on the right side.

Ferroelectricity in BaTiO3 manifests itself as a symmetry-
breaking structural distortion away from the perfect cubic per-
ovskite structure. The distortion consists of relative displace-
ment along one of the 6 cubic axes of the Ti and Ba cations 
from their co-planar O anions in each TiO2 and BaO atomic 
plane, respectively. In the case of bi-axial compressive-straining 
mbH & Co. KGaA, Weinheim

rRuO3/(BaTiO3)8/SrRuO3 structure and profile of the relative metal-oxygen 
3 structure. The solid symbols are B -O2 displacements (B = Ru or Ti) and 
s correspond to the up and down polarization states, respectively. (b) Total 
 phenomenological model (a curve) as a function of average polarization 
 per Ti atom at T = 300 K as a function of average polarization calculated 
tructures. (d-f) Same as for (a-c) except for SrRuO3/(BaTiO3)n-2/(SrTiO3)2/
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of bulk BaTiO3 the tetragonal c-axis is the favored axis for the 
distortions and the two corresponding polarization directions 
are degenerate in energy. In the heterostructures we consider, 
however, the asymmetric interfaces break this degeneracy and 
the two polarization directions become inequivalent, as is evi-
dent from the calculated structural distortions for the two polar-
ization states in the 8-u.c. system (Figure 1a). We see that in 
addition to the reversible distortions in the BaTiO3 layer there 
are polar distortions that penetrate into the SrRuO3 electrode, 
in agreement with the previous calculations.[25] On the bottom 
interface (on the left in Figure 1a), terminated by TiO2-SrO, 
these polar distortions in SrRuO3 follow the polarization direc-
tion in the BaTiO3, consistent with the penetration of a screened 
electric field into the metallic SrRuO3. However, on the top 
interface (on the right in Figure 1a) terminated by RuO2-BaO 
we find that the polar displacement direction in the first unit-
cell of SrRuO3 does not follow the polarization of the BaTiO3. 
Most notably the first RuO2 layer exhibits a significant negative 
polar displacement whose magnitude remains appreciable even 
when the polarization of the BaTiO3 opposes it.

The interface dipole arises because of a mismatch between 
ionic radii: the Sr-Ti interface can be viewed as one cell of 
SrTiO3, whose cationic radii complement one another so that 
it has a preference to be centrosymmetric, and will therefore 
only develop off-centering in response to an electric field. At 
the Ba-Ru interface, however, Ba has a larger ionic radius than 
Sr and, just as it does in BaTiO3, leads to off-centering of the 
B-site cation (Ru4+ in this case) with respect to the co-planar 
oxygen ions. The asymmetric environment of the interfacial 
Ru, however, strongly favors only one orientation (negative in 
our case). In addition, BaRuO3, which is essentially what we 
have at the Ba-Ru interface, only assumes the pseudo-cubic-
perovskite structure similar to SrRuO3 at high pressures due to 
the larger A-site cationic radius.[26] This is a different origin of  
fixed interface displacements than the charge mismatch effect 
recently found in Ref.[27] Below, we show that this pinned 
interface dipole plays a detrimental role in the stability of a 
switchable ferroelectric polarization.

The effect of asymmetry on stability has been further studied 
by examining the energy profile that establishes the two states. 
We do this by taking the fully relaxed polarization structures, 
which differ only in their atomic z coordinates, and construct a 
series of structures which interpolate between these two stable 
states, calculating the total energy for each such structure. In 
addition to the total energy we calculate the average polarization, 
P, in the spacer using the approach developed in Ref.[25] based 
on the Ginzburg-Landau-Devonshire theory applied to a ferro-
electric film.[28] By fitting the first-principles calculations for n =  
8 structures we find an expression for the free energy, which 
can be easily adapted to study different thicknesses and even 
finite temperatures (further details can be found elsewhere[29]).

In Figure 1b, we plot the double well profile for n = 8 unit 
cells of BaTiO3 derived from the structures shown in Figure 1a.  
The phenomenological fit (curve) to the first-principles data 
(points) is clearly very good. We see that the positive polariza-
tion state is higher in energy, and has a smaller effective barrier 
height for reversal, than does the negative polarization state. 
This asymmetry in the energy profile is a natural consequence 
of the downward pointing pinned interface dipole at the top, 
© 2012 WILEY-VCH Verlag GmAdv. Mater. 2012, 24, 1209–1216
RuO2-BaO terminated, interface: the dipole partially cancels 
depolarization effects for the down polarization state, whereas 
the dipole adds to the already unfavorable depolarization effects 
in the up polarization state. Since this is an interface effect we 
can expect the influence of the pinned dipole to increase for 
thinner ferroelectric spacer layers. To explore this, we addition-
ally performed relaxation calculations for heterostructures with 
n = 4, 5 and 6 unit cells of BaTiO3. Surprisingly, we find that it 
was possible only to stabilize the downward polarization state 
in each of these thinner structures: all attempts at finding an 
upward polarization state result in relaxation back to the down-
ward polarization state. This indicates that all upward polariza-
tion states are energetically unstable, which is consistent with 
the strong dipole at the RuO2/BaO interface.

The detrimental effect of the RuO2-BaO interface termina-
tion can be alleviated by replacing two BaTiO3 unit cells at the 
top interface with SrTiO3 (Figure 1d). This will make the inter-
face termination sequence with the top electrode RuO2-SrO, or 
equivalently SrO-TiO2 just as it is with the bottom interface. 
Fully relaxed calculations of the SrRuO3/(BaTiO3)6(SrTiO3)2/
SrRuO3 heterostructure reveal that both states are stable and 
the polar displacements throughout the heterostructure, even 
those in the SrRuO3, follow the polarization direction in the 
BaTiO3 (Figure 1d). Using the same procedure as before we cal-
culate the double-well energy profile for structures containing  
2 unit cells of SrTiO3 and 3, 4 and 6 unit cells of BaTiO3. 
Remarkably, in contrast to the pure BaTiO3 structures, full 
relaxation calculations establish two stable polarization states 
in all cases (Figure 1e). Our phenomenological model matches 
quite well with the zero-temperature first-principles data for all 
interface-engineered heterostructures (solid lines in Figure 1e).

In addition to the removal of the unfavorable asymmetry 
induced by the interface dipole, the insertion of the SrTiO3 also 
leads to a further enhancement of the ferroelectric stability, as 
can be seen by comparing the energy wells for the n = 8 struc-
tures in Figure 1(b) and (e). The well depth (effective barrier 
height) of the downward polarization state in the structure with 
the SrTiO3 interface layer is ∼4meV/Ti deeper (larger) than 
for the pure BaTiO3 heterostructure. This can come from the 
enhanced screening of the depolarizing field in the BaTiO3 due 
to the large dielectric response of SrTiO3.

In addition to the zero-temperature results, the phenomeno-
logical model has been extrapolated to room temperature by 
assuming a simple temperature dependence of the free energy 
coefficients.[29] We find that at room temperature a ferroelectric 
monodomain state in a SrRuO3/BaTiO3/SrRuO3 heterostruc-
tures can be stabilized only above ∼20 u.c. (Figure 1c). This is 
in contrast to a SrRuO3/(BaTiO3)6 (SrTiO3)2/SrRuO3 heteros-
tructure, where the model predicts that the unfavorable con-
tribution from the interface dipole on ferroelectric stability is 
alleviated at room temperature even for 15 u.c. of BaTiO3, and 
possibly thinner (Figure 1f).

To verify these theoretical predictions we have grown sev-
eral epitaxial BaTiO3-based heterostructures with engineered 
interfaces (Figure 2) and studied their switching behavior. 
Single-crystalline BaTiO3 films (with a thickness of 24 unit 
cells) have been fabricated by pulsed laser deposition using 
atomically-controlled layer-by-layer growth on atomically 
smooth (001) SrTiO3 substrates with single-crystalline top and 
1211wileyonlinelibrary.combH & Co. KGaA, Weinheim
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Figure 2. (a) Schematic diagrams of the reference SrRuO3/BaTiO3/SrRuO3 heterostructure (no-STO) and heterostructures with engineered top (t-STO) 
and bottom (b-STO) interfaces. Thickness of the BaTiO3 and SrTiO3 layers is 24 u.c. and 2 u.c., respectively. (b) STEM image of the reference SrRuO3/
BaTiO3/SrRuO3 heterostructure. A white block in the inset on the left indicates an area shown at higher magnification on the right. (c) STEM image of 
the SrRuO3/SrTiO3/BaTiO3/SrTiO3/SrRuO3 heterostructure. A white block in the inset on the left indicates an area shown at higher magnification on 
the right. Note the same terminations at the top and bottom BaTiO3/SrTiO3 interfaces. (d) The intensity profiles of the top interface of the reference 
SrRuO3/BaTiO3/SrRuO3 heterostructure indicating a mixture of RuO2-BaO and TiO2-SrO terminations (also shown in 2(b)). (e) The intensity profiles 
showing the TiO2-BaO termination at the top interface of the SrRuO3/SrTiO3/BaTiO3/SrTiO3/SrRuO3 heterostructure. (f) The intensity profiles of the 
bottom interface of the reference heterostructure indicating termination of the TiO2-SrO type (also shown in 2(b)). (g) The intensity profiles indicating 
the TiO2-SrO termination at the bottom interface of the SrRuO3/SrTiO3/BaTiO3/SrTiO3/SrRuO3 heterostructure.
bottom SrRuO3 electrodes.[30,31] Control of epitaxial growth of 
the BaTiO3 films has been ensured by in situ monitoring of 
RHEED intensity oscillations and RHEED patterns.

As has been proposed in the modeling approach, interface 
engineering has been realized by introducing a SrTiO3 layer 
with the thickness of 2 unit cells between the BaTiO3 and 
SrRuO3 layers (Figure 2a). The atomic structure of interfaces 
was directly determined by spherical aberration (Cs) corrected 
2 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
scanning transmission electron microscopy (STEM). Cross-
sectional high-angle annular dark field (HAADF) image of the 
heterostructures without and with STO layers, viewed along 
[100] zone axis, are shown in Figure 2b and 2c, respectively. The 
high-resolution HAADF images revealed that the BaTiO3 and 
SrRuO3 layers being fully commensurate with the SrTiO3 sub-
strate and showed well-defined interfaces (Figures 2b and 2c). 
The intensity profile of the top interface in SrRuO3/BaTiO3/
mbH & Co. KGaA, Weinheim Adv. Mater. 2012, 24, 1209–1216
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Figure 3. (a) Conventional and (b) remanent P-V hysteresis loops meas-
ured by pulsed testing in no-STO, t-STO and b-STO heterostructures. 
The loops in (a) exhibit a width of 50 mV and low remanent polarization 
indicating an unstable polarization state. Note an almost 200% increase 
in the remanent polarization for the t-STO sample in comparison with the 
no-STO and b-STO samples.
SrRuO3, referred to as the reference, or no-STO, heterostruc-
ture, reveals a mixture of RuO2-BaO and TiO2-SrO terminations 
(Figure 2d) while the bottom ferroelectric-electrode interface 
shows only TiO2-SrO termination (Figure 2f). Introduction 
of the SrTiO3 layer at the top interface changes its termina-
tion to the TiO2-BaO type (Figure 2e), while the SrTiO3 layer 
at the bottom interface leaves the TiO2-SrO type termination 
intact (Figure 2g). The corresponding SrRuO3/SrTiO3/BaTiO3/
SrRuO3 and SrRuO3/BaTiO3/SrTiO3/SrRuO3 heterostructures 
are referred to as t-STO and b-STO, respectively.

Ferroelectric properties have been characterized using polari-
zation hysteresis and scanning probe microscopy (SPM) meas-
urements. The hysteresis loops of the reference SrRuO3/BaTiO3/
SrRuO3 sample (Figure 3a) show almost a paraelectric-type 
behavior with the remanent polarization well below 1 μC/cm2  
and a loop width of about 50 mV. To alleviate a strong nonlinear 
dielectric contribution effect and enable a more accurate meas-
urement of such a low polarization value we applied a pulsed 
testing method.[32] In SrRuO3/BaTiO3/SrRuO3, the remanent 
polarization 2Pr, defined from the difference between the 
switched P* and nonswitched P^ polarization signals, shown in 
Figure 3b, is about 0.5 μC/cm2. (For comparison, the 2Pr value 
of 100 μC/cm2 was reported for 200-nm-thick BaTiO3 film on 
GdScO3 substrate with SrRuO3 top and bottom electrodes[30]). 
Changing the termination type at the top interface from RuO2-
BaO to TiO2-BaO (t-STO sample) increases the remanent 
polarization by almost a factor of 3 to about 1.6 μC/cm2, which 
is consistent with the changes predicted by the first-principle 
modeling. On the other hand, the remanent polarization value 
detected in the b-STO sample is very similar to that in the ref-
erence sample. This similarity can be expected as the in this 
case the interface terminations are identical for both structures. 
Introduction of the SrTiO3 layer at both top and bottom inter-
faces produces the same effect as modification of only the top 
interface (see Figure S1 in supplementary section). This finding 
confirms that the main mechanism behind the polarization 
retention enhancement is the change in termination structure 
at the top interface.

While polarization hysteresis loop data are related to the net 
polarization, PFM provides information on the local (nanoscale) 
ferroelectric polarization. For the tetragonal (001)-oriented 
ferroelectrics as the BaTiO3 films used in our study, the PFM 
amplitude signal is determined by the d33 piezoelectric coef-
ficient which is proportional to the normal component of the 
local polarization: d33 ∼ ee0P.[33] Ramping the poling dc voltage 
and monitoring the accompanying change in the PFM ampli-
tude signal allows testing the switching behavior at the spatial 
range determined by the tip-sample contact area (which is on 
the order of 10 nm in diameter). Local PFM switching meas-
urements reveal a typical hysteretic polarization behavior for 
all the heterostructures (Figure 4a). Before the measurements, 
the samples were poled by application of voltage pulses of +4 V,  
which is well above the threshold voltage. In PFM testing,  
the parameter directly related to the remanent polarization 
value is the initial piezoresponse amplitude signal at 0 V. It can 
be seen that for the reference SrRuO3/BaTiO3/SrRuO3 and for 
the b-STO samples, the initial PFM amplitude and thus the 
local remanent polarization values are close to zero, which is 
consistent with zero net polarization revealed by P–V hysteresis 
© 2012 WILEY-VCH Verlag GAdv. Mater. 2012, 24, 1209–1216
measurements. On the other hand, the t-STO sample exhibits 
a much higher initial PFM amplitude signal illustrating an 
enhanced remanent polarization in the sample with the engi-
neered top interface. This effect was also observed when sam-
ples were poled by the opposite voltage (not shown here).

To obtain a nanoscopic insight into the domain structure 
associated with the observed retention behavior, we employed 
a PFM imaging approach. Given that the BaTiO3 films used in 
the present study are fully coherent with the SrTiO3 substrates, 
which impose compressive stress, it is expected that the films 
would be in the polar state and only 180º domains would be 
1213wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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Figure 4. (a) PFM hysteresis loops for no-STO, t-STO and b-STO heterostructures after application of +4 V poling pulses. The first quarters of the 
cycles are shown in red with arrows indicating the direction of voltage change. A difference in the initial (at zero bias) PFM amplitude illustrates a dif-
ference in remanent polarization values for different heterostructures. (b) EFM images of the no-STO, t-STO and b-STO heterostructures after poling by  
+/-4 V pulses. Contrast inversion upon the change of the pulse polarity is attributed to the change of screening charge on the electrodes and indicates 
a presence of a switchable polarization with two stable states.
present. It is also expected that to minimize the depolarizing 
energy, the system could break up into a system of 180° periodic 
antiparallel domains of equal volume fraction thus bringing the 
net polarization to zero. However, PFM imaging of the refer-
ence SrRuO3/BaTiO3/SrRuO3 structure, which should be able 
to reveal domains as small as 10 nm in size,[34] did not show any 
signature of the domain structure neither in the as-grown het-
erostructures nor after poling. This failure to observe domains 
by PFM can be explained if one recalls that the direct experi-
mental measurements of ultrathin BaTiO3 films by Raman 
spectroscopy yielded a domain period value of 6.3 nm,[35] which 
is below the PFM spatial resolution limit.

Nevertheless, the SPM approach still can offer additional 
support to the proposed mechanism of polarization retention 
enhancement. We have undertaken Electrostatic Force Micro-
scopy (EFM) studies of the BaTiO3 heterostructures subjected 
to poling by positive and negative voltage pulses. Note that 
EFM is sensitive to the presence of the surface charge and, as 
such, can address the issue of polarization stability by detecting 
the screening charge retained on the electrodes after poling. 
The EFM images of the reference sample and samples with 
engineered heterostructures after +/-4 V poling are shown 
in Figure 3b. It can be seen that while poling of the reference 
SrRuO3/BaTiO3/SrRuO3 sample by negative or positive pulses 
does not lead to any contrast change, the same poling proce-
dure performed on the t-STO sample results in the appear-
ance of strong reversible EFM contrast suggesting induction 
of the screening charge in the electrode. For the experimental 
conditions used in these measurements, dark EFM contrast 
corresponds to the positive charge signal (respectively, bright 
contrast indicates negative charges). Based on this observation 
of the reversible EFM signal and its correlation with the sign of 
the poling voltage it can be confirmed that the resulting EFM 
contrast is indeed due to the screening charge on the electrodes 
and thus indicates a presence of stable polarization in the 
t-STO sample after poling.[36] Similarly, contrast inversion has 
been observed in the sample where both interfaces have been 
engineered (Figure S2). On the other hand, there is no change 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
in the EFM signal after poling of the b-STO sample indicating 
zero net polarization. This effect is consistent with experimental 
results above showing that it is engineering of the top interface 
only that brings about polarization retention enhancement.

As a final note, it should be mentioned that the theoretically 
predicted effect of the interface engineering on polarization 
enhancement is only in qualitative agreement with the experi-
ment. Interface engineering, while enhancing the remanent 
polarization by a factor of 3, did not lead to full recovery of 
polarization to its bulk value. This result illustrates a significant 
role of other effects and parameters in minimizing the depo-
larizing energy, such as polarization electronic screening and 
possible defect formation at the interfaces. In addition, stability 
enhancement by interface engineering in the first-principle 
calculations is based on eliminating an ideal uniform RuO2/
BaO termination at the top interface, whereas our experi-
mental STEM data shows that the top interface of our SrRuO3/
BaTiO3/SrRuO3 sample exhibits a mixture of different interface 
terminations.

In conclusion, a detrimental effect on polarization retention 
of the RuO2/BaO interface termination sequence in ultrathin 
epitaxial SrRuO3/BaTiO3/SrRuO3 heterostructures has been 
predicted by first-principles calculations. It has been sug-
gested that significant retention enhancement can be achieved 
by depositing a very thin layer of SrTiO3 at the interface to 
eliminate the unfavorable interface termination. Validity of 
the proposed approach to polarization stabilization has been 
confirmed by experimental measurements of polarization reten-
tion behavior in a set of model heterostructures with atomically 
engineered interfaces. The obtained results indicate that inter-
face engineering is a viable approach to enhancement polariza-
tion retention in ultrathin ferroelectric heterostructures.

Experimental Section
Modeling: First-principles density functional calculations were 

performed using the Vienna Ab Initio Simulation Package (VASP). 
Exchange and correlation effects were accounted for using the local 
mbH & Co. KGaA, Weinheim Adv. Mater. 2012, 24, 1209–1216
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density approximation (LDA). Self-consistent calculations and atomic 
relaxations were performed using an energy cutoff of 500 eV for the 
plane wave expansion of the wavefunctions and an 8 × 8 × 1 Monkhorst-
Pack k-point grid for sampling of the Brillouin zone. Atomic relaxations 
were performed until the Hellmann-Feynman force on each atom was 
less than 30 meV/Å.

Materials: Single-crystalline epitaxial SrRuO3(3 nm)/BaTiO3(24u.c.)/
SrRuO3(30 nm) heterostructures have been grown by pulsed laser 
deposition (PLD) on atomically smooth (001) SrTiO3 substrates. 
Reflection high-energy electron diffraction (RHEED) has been used for 
in-situ monitoring of the layer-by-layer growth process. Top SrRuO3 
electrodes of about 6 μm in diameter and 3 nm thick have been 
patterned by lift-off lithography. Before deposition, low angle miscut 
(<0.1°) SrTiO3 substrates were etched using buffered HF acid for 90 
seconds to maintain Ti-termination and then were annealed in oxygen 
at 1000 °C for 12 hours to create atomically smooth surfaces with 
single-unit-cell-height steps. During deposition of all the layers except 
for the top SrRuO3 electrode substrate temperature was maintained at 
680 °C with chamber oxygen pressure kept at 150 mTorr. The top SrRuO3 
electrode was grown at lower temperature (600 °C) to avoid intermixing. 
The samples were annealed at growth temperature and 1 atm oxygen 
pressure for 30 minutes and then cooled down to room temperature. 
The resulting surface of the BaTiO3 thin films was atomically smooth 
with single unit cell height steps.

Experimental Measurements: Polarization imaging and local 
switching spectroscopy has been performed using a resonant-enhanced 
Piezoresponse Force Microscopy (MFP-3D, Asylum Research). 
Conductive silicon cantilevers (DPE18/Pt, Mikromasch) have been used 
in this study. PFM hysteresis loops were obtained at fixed locations on 
the top SrRuO3 electrodes as a function of a dc switching pulses (25 ms) 
with a superimposed ac modulation bias with amplitude of 0.8 Vp-p at 
320 kHz. PFM local spectroscopy was carried out after application of a 
preset voltage pulse to measure initial response, which allows an indirect 
measurement of polarization state. Electrostatic force microscopy (EFM) 
imaging of the heterostructures has been performed at a resonance 
frequency of 65 kHz with a tip under +2 V dc bias.

Conventional and differential (remanent) P-V hysteresis loops have 
been measured using Precision SC tester (Radiant Technologies) in the 
top-to-bottom contact configuration at the modulating frequency of  
500 Hz with voltage sweeping from -1.5 V to 1.5 V. Electrical connection 
to the top SrRuO3 electrodes was realized via a conductive PFM probe, 
while the bottom electrode was grounded. Remanent polarization has 
been measured by using two sets of pulse trains (see supplementary 
part Figure S3).

The microstructural analysis has been carried out with a spherical 
aberration-corrected JEOL 2100F scanning transmission electron 
microscope, operating at 200 kV. The intensity profiles have been 
measured using the Gatan DigitalMicrograph software.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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