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Interface effects on highly epitaxial ferroelectric thin films
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Abstract Interface effects have been found to play a key
role in controlling the epitaxial nature and physical prop-
erties on the highly epitaxial ferroelectric thin films. Thin
film ferroelectrics are dominantly affected by the strains
induced by lattice misfits between the films and the sub-
strates, surface step terrace, both step height and terrace
dimension, and the surface terminations. The natures of
interface induced local strain formations, edge dislocations,
and antiphase domain boundaries are reviewed in this
article.

Introduction

Ferroelectric materials, such as Ba;_,Sr, TiO; (BST-x),
Pb,_.Sr, TiO; (PST-x), etc., with nonlinear dielectric
properties have been recognized for their importance as
extraordinary functional materials due to their attractive
dielectric properties, such as high dielectric constant, low
dielectric loss, spontaneous polarization, and strong field
dependence of dielectric constant. Notably, the field
dependence of the dielectric constant results in a tunable
dielectric response through the application of an external
electrical field. A great effort has been made in the past two
decades towards applying these nonlinear dielectric
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properties, found in highly epitaxial thin films, to applica-
tions in tunable microwave devices, structural health
monitoring systems, nonvolatile memories and memory
capacitors, and many other microelectronic and electro-
optic devices [1-5].

However, it has been found that the dielectric properties
of these ferroelectric thin films are quite different from those
of their bulk [6]. The strong dependence of the dielectric
properties on various substrates has been observed [7-12].
On the other hand, the ferroelectricity is seriously affected
by the film thickness [13-27]: (1) Normally, the dielectric
constant and remanent polarization change markedly with
the decrease of film thickness when the films are thinner than
the critical thickness; (2) a significant broadening of the peak
of the dielectric constant as a function of the temperature
occurs in thinner films. These results imply that the inter-
faces have played a key role in the dielectric properties of
highly epitaxial ferroelectric thin films. In particular, when
the thickness of the films scaled down to nanometers, or the
ratio of interface to bulk material is comparable, the inter-
face contribution to the properties of these films/hetero-
structures becomes dominant.

When a film is grown on a substrate, an interface is
formed between the film and the substrate surface. Nor-
mally, the film is grown in a way with minimum interface
energy. Important factors that affect the interface include
the crystal structures, surface and interfacial energies,
bonding configurations, and the thermal expansion coeffi-
cient of the film and the substrate, etc. Many efforts have
been made to explore interfacial behavior and its effect on
the properties of thin films.

In this article, we will focus on the discussion of the
effect from the strain, dislocations and antiphase domain
boundaries near/at the interface in highly epitaxial ferro-
electric thin films and multilayered structures.
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Strain-induced edge dislocation formations

When a thin ferroelectric layer grows on a substrate,
especially in the partially coherent growth mode, stress can
be generated from the lattice misfit, thermal mismatch and
phase transformations between the substrate and the film.
As mentioned above, this stress may lead to the strain in
the film and drastically influence the film growth mode, the
microstructures in the films, and the physical properties. It
may change the film surface morphologies, induce dislo-
cations and defects in the films, and result in a variety of
interesting and anomalous new physical phenomena.
Strain effects on ferroelectric properties have been the-
oretically studied from Devonshire thermodynamic for-
malism as early as 1949, which revealed that the Curie
temperature will be changed under a two-dimensional stress
[28, 29]. At the end of the 1980s, Cross and his collabora-
tors theoretically calculated the coefficients of a modified
Devonshire energy function for PbTiO5; and successfully
predicted the shift of the Curie point with hydrostatic stress
[30, 31]. Using the thermodynamic theory, along with the
X-ray results, they plausibly explained the shift of the Curie
point in c-axis oriented PbTiO5 thin films, observed by
Kushida et al. [32, 33], in terms of a two-dimensional stress
effect [34]. Lately, Pertsev et al. [35, 36] further developed
the Landau—-Devonshire thermodynamic model for epitaxial
ferroelectric films and predicted the appearance of unusual
phases and phase transformations as a result of the epitaxy
induced internal stresses. The strain—temperature phase
diagrams were successfully developed for epitaxial BaTiO3

Fig. 1 Schematic illustration of @ ®
the mechanisms of edge

dislocation formed at the

interface to reduce the strain &
energy in the highly epitaxial

films [12] ®
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Fig. 2 High-resolution TEM
image of Bag sSrg sTiO3/
LaAlO3 showing the edge
dislocations were uniformly
distributed along the entire
interface [38]

and PbTiO; films, and were experimentally confirmed by
Streiffer et al. [37], when it was found that the reduction in
the apparent Curie-Weiss temperature, observed in fiber-
textured BST-x thin films on Si substrates, was due to the
tensile stress.

The generation of dislocations has been widely accepted
as a major mechanism to release this induced strain. Typ-
ically, edge dislocations can be formed at or near the
interface to fully or partially release interface strain energy
due to lattice misfit between the film and the substrate, as
seen in Fig. 1. The recent experimental observations, from
the high-resolution electron microscope by Chen et al. [38],
reveal that the edge dislocations are uniformly formed
along the entire interfaces of the ferroelectric BST-0.5 on
(001) LaAlOg, as seen in Fig. 2. The formation of misfit
dislocations during deposition can reduce the strain energy
accumulated in the films and alter the energy distribution
functions. By considering the misfit dislocations formed at
the interface during the film growth, Ban and Alpay [39]
theoretically investigated single-domain epitaxial BST-x
films on a series of cubic substrates based on the cube-on-
cube epitaxy and also developed phase diagrams of these
systems as a function of the misfit strain based on a Lan-
dau-Devonshire phenomenological model. This model is a
new version of the Pertsev’s model and becomes a mile-
stone in understanding the strain effects on oxide thin film
growth. It is clearly shown that the dielectric response is
strongly dependent upon the film thickness and the misfit
strain via substrate selection, especially in the vicinity of
structural instabilities, which sheds light on the strain
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engineering of ferroelectric thin films. Detailed theoretical
analysis can be found in the recent literature [40] or the
recent review article by Alpay in this special issue.

Experimentally, lattice misfit dislocations, normally in
the form of edge dislocations, can be directly observed
from cross-sectional Transmission Electron Microscopy
(TEM) with the image of the crystal structure of thin films
perpendicular to the film surface [41]. Figure 3a is a bright
field cross-sectional TEM image of an epitaxial ferroelec-
tric PST-0.4 (PSTO) thin films on (001) MgO. The selec-
ted-area electron diffraction (SAED) were taken with the
electron beam parallel to the [100] axis of MgO. Figure 3b,
¢, and d are SAED patterns taken from the film, the area
covering both the film and the substrate, and the substrate,
respectively, showing a single cubic crystal structure with
excellent single crystallinity and a sharp interface. The
interface relationship between the PSTO film and the MgO
substrate is determined to be (001)psTo//(001)me0 and
(100)psT0//(100)Mmgo and the lattice mismatch can be
estimated as —6.2% calculated using (@psTo—@mg0)/@Mg0
measured from the electron diffraction pattern. The high-
resolution TEM image of the interface taken under two-
beam condition, as shown in Fig. 3e, reveals the periodi-
cally distributed edge dislocations at the interface accom-
modated the lattice misfit strain with the average spacing of
the edge dislocations of about 2.8 nm.

These edge dislocation networks and strain distributions
can also be seen clearly from plan-view images in which an
image is along the surface plane of the film. The interface
structures of the PST-0.4 (PSTO) thin film on (001) MgO
substrate was also studied by using the double diffraction
technique of a plan-view High-resolution TEM (HRTEM)
[42]. As seen in Fig. 4a, groups of diffraction spots in a
SAED pattern of the interface taken from a plan-view
PSTO/MgO sample with the electron beam entering the
PSTO film and exiting from the MgO substrate. This
SAED pattern exhibits quite different characteristics from
those shown in Fig. 3b, i.e., it cannot be obtained by simply

Fig. 3 Left a Cross-sectional
TEM image of PSTO/MgO,
b-d SAED from PSTO film,
interface covering both PSTO
and MgO, and MgO substrate,
respectively. Right e Two-beam
and f multi-beam cross-section
HRTEM image of the PSTO/
MgO interface [41]
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superimposing the diffraction patterns of PSTO [001] zone
and MgO [001] zone. A modulated structure was clearly
observed from this plan-view PSTO/MgO sample. The
modulation wavelength measured from Fig. 4b is about
2.7 nm, which is very close to the value obtained from the
SAED pattern in Fig. 4a. Figure 4d is a Fourier transfor-
mation (FT) of the HRTEM image in Fig. 4c presenting
a diffraction pattern similar to the SAED in Fig. 4a.
Figure 4a shows many more diffraction spots compared to
Fig. 3b and presents a complicated pattern similar to those
observed in some incommensurate or commensurate
modulated structures. Figure 4a exhibits a fourfold sym-
metry. All of the diffraction spots including strong and
weak ones are located in a two-dimensional square super-
lattice with a lattice constant of 2.73 nm. This value equals
to either 14 times the d-spacing of PSTO (200), or 13 times
the d-spacing of MgO (200).

PSTO has a cubic perovskite structure with (Pb, Sr)
atoms distributed at (000), Ti at (%2 %2 %2) and O at (V2 12 0),
(0 Y2 %2), and (2 0 Y2) positions. MgO is a rock-salt type
structure with Mg atoms occupying (000), (Y2 2 0), (0 V2
%), and (Y2 0 %2), and O occupying (¥2 0 0), (0 %2 0), (00
¥2), and (V2 2 '2) positions. Diffraction spots in Fig. 4b can
be obtained using double diffraction of the MgO [001] and
PSTO [001] zone diffraction patterns. Figure 4c shows a
schematic classification of the diffraction spots in a quarter
of the SAED pattern of Fig. 4a, where open circles, dark,
and gray spots represent the diffraction spots from MgO,
PSTO, and double diffractions, respectively. The reciprocal
lattice vector gju,of a diffraction spot in Fig. 4a can be
given by

_ * * * *
Bhkmn = haye0 + uapsro + kb0 + Vhpgro

where A, k, u, and v are all integers, aXJgO and b}{lgo are unit
vectors of MgO in reciprocal space, ape;o and bjgp, cor-
respond to the reciprocal unit vectors of PSTO. The dif-
fraction spots in Fig. 4a can then be indexed using four
indices (h k u v). For example, diffraction spots 1, 2, 3, 4, 5,
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Fig. 4 a SAED pattern of the
plan-view PSTO/MgO
interface, b schematic
illustration showing
classification of the diffraction
spots. Open circles MgO; dark
spots PSTO; gray spots double
diffractions. ¢ Plan-view
HRTEM image of the PSTO/
MgO interface, d Fourier
transformation of a [41]

(e . olg

and 6 in Fig. 4c can be indexed using (200 0), (002 0), (2
200),(0022),4213)and (221 3), respectively. The
indices of the marked diffraction spots in Fig. 4c are
summarized in Table 1. Diffraction spots with (h k 0 0)
indices correspond to the MgO, while those with (0 0 u v)
correspond to the PSTO. The diffraction spots with (h k u
v) (h, k, u, and v are non-zero integers) correspond to the
double diffraction spots.

The uniform distribution of edge dislocation network in
the as-grown PST-0.4 films suggests that the formation of
edge dislocations at the interface between the film and
substrate can significantly reduce the interface strain
energy, most probably from the lattice misfit. Such an
interface structure will also alter the physical properties of

Table 1 Indices (h k u v) of the marked diffraction spots in Fig. 4c

Number Indices Number Indices
1 2000) 9 2011
2 0020 10 0031
3 (2200) 11 6231)
4 0022 12 4210
5 4213) 13 2217
6 2213) 14 0231)
7 6031 15 4413
8 4011 16 2413)

56

78990

Miz1au
1616

the highly epitaxial thin films. The effects on the physical
properties of the highly epitaxial ferroelectric PST thin
films can be understood by the models in the previous
theoretical [43-45] and experimental studies [46-51].
The physical nature of the dislocations effect has been
investigated by a couple of groups [52-56]. Based on the
thermodynamic model, polarization distribution is spatially
non-uniform near the dislocation due to the coupling of the
stress field and the polarization. The polarization gradients
result in strong depolarizing fields that suppress the
polarization in a region that extends over several nano-
meters. The applied electrical field that is necessary to
activate the unique properties of ferroelectrics will essen-
tially be screened. On the other hand, these regions may
serve as pinning centers for reversible 180° and non-180°
domain wall motion in the presence of an applied field [52,
53]. Local charges accumulated on interfacial dislocations
and some other grain boundaries have also been considered
as factors that degrade the dielectric and ferroelectric
properties [54]. However, in a recent theoretical work
performed by Li et al. [55], it was found that the hysteresis
loop is dependent not only density but also the type of
interfacial dislocations. The influence of interfacial dislo-
cations on the ferroelectric properties was studied using
phase-field simulations. For BaTiOj3 epitaxial thin films, it
was found that an optimal combination of misfit disloca-
tions with certain burgers vectors can produce a relatively

@ Springer
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smaller coercive field but larger remanent polarization.
This finding points to a new route to the strain engineering
of the properties of ferroelectric thin films.

Surface step terrace dimensions induced local strain
formation

The early discussion has demonstrated that the lattice misfit
induced strain energy in the hetero-epitaxial system can be
partially or fully released at the interface between epitaxial
films and substrates via formation of edge dislocations that
periodically distribute along the interface. However, even
films grown under optimal conditions, as discussed previ-
ously, can not achieve optimum ferroelectric properties, as
the lattice matching and surface-step-terrace structure can
alter the film microstructure, which may result from the
substrate surface structures, i.e., substrate surface termi-
nations, surface terrace dimensions, step heights, and other
surface defects. Neither experimental nor theoretical
research has been conducted to systematically investigate
the effect of the mismatch between the film unit-cell
arrangement and the substrate surface-step-terrace dimen-
sions, named as “residual matching”. It should be noted
that there are a large number of surface-step-terraces on
single crystal surfaces [57]. Normally, a surface-step-ter-
race will not match an exact number of unit cells or atomic
planes in the film, as seen in the Fig. 5. The mismatch of
film unit cells/substrate terrace, residual matching, will
result in an additional strain energy that can not be released
via edge dislocations and will be stored in the hetero-

Fig. 5 a—c are cross-sectional
TEM images showing the
epitaxial behavior and d—f are
the interface structures for the
BSTO films grown on 1°, 3°,
and 5° miscut substrate surfaces,
respectively. d—f Edge
dislocation distributions for the
BSTO films grown on 1°, 3°,
and 5° the interface are periodic
(d, ) and quasi-periodically

(e) distribution [59]

@ Springer

epitaxial films. As the film continues to grow away from
the surface, the residual matching-induced strain energy
will accumulate in the hetero-epitaxial film and can sig-
nificantly alter its microstructure and thus, its physical and
electrical properties. In fact, the effect of surface-step-ter-
race on the epitaxial nature of highly epitaxial oxide thin
films can be considered in two factors: step height and
terrace dimension. The step height can result in the for-
mation of anti-phase domain boundaries, both conservative
and non-conservative boundaries. The terrace dimension
effect is normally neglected in thin film growth. Unlike
metal or semiconductor thin films, ionic thin film growth
requires a good match in the combination of positive and
negative charge balance. Theoretically, when a number of
film unit cells fill up along the terrace, a mismatch gap can
be generated at the end of the step terrace, which is the
“residual matching”. Practically, this mismatch gap will
not exist at the end of step terrace in an epitaxial film. The
last atomic plane of the film will always occupy the atomic
position of the terrace end via a rearrangement of the local
atomic structure. Thus, the atomic position change can
significantly increase the growth potential and alter the
epitaxial quality.

Recently, Chen and his collaborators [58, 59] have
systematically investigated the effect of the residual
matching generated from the mismatch between the film
unit cells and terrace dimension. Different vicinal surfaces
were created from various miscut (001) MgO substrates to
epitaxially grow the ferroelectric BST-0.4 thin films. The
various miscut (001) MgO substrates can provide different
surface-step-terrace dimensions on the vicinal surfaces.

5% off
S =7.06 nm
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With miscut angles of 1°, 3°, and 5° on the (001) vicinal
MgO surfaces, the average step terrace dimension can be
simply estimated to be 12.0, 4.02, and 2.40 nm, respec-
tively. These dimensions are corresponding to the average
BSTO unit cells of 30.5, 10.2, and 6.04 on the 1°, 3°, and
5° vicinal surface terraces. The dielectric property mea-
surements from the epitaxial Mn-doped (2% Mn extra
doping) BST-0.4 (Mn:BSTO) films grown on these miscut
(001) MgO vicinal surfaces have shown that the dielectric
constant and dielectric tunability of films grown on 1° and
5° miscut (001) MgO surfaces have very similar properties
with the normal (0° miscut) substrates. However, both the
dielectric constant and dielectric loss for the film grown on
3° miscut substrate are two-thirds of that for the films
grown on 1° and 5° miscut (001) MgO surfaces. This
dramatic difference in dielectric properties is due to the
mismatch between the film unit cells in-plane and the
terrace dimensions.

Cross-sectional TEM was employed to study and
understand the epitaxial quality and interface structures of
the BST-0.4 films and the (001) MgO vicinal substrates.
Figure 5a—c are X-TEM images showing the epitaxial
behavior and d—f are the interface structures for the BSTO
films grown on 1°, 3°, and 5° miscut substrate surfaces,
respectively. The insets in Fig. 5a—c are the selected area
electron diffraction patterns (SAED) taken along the [100]

Fig. 6 Schematic illustration (a)
showing the surface-step-terrace
dimension is normally not

match an exact number of unit

cells or atomic planes in the

film. This mismatch of film unit
cells/substrate terrace will result

in strong strain energy that

cannot be released via edge

dislocations and will be stored (b)

zone of the MgO lattice. The SAED patterns indicate that
all of the films deposited on the miscut vicinal surfaces
have good single crystallinity. The films grown on 1° and
5° miscut substrates reveal excellent hetero-epitaxy with
very smooth surfaces and very sharp interfaces. Further-
more, edge dislocations are uniformly distributed along
their entire interfaces. However, the film grown on the 3°
miscut (001) MgO substrate is very different. It is observed
that the film consists of two layers: a highly epitaxial layer
on the miscut MgO substrate and a top polycrystalline-like
layer. However, the electron diffraction pattern (inset in
Fig. 5b), clearly shows that all of the particle-like grains
are well aligned along the c-axis. Although the interface
between the epitaxial film and the MgO substrate is very
sharp, the film surface is rough (as high as 50 nm). Also,
rather than the uniform dissemination, the edge disloca-
tions along the interface are quasi-periodically distributed
with a period close to 4.0 nm, as marked by arrows in
Fig. 5e. These phenomena can be understood by consid-
ering the unit-cell arrangement on the substrate terraces.
As seen in Fig. 6a, the film unit cells are orderly aligned
on each terrace of the (001) MgO substrate surface. The
surface terminations on the (001) MgO surface are always
the MgO layer although each neighboring MgO layer has
half unit-cell height difference. Previous studies of BSTO
films on (001) MgO have indicated that the TiO, layer is the

3o

in the hetero-epitaxial films [59]
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nucleation layer of the film [47]. Thus, when BSTO grows
on the (001) MgO substrate, the hetero-epitaxial BSTO film
on each terrace becomes a single domain and the film con-
sists of many domains which are shifted half unit cell along
the c-axis if the neighbor terraces are single-step height
terraces. The antidomain boundaries are therefore formed at
the end of each step terrace. Details can be found in the
literature [12]. When the BSTO unit cells orderly align along
aterrace, the number of BSTO unit cells is determined by the
dimension of the terrace. It should be noted that the
dimensions of a terrace are not equal to an exact numbers of
BSTO unit cells. Theoretically, the difference of the match
between the BSTO unit cells and terrace dimensions will
generate a small space gap Ad on each terrace, as seen in
Fig. 6b. However, because of the lattice misfit and the unit-
cell mismatch on the terrace, each terrace end in the epitaxial
growth is always the atomic plane of the film, which results
in the unit cells being rearranged on the terrace, as shown in
Fig. 6¢c. This rearrangement results in the formation of local
strain domain. The mismatch strain is completely depended
upon the mismatch of the film unit cells and terrace
dimension d, or simply, the size of the mismatch gap Ad. The
lattice mismatch induced strain can be defined as 6 = Ad/d.
Unlike the lattice misfit in the film growth, the mismatch-
induced strain cannot be released via formation of edge
dislocations that generally occur in the lattice misfit. This
situation was examined in the ferroelectric thin films on
various vicinal MgO substrate surfaces.

For the films grown on vicinal (001) MgO surfaces, the
mismatch gaps can be estimated to be 0.0, 0.2, and 0.04
unit cells for the miscut of 1°, 3°, and 5°, respectively.
These produce the average local strain levels in the highly
epitaxial BSTO films of 0.000, 0.020, and 0.007, respec-
tively. Thus, the films on 1° and 5° miscut substrates have
much strain that the film on the 3° miscut substrate.
Especially, the strain on the 3° miscut terrace is more than
3 times larger than that on the 5° miscut surfaces. With film
growth, the strain energy will be rapidly accumulated and
stored in the films and a large strain ultimately alters the
epitaxial behavior by forming the polycrystalline-like
particles once the film is thicker than a critical thickness.
This phenomenon is evident in the X-TEM image in the
Fig. 5b and can be well-understood by growth dynamics
under strain.

Surface step terrace induced antiphase domain
boundary formations

On the other hand, the surface step height and surface
terminations have also played key roles in affecting the
epitaxial quality and physical properties. Chen and his
collaborators proposed and systematically investigated the

@ Springer

effect from the surface step terrace height and surface
terminations on the film growth dynamics. For instance,
MgO has types of surface terminations along the [001]
direction but has the same atomic structures. The two
surface terminations are displaced a half unit-cell along the
[100] MgO direction with respect to each other. Each ter-
mination has a half unit-cell step height difference on the
(001) MgO surface. Recent research indicates that the
growth of the initial layer of BSTO film on the (001) MgO
surface is a TiO, monolayer [46]. Thus, the BSTO thin
films on a (001) MgO substrate form two types of epitaxial
domains that have a half unit-cell shift along the c-axis
direction. The steps with different heights will result in the
formation of different domains (antidomains) in the films.
Figure 7c is a TEM image showing an antidomain bound-
ary of a BSTO thin film formed on a (001) MgO and
Fig. 7d is a HRTEM image detailing the antidomain
boundary directly formed from the surface step terrace.
This can be well-explained by the schematic in Fig. 8a
showing the detailed surface structures of a MgO surface.
When BSTO thin films grow on a (001) MgO substrate that
normally consists of steps with a height of half a unit-cell
[V2amgo (step 2 in Fig. 7d)] or unit-cell height [ayeo (Step
1 in Fig. 7d)], the BSTO crystal grown on terrace II will be
displaced by '2apsto along the [001] MgO growth direc-
tion with respect to the structure on terrace III. Thus, a
conservative antiphase boundary (with the displacement
vector parallel to the boundary plane) that is parallel to the
growth direction is formed between these two steps. A half
unit-cell height shift between these two domains can be
clearly revealed in the image. Similarly, the terrace struc-
tures of the substrate will also affect the microstructure of
the thin films. As stated above, the first monolayer of the
BSTO thin films on the MgO substrate was identified as the
TiO, monolayer. It is reasonable to assume that during the
growth of the first TiO, monolayer, which is the adjacent
layer to the substrate step, is the Ti—O atomic chain. If the
substrate surface terrace width is equal to n unit cells of the
BSTO films and the first adjacent atom is Ti, the atom at
the end of the terrace should be O. Hereafter, the next
adjacent atom from the second layer of the lower (half a
unit-cell different) step terrace will be an O atom again
which will result in an O-O atomic chain at the domain
boundary; and so on. Similarly, when a terrace width is
equal to (n+ 1) BSTO unit cells and is of a single MgO
step height, the initial row and the last row will be Ti—O
atomic chains. Accordingly, in the as-grown BSTO struc-
ture, the first and the last crystal planes that are parallel to
both growth direction and step would be the TiO, planes.
The TiO, planes of two adjacent terraces will adhere at the
last or topmost TiO, plane. In other words, the BSTO
grown on the terrace with a width of an odd number of
amgo Will be displaced by agsto with respect to that on the
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Fig. 7 a Cross-sectional TEM
image of Bag ¢S 4TiO3/MgO.
b High-resolution TEM image
showing the edge dislocations
were formed periodically along
the interface. ¢ Dark-field high-
resolution TEM image of an
antiphase domain boundary was
formed in the epitaxial films.

d HRTEM image of the

Bag 6Srp 4TiO5/MgO interface
showing an antiphase domain
boundary was generated from a
substrate surface step terrace
[47]
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Fig. 8 a Schematic illustration
of the (001) MgO substrate
surface showing steps, terraces,
and kinks. b The [100]MgO

projection of the Bag ¢Sry 4TiO5/ [001]
MgO interface. ¢ The [001]
projection of the Bag ¢Srg 4TiO3 i
showing kinks induced @) 2O O+|+O+O
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adjacent terraces along the direction that is perpendicular to
the steps. A step one half unit-cell high in the MgO sub-
strate forces the cubic structure of BSTO to slightly adjust
itself to compensate for the half unit-cell displacement. A
nonconservative antiphase boundary (with the displace-
ment vector perpendicular to the boundary plane) that is
parallel to the growth direction and the step, subsequently
forms between the structures grown on the adjacent ter-
races (NC-APB in Fig. 8b). Within a thin film grown on a
terrace with a width of an even number of aygo, a non-
conservative antiphase boundary will not be formed in the
BSTO structures grown on the adjacent terraces. These

results indicate that the substrate surface can strongly affect
the microstructures of as-grown films. These growth
models can be extended to all other perovskite thin films on
MgO surfaces and other materials. Also, the strong effects
from surface step terraces have recently been observed
from miscut substrates, as described below.

In fact, the antiphase domain structures in the highly
epitaxial ferroelectric thin films have been observed on
various systems. Kwak et al. [46] experimentally observed
domain patterns on epitaxial PbTiO; heterostructures. For
PbTiO3/KTaO; heterostructure, periodic domain pattern
was observed in the overlayer; in PbTiO3/SrTiO5 system,
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the film exists as a single c-domain due to the excellent
lattice match; in PbTiO3/MgO system which has a poor
lattice match, it appeared to find the energy minimum by
locking into domains of two-dimensional superlattices with
the greatest atomic coincidences. The domain patterns
were found to be strongly related to the film thickness and
measuring temperature as well. By using linear-elasticity
theory for the substrate and a Landau-Ginzburg—Devon-
shire-type phenomenological theory for the ferroelectric
film, they also developed a theoretical model to explain the
domain patterns as a “strain accommodating” mechanism.

Speck and Pompe et al. [43—45] performed a detailed
investigation on possible mechanisms for strain relaxation
and domain stability in ferroelectric thin films. Tempera-
ture dependent stability maps have been developed that
predict the stable domain structure that forms during the PE
to FE transition. The stability maps incorporated the role of
the following parameters: (i) substrate lattice parameter,
(i1) differential thermal expansion characteristics between
the film and substrate, (iii) cooling rate, and (iv) depolar-
izing fields and electrode geometry. Furthermore, the role
of dislocation stabilization of domain patterns has been
discussed. The models are applicable to tetragonal thin film
ferroelectrics grown epitaxially on (001) cubic single
crystal substrates. It showed that misfit dislocations gen-
erated during growth screen the majority of the lattice
mismatch with the substrate. Thus, the variety of domain
patterns that develop during the Curie transition depend on
processing parameters and can be successfully explained
by applying the temperature dependent coherent domain
stability map theoretically developed.

Another model for the formation of domain and disloca-
tion was proposed by Misirlioglu et al. [51] based on the
observations on PLD grown epitaxial (001) ferroelectric
PbZr(,TipggO5 films on (001) SrTiO; substrates. TEM
revealed that the films were predominantly c-oriented with
embedded al- and a2-oriented domains lying on {101}
planes. Arrays of edge-type misfit dislocations were
observed at substrate/film interfaces and there were
extraordinarily high densities (~10'° cm™2) of threading
dislocations in the films. The authors suggested that: misfit
dislocations occur at the growth temperature and may be
forced away from the interface to form threading disloca-
tions during island coalescence, domains with different ori-
entations may form beside the dominated-oriented domain
upon cooling through the Curie temperature to ameliorate the
self-strain of the transformation, stresses caused by expan-
sion coefficient difference may lead to some redistribution of
the embedded domains and misfit dislocations.

Considering the partial relaxation of epitaxial coherency
strains, a strain gradient along the growth orientation was
proposed, and accordingly, a three-dimensional domain
structure was observed by Towner et al. [26]. Based on the
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results from a serial sectioning technique, it was found that
the domain structure varied sharply through the thickness
for the BaTiOj; thin films on MgO substrates. It is primarily
a-oriented near the substrate and increasingly c-oriented
away from this interface. The refractive index also varied
through the film thickness. Gradients in the strain can
explain the relaxor-like behavior often observed in ferro-
electric thin films. In 2005, Catalan et al. [27] used X-ray
analysis to study the ferroelectric thin layers of Ba;,;Sry,»
TiO5 with different thicknesses. The data also revealed the
presence of strain gradients across the films. A functional
form for the internal strain profile was proposed and used
to calculate the influence of strain gradient on the degra-
dation of the ferroelectric properties of films with
decreasing thickness. The results are in excellent agree-
ment with the experimental data. They show that strain
relaxation can lead to smooth, continuous gradients across
hundreds of nanometers. Similarly, inhomogeneous strain
along the growth direction was observed in a 100 nm thick
BaTiO; film deposited on platinized Si substrate [60].

Interface strain effects on dielectric properties

Various methods have been tried to tune the strain in the
highly epitaxial ferroelectric thin film for optimizing the
dielectric properties. One of the most common methods is
to adapt different substrates for the film growth. Many
researches have been carried out to understand the dielec-
tric and piezoelectric response of ferroelectric thin films on
various substrates [7-11]. By investigating 100-nm-thick
ep1tax1al 09[Pb(Mgl/3Nb2/3)O3]—O1[PleO3] (PMN—PT)
thin films on (001)LaAlO; (LAO), (La,Sr)(Al, Ta)Os
(LSAT), SrTiO; (STO), and MgO substrates, the effects of
substrates on the electrical and electromechanical proper-
ties were systematically explored by Nagarajan et al. [7].
They observed a decrease in the temperature of dielectric
maximum (7},) together with an increase in the dielectric
constant and the longitudinal piezomodulus when
decreasing in-plane epitaxial compressive stresses in the
films, whereas, the films on MgO substrates, which exhibit
tensile stress, exhibit the highest dielectric constant and
piezomodulus with the T, dropping to below room tem-
perature. Chang et al. [8] investigated epitaxial BST thin
films on (100) MgO and LAO substrates and found that
strain is closely related to the dielectric properties as lim-
iting the ability to obtain both high tuning and high
dielectric Q in epitaxial BST thin films. Dielectric prop-
erties were theoretically analyzed as a function of electric
field and strain. Hyun’s data indicated the tensile strain
along the applied electric field in the parallel plate capac-
itor enhances the dielectric constant and the tunability,
while the compressive strain decreases both dielectric
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parameters [9]. The results are consistent with the hard-
ening of the soft mode phonon due to the compressive
strain.

The thickness of the film has been considered to be
another factor to effectively tune the strain, considering the
thickness dependence of stress relaxation by misfit dislo-
cation formation at the deposition temperature. For epi-
taxial films of relaxor ferroelectric PMN-PT, a change of
the film thickness from 100 to 400 nm results in nearly an
order-of-magnitude increase in the dielectric constant and
the piezoresponse of the film, as well as a decrease in the
phase transition temperature from ~250 to ~60 °C [16].
Systematical studies were performed on the heteroepitaxial
Bag ¢Srp4TiO5 thin films grown on 0.29(LaAlO3):0.35
(SrpTaAlOg) substrates using pulsed-laser deposition [17].
X-ray characterization revealed compressive in-plane
stresses in the thinnest films, which were relaxed in a
continuous fashion with increasing thickness. A theoretical
treatment of the misfit strain was in good agreement with
the measured out-of-plane lattice parameter. The low-fre-
quency dielectric constant was measured to be significantly
less than the bulk value and found to decrease rapidly for
films less than 100 nm. A thermodynamic model was
developed to understand the reduction in dielectric con-
stant. By observing the microstructure using plan-view and
cross-section transmission electron microscopy, we iden-
tified local strain associated with a threading dislocation
density on the order of 10" cm ™ as a possible mechanism
for dielectric degradation in these films.

A number of efforts have been focused on the studies of
the strain effects on the dielectric properties on various
substrates and different film thicknesses, the results imply a
strong correlation between strain and dielectric properties
of ferroelectric thin films. However, the effects on the
dielectric properties can not be distinguished from strain
and other factors such as crystallinity since the current data
are the strain from various substrates and film thicknesses.
Specifically, the difference in crystalline quality among the
films on different substrates and different thicknesses is
hard to control, especially when using different substrates.
For example, the full width at half maximum (FWHM) of
XRD rocking curve for the BST-0.4 films on MgO are 5
time larger than those on LAO even at the exact same
deposition condition, indicating that the change of the
dielectric properties (as much as near 20% change) is also
associated to the crystallinity of the films [61].

Park proposed a method to minimize the quality differ-
ence between samples by inserting a very thin BST-x (x =
0.1-0.7) interlayer between the MgO substrate and the main
layer of BST-0.4. The stress states, i.e., the lattice distortion
ratio (D = in-plane lattice constant/out-of-plane lattice
constant) of the BST-0.4 films have been successfully con-
trolled by varying the chemical composition of the

interlayers. It has been found that small variations of D value
can result in significantly large changes of dielectric prop-
erties. A BST-0.4 film under small tensile stress, which has a
D value of 1.0023, shows the largest dielectric permittivity
and tunability [62].

All of the previous researches, both on various sub-
strates and different film thicknesses as well as the buffered
epitaxy, of the strain effects on the ferroelectric epitaxy and
physical properties discussed above were performed on
cubic substrates. These researches can not exclude other
factor effects on the physical properties and epitaxial nat-
ure. To fully understand the strain effects on the highly
epitaxial ferroelectric thin films, Lin et al. [63, 64] paved a
new way to study the strain effects and strain distributions
by studying the epitaxial ferroelectric PSTO thin films on
non-cubic substrates. They selected an orthorhombic sub-
strate (NdGaOj), which has different in-plane lattice
parameters, inducing anisotropic in-plane strains in the
high quality epitaxial growth of PST thin films on NdGaOj;
substrates. The in-plane strains, determined by high-reso-
lution XRD, were 485 ppm along PST[100] and 26 ppm
along PST[010], respectively. By using co-planar stripline
structure along these two in-plane directions, obvious
anisotropy in dielectric properties was observed, i.e., about
15% difference in tunability at a surface field of 50 kV/cm
and 20% difference in zero-field dielectric constant. The
comparisons of the strain as well as the dielectric properties
were performed on two in-plane directions of the same
sample, which will exclude the impact from the variation
of sample qualities. Further studies indicated that the post
deposition cooling rate plays an important role in deter-
mining both the structural and the dielectric properties of
the PST films on (110) NGO substrate. Both slowly cooled
and fast cooled films have shown anisotropic dielectric
properties. The highest dielectric values are obtained for
the slowly cooled sample (gy = 4220, tunability = 59% at
50 kV/cm). Compared to the fast cooled sample, the slow
cooled sample has shown an even more obvious anisotropy
in dielectric properties, i.e., about a 20% difference in
tunability at 50 kV/cm and a 48% difference in &, The
reasons are from the different final strain status of the fast
cooled and slow cooled sample, which may be caused by
the strain relaxation during cooling process and a possible
variation in oxygen stoichiometry. Figure 9a—f are the
high-resolution =~ X-ray diffraction reciprocal space
maps from the slow cooled (Fig. 9a—c) and fast cooled
(Fig. 9d—f) samples, respectively, indicating anisotropic in-
plane strains for both samples and different strain status
between the two samples. Figure 9g shows dielectric con-
stant versus the surface electric field along the x and y
directions for both samples. It should be noted that the
samples presented in this work show very high epitaxial
quality with the FWHM of rocking curves less than 0.08°,
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which again has ensured minimal impact from dislocations
and non-perfect crystallinity. Soon after the experimental
data was published, Zembilgotov et al. [65] developed
“misfit strain-temperature” phase diagrams for ferroelec-
tric films on orthorhombic substrates. A nonlinear ther-
modynamic theory is used to predict the equilibrium
polarization states and dielectric properties of ferroelectric
thin films grown on these substrates which induce aniso-
tropic strains in the film plane. It is shown that the in-plane
strain anisotropy may lead to the appearance of new phases
which do not form in films grown on cubic substrates. With
this theory, the strain-induced dielectric anisotropy in the
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film plane was calculated and found to be in reasonable
agreement with the experimental data from Lin et al.

A great breakthrough was achieved in 2004, when
biaxial strain was used to markedly enhance the ferro-
electric properties of thin films. BaTiO; and SrTiO;5 thin
films were grown fully coherently on single-crystal
GdScO5; and DyScOj substrates. For the BaTiO3/GdScO5
and BaTiO3/DyScO; systems, the strain can result in a
ferroelectric transition temperature nearly 500 °C higher
and a remanent polarization at least 250% higher than bulk
BaTiOj; single crystals [66]. More significantly, room-
temperature ferroelectricity was produced in SrTiO;, a
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material that is not normally ferroelectric at any tempera-
ture. A high dielectric constant of nearly 7,000 at 10 GHz
and room temperature in the SrTiO;/DyScOj; films and
sharp dependence on electric field were observed, as shown
in Fig. 10 [67]. This is a remarkable success in the field of
strain engineering for ferroelectric thin films making these
strained films with excellent ferroelectric properties very
promising for device applications.

Besides the single layer structures, multilayers and su-
perlattices were also investigated. The interface structure,
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Fig. 10 From Ref. [67]. a In-plane dielectric constant (¢;) and b
dielectric loss (tan &) in 500 A-thick SrTiOs/(110) DyScO; and
SrTiO5/(100) LSAT epitaxial films as a function of temperature at a
measurement frequency of 10 GHz. These films are under biaxial
tensile and compressive strain, respectively. The peak in ¢, of about
7,000 and the simultaneous peak in tan ¢ indicate that the T, of
SrTiO5 under biaxial tension of 0.008 is about 293 K. The inset in a
shows a Curie—Weiss fit to 1/¢,. Owing to systemic errors involved in
the measurement and calculation of the in-plane dielectric constant,
the vertical scale in a may be off by as much as 10%. The shaded
region in a corresponds to the expected value of the in-plane &, for a
SrTiO3 film commensurately strained to LSAT (strain = —0.009),
based on thermodynamic analysis and the range of relevant reported
property coefficients for SrTiO5 [75, 76]

strain configuration, and strain relaxation in such systems
are different from those in single layer systems. Interfacial
coupling should be considered when the thickness of each
layer is small enough.

It is interesting to note that Lee et al. reported their pio-
neered work in Nature of the fabrication and investigation of
the superlattices consisting of BaTiOj3, StTiO3, and CaTiO;
on SrRuOj; layers [68]. By preserving full strain and com-
bining heterointerfacial couplings, they observed a 50%
overall enhancement of the superlattice global polarization
with respect to similarly grown pure BaTiOs, despite the fact
that half the layers in the superlattice are nominally non-
ferroelectric, as shown in Fig. 11. Furthermore, Tenne et al.
reported on Science that one-unit-cell-thick BaTiO; layers
in BaTiO3/SrTiO; superlattices are not only strongly fer-
roelectric but also polarize the quantum paraelectric SrTiO3
layers adjacent to them. The mechanical boundary condition
imposed by the SrTiO; substrate leads to strain in the
BaTiO;5 layers and thus to enhanced ferroelectricity [69].
The interplay between the electrical and mechanical
boundary conditions enables the tuning of 7. by nearly
500 K. To understand the nature of the superior improve-
ment of ferroelectricity in superlattices, several models and
experimental techniques have been used to find a proper
explanation. For SrTiO; layers within the superlattices,
ultraviolet Raman measurements and phase field simula-
tions in Refs. [69] and [70] showed that it only exhibited
induced polarization, while in Refs. [71] and [72] ortho-
rhombic distortion was observed. Li et al. [73] provided a
consistent explanation of different conclusions in the liter-
ature with regard to the ferroelectricity of SrTiOj layers in
BaTiO3/SrTiOj; superlattices. They theoretically studied the
phase transitions, domain morphologies, and polarizations
in BaTiO5/SrTiO; superlattices grown on SrTiO; substrates
using the phase field approach. It was found that the
coherency between a superlattice film and the substrate has a
dramatic effect on the ferroelectricity of SrTiO; layers
within the superlattice. With an incoherent interface, the
SrTiOj; layer is an orthorhombic ferroelectric while with a
coherent interface it exhibits only an induced polarization
from the adjacent BaTiO; layers.

More recently, Weiss et al. reported that a high tunability,
that is temperature insensitive, has been achieved in com-
positionally graded ferroelectric Barium Strontium Titanate
(Ba;_,Sr, TiO5 or ml-BST) multilayer heterostructures [40,
74]. Both experimental results and theoretical modeling
demonstrate that stress plays a key role in affecting the
dielectric properties. Analysis of compositionally graded
ml-BST multilayers reveals that, at room temperature, the
ml-BST heterostructure on Pt buffered Si has a small-signal
dielectric permittivity of 360 with a dissipation factor of
0.012, a dielectric tunability of 65% at 444 kV/cm and
that its dielectric loss can be improved to tan 6 = 0.008 in
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Fig. 11 From Ref. [68]. Polarization enhancement, changes in
asymmetry, and evolution of strain in TCS structures. a P(E) curves
of $,B4C5 (P, ~ 16.5 pC cm™>) and S19B1¢Cio (Pr & 3.5 pC cm™>)
at 1000 kV cm™' (Note that this electric field is higher than that
applied to measure the polarization of the BaTiO; film, whose
polarization is near saturation at 400 kV cm™!, whereas the S,B4C,
requires a higher electric field (~700 kV cm™Y). b &E) curves of
SoB4Cy (black line), S;B¢C, (red line), S4B>C, (green line) and
S10B10C10 (light blue line) showing differing degrees of asymmetry.

MgO-doped ml-BST heterostructures. The results indicate
that such a multilayered structure can significantly enhance
the dielectric properties, both dielectric tunability and
dielectric loss, of ferroelectric thin films for tunable micro-
wave device applications.

Summary

The physical properties of highly epitaxial thin films are
strongly dependent upon the interface atomic structures
such as lattice misfit, surface step terraces, and substrate
surface terminations. The interface strain energy from lat-
tice misfit is usually released by forming the edge dislo-
cations at the entire interface between the film and
substrate. However, the strain energy from the mismatch
between the film unit-cell arrangement and substrate sur-
face step terrace dimension can not be released by forming
edge dislocations, which will result in the microstructure
deformations. Furthermore, the surface step terrace height
will result in the formation of the antiphase domain
structures in the highly epitaxial ferroelectric thin films.
Systematical studies on the relationship between the
growth dynamics, interface effects, and dielectric proper-
ties are not only scientific necessary but also technological
important for new concept novel device fabrications.
Controlling the interface structures with optimizing phys-
ical properties will pave the new way for designing and
fabricating interface engineered metamaterials with desired
properties. The interface engineered metamaterials may
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Superlattice structure (S,8,C,)

¢ In-plane (open squares) and out-of-plane (filled squares) lattice
parameters of various superlattices. ¢’ corresponds to the supercell ¢
divided by the number of constituent perovskites in a supercell. d P,
values from E = +750 kV cm™! loops. The partially relaxed S,BgC,
structure was measured with E = £650 kV cm ™' because of its lower
breakdown strength. e Diagrams of supercells showing the different
local environments possible for the TiO6-octahedra (bound by the
same or different A-site cations). Heterointerfacial TiOg octahedra are
shaded in gray and indicated by solid black arrows

become the building blocks for modern electronic device
developments and the genuine for the physical phenomena
discovery in ferroelectric and multiferroic advanced
materials.
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