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Abstract

Vertically Manocomposite (VAN) thin films with ordered two phases, grown epitaxially on

substrates, gaqttracted tremendous interest in the past decade. These unique nanostructured

composite with large vertical interfacial area, controllable vertical lattice strain and defects

provide an g playground, allowing for the manipulation of a variety of functional properties
of the mategi i the interplay among strain, defect and interface. This field has evolved from basic
growth an@ characterization to functionality tuning as well as potential applications in energy

conver. mory storage. Here, the remarkable progress achieved in vertically aligned

nanoco ] films from a perspective of tuning functionalities through control of strain, defect
and interfaﬁmarized.
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1 Introduction

Complex metal oxides, which show a variety of functional properties such as ferromagnetism,

ferroelectri @ Itiferroelectricity, superconductivity and ionic conduction, have attracted much
attention i gipastdccades. These exotic physical properties arise from a complex hierarchy of
competifig ififéF@Stions among spin, charge, orbital and lattice degrees of freedom. The development
of advance@jcharacterization techniques such as electron microscopy, neutron scattering, synchrotron
radiation, high magnetic fields and others has enabled us to study the interactions among these

degrees of freedonmicoupled with strain, defect and interface on functionality. Recent advances in thin

film growth ologies such as pulsed laser deposition (PLD) and molecular beam epitaxy have
facilitated h of high quality epitaxial heterostructures, superlattices and nanocomposites with
certain con fitty in strain, defect and interface.!"® In the metal oxide films, the interplay between

adjacent laj ding substrate and film can be synergistically utilized to tune the functionality.

Biaxial strain in epitaxial thin films plays a critical role in determining the physical properties of the
materials, including magnetoresistance, magnetic anisotropy, ionic conduction and electric
polarizatios::smg interface to induce emergent phenomena in metal oxide films is another research

focus. E interfacial functionalities such as two dimensional electron gas (2DEG) at

SrTiO;/La imgerface,” exchange bias in LaMnQO;/LaNiO; superlattices,[g] colossal 1ionic
conductivify 1 »:Y,04/SrTiO; (STO) multilayers,”™ topological Hall effect at SrRuOs/SrlrO;
interface!'” ahd #omalous Hall effect at StMnO3/SrIrO; interface!'"! often involve competing degrees

faces.'"” Even in the mostly studied manganites La,Sr; ,MnO; (LSMO) films

n STO substrates, different mechanisms have been proposed to explain the

discontinuity, octahedral rotation and off-stoichiometry have been proposed to explain the observed

521 In order to understand 2DEG at oxide interfaces, different mechanisms such

experimental results.|

as cation Miometry,m] surface reconstruction,” oxygen vacancies,*® cation intermixing*”
and structurglsdigtortions™® have been proposed. It is clear that strain, defect and interface play critical
@@ he functional properties of heterostructures of metal oxides.

roles in cot

ne phase embedded in a film matrix of another phase, where the whole assembly

on a substrate, have attracted much attention.”*”! As shown in Figure 1, VANs
exhibit several different characteristics from lateral heterostructures. First of all, a vertical lattice
strain, ste
films. As weg
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patterns of two different phases, VANSs exhibit large vertical interface area which could be effectively
used to enhance the interfacial functionalities such as ionic conduction and magnetoelectric coupling.
Moreover, defects_such as oxygen vacancy and cation off-stoichiometry introduced by the phase
change Wsertical interfaces and the large vertical lattice strain can be also used to tune the
functionaliti¢8 3se unique features make VANSs an interesting platform to study the critical roles of
strain, defe @ terface on functional properties in complex metal oxides. In addition, VANs have

been recently explored as the platform for applications in electronics and energy conversion.
|| “ p pp gy

In this revigw article, section 2 gives a quick overview of strain engineering in lateral heterostructures.
Section 3

Gr

n strain engineering in VANs. A few critical issues including the origin of vertical
strain, strai ution and strain design principle in VANSs are discussed in this section. Section 4

discusses t rrglation among strain, defect and interface. It covers two important topics including

S

microstruc ation resulted from competing strain energy and interfacial energy, and defects

formation due to elastic interactions. Section 5 focuses on the tuning of functional properties of metal

Lk

oxides bas s by controlling strain, defect and interface. A variety of functional properties such
as mag isotropy,  magnetotransport, ferroelectricity, = magnetoelectric  coupling,
supercondmlectric/ionic conduction and electrochemistry are discussed. Possible future
research directi nd challenges are discussed in section 6.

c

and Strain

i

2.1 Lattice mismatch

r

During the f epitaxial heterostructures, the lattice constant difference between the film and

the substra nduce epitaxial biaxial strain. The lattice mismatch f of the simple cubic lattice is

given by,

G

f=== (1)

Ao

h

where ag afid a, am@ the unstrained lattice parameters of substrate and film, respectively. When '~ 0,

t

lattice-matChed epitaxial heterostructure can be formed with a coherent interface which is similar to
homoepitaxy. misfit can be maintained in the range of 0 < | f'| <7 %, fully strained lattice is
considered ssible with a coherent interface. A film can be coherently grown on a substrate up

s (h.) where dislocations formation becomes energetically favorable.”" Figure 2a
4@ t interface with atomically abrupt interface in LSMO/STO superlattices investigated

by scanning mission electron microscopy (STEM).P*! The interface roughness strongly depends

This article is protected by copyright. All rights reserved.
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on techniques and processing parameters used to grow the films. When | /| > 7 %, domain matching
epitaxy (DME) is generally preferred.”* A lattice misfit f can be defined by the matching of m film

planes with m=1 sm)strate planes. This matching leaves a residual misfit (f;), which is given by,

_ (mxl)as—ma,

fr = nias @)
where m is a simple integer. DME has been reported in many different systems including TiN/Si,
AlN/Si,qn -ALL,0;.PY In the STO/MgO system, the large lattice mismatch (~7.8%) between
STO and rs DME. As shown in Figure 2b, misfit dislocations, marked by red arrows, can be

film-substrate interface. It can be seen that 14 (020) STO lattices match with 13

PA) was applied. Figure 2c shows the edge dislocation cores in Bragg images

lyfhig GPA.”*! The misfit dislocation spacing dg = (80 x a5)

2(ap—as)’

phase analysis

obtained via a is estimated to be 26.9 A

which is coSwith 26.7 A measured from the phase image.

rain Engineering

Biaxial str: eral percent can be tolerated in thin film form. This epitaxial strain is not only a
unique tune and manipulate their functionalities but also an interesting approach to
stabilize p t are not stable under ambient condition. For instance, elastic strain engineering is
one of t interesting approaches to tune physical properties.”**! Other approaches to
manipu ional properties of thin films include chemical doping,"** interface engineering,"*
45-50] [51-53] [54]

octahedral rotation, epitaxial stabilization, polarization doping and dimensional

[55-57

confinemefil.”>"' By carefully selecting substrates and/or buffer layers, different strain states can be

achieved i s in thin film form. By using ferroelectric substrates, functional properties of thin
films can b @ ia ferroelectric phase transition, elastic strain and charge effect,86%

For isotros ﬁlms: the in-plane biaxial strain is given by,
a|—a
weed . . - L (3)

The out-of-plane sfiiain is given by,

This article is protected by copyright. All rights reserved.
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where a, is the lattice parameter of unstrained film, @) and a, are the in-plane and out-of-plane

lattice parameter of the strained film on a given substrate. Under elastic deformation, the Possion ratio

vofa straiﬁd ﬁly’s given by,

Q frz . _Gi7do (5)
N —

Ez7—2Exx a,+ag—2ay

Vis founds be between 0.33-0.37 for manganite perovskite thin films.®"! The Possion ratio v, a

material ch@:an be also obtained by,
C12
V= —— 6
C11+Cq2 ©)
where ¢y 333 elastic moduli of the film material.

Epitaxial sSain gradually changes with film thickness in perovskite manganites. Figure 3 shows

reciprocal space mapping or RSM (103) of Lag;Cay3MnO; (LCMO) films on STO (001) substrates. It
captures t | strain relaxation process with increasing film thickness in manganite thin films.
When the y thin, the interface is coherent with aj; = ag (Figure 3a). Therefore, the absolute
number o biaxial strain in Eq. 3 is the same as lattice mismatch in Eq. 1. With increasing of
film thickneSss op layer (above the critical film thickness of h.) of the film starts to relax (e.g., via
misfit di s) and the in-plane lattice parameter starts to deviate from the substrate (Figure 3b).
Further film thickness results in a full strain relaxation of the top layer (Figure 3c). As

proposed in People-Bean model, the elastic strain energy is stored in the film and it increases with
film thick\!is.[&] The critical thickness is where the elastic energy is equal to misfit dislocations
formation energy. In the mechanical equilibrium model, the total energy is minimized at the critical
thickness. '

and BaTiO sgon DyScO; and GdScO; substrates, respectively. The energy balance model shows

that h, of thi with a 2% mismatch is about 20 nm, and that is about 100 nm for this system
with 1% mi§match, as shown in Figure 3d.

O

It is alwa tically favorable for the strained system to relax the elastic energy induced by

d coworkers used these two models to estimate the critical thickness of SrRuO;

epitaxial stiai ny other mechanisms could be responsible for strain relaxation besides misfit

dislocations fo on. For example, composition change was found to partially relax the strain in
SiGe la miconductor films.'* In addition, oxygen octahedral rotation/tilt,"*" oxygen vacancy
67, 68] 69, 70

formation ering and structural phase transition® " have been attributed to the strain

This article is protected by copyright. All rights reserved.
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relaxation in oxide heterostructures. Interestingly, BiFeO; (BFO) and LSMO films with low
symmetry like rhombohedral and monoclinic structures tend to form twin domains and twin tilt for
strain relaxation when grown on STO substrate.”” "1 Antiphase boundary formation is also
H relaxation approach.!®

Q.

The latficemismatch f provides the source to the intrinsic lattice strain, which develops during
nucleation Sd growth. The in-plane thermal expansion coefficient (¢) mismatch between the film and
the substra

observe

nduce a thermal stress during cool down process. For example, in the case of InN
(a = 3.6x107/K) s grown on sapphire (a = 7.5x10°/K), the biaxial in-plane strain induced from
the misma e thermal expansion coefficient is expected to be compressive with a value of
0.27%.1"" Iateygstingly, thermal expansion mismatch has been proposed to enable strain tuning.
Janolin et Wao,gsrgﬂi@ thin films on MgO substrates and achieved continuous strain tuning
depending on film thickness and growth temperature.”® Conventional strain engineering requires

coherent interface Yo deliver the epitaxial strain, while strain engineering via the difference in thermal

expansion nts requires incommensurate interfaces to generate the strain. This type of strain
can be con a the density of dislocations by varying the film thickness. Recently, Zhang et al.
investigate@ythe thermal strain engineering in STO/Si heterostructures and achieved tunable strain

ranging from 0.42% to 0.62% for films grown at 600 ~ 800 °C."!

ys an important role in ferromagnetic perovskite oxide films. Epitaxial strain

istortion, which results in rotation and elongation of the oxygen octahedron (BO).
ctronic structure of ferromagnetic perovskite oxide films are determined by the
octahedral, strain could significantly tune the physical properties. For instance, magnetic anisotropy,™”

8285 of perovskite manganite thin

magnetic domain structure™! and magnetization/magnetotransport!
films can ipulated by epitaxial strain. In ferroelectric films, epitaxial strain is often used to

enhance the pelarization and the Curie temperature in BiFeO; and BaTiOs. Epitaxial strain has also
been used @ polarization in SrTiQ;.%** 84

3 Vertical Strain Engineering

astic and Inelastic Origin
The epitaxi ain induced by single-crystal substrates has been demonstrated to be a fascinating
way to manipulate physical properties of materials. As demonstrated in Figure 3, the strain

This article is protected by copyright. All rights reserved.
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relaxes above h, which is usually between a few nanometers to a few tens of nanometers, depending
on the degree of lattice mismatch. Thus, tuning physical properties by uniform epitaxial strain in thick
films is difficult. The heteroepitaxial VANs provide several advantages: (1) vertical interfacial strain

in thick , rge vertical interface area, (3) tunable microstructure and (4) controllable defects
at vertical m
I

In VANS, §frain exists at both lateral and vertical interfaces. When the film is several times thicker

than the fe of the nanopillars, vertical strain dominates. In lateral heterostructures, strain is

limited to @rfaces. VANSs, on the other hand, have distributed vertical interfaces that allow for

strain to be ed throughout the film thickness.”” Tuning functional properties by the vertical

strain has meved in thick films.®> ! Therefore, vertical strain overcomes the limitation of
S

critical thi ateral heterostructures.

MacManus-;;rlscoll and coworkers discussed the origin of the vertical lattice strain in VANs via
DME alongEe vertical interfaces.”” It shows that the strain in VANSs is dominated by the vertical

interfaces n the film/substrate interfaces in relatively thick films. Taken Lag7Sro3;MnQO;:ZnO
(LSMO:Zn O (001) as an example, the LSMO phase is in tension out-of-plane. In a pure
LSMO filmlo , the LSMO phase is in compression out-of-plane due to the biaxial tensile strain

imposed by ST bstrate. It was found that 6 ZnO (110) planes (6x3.24 A = 19.44 A) matches with
5 LSM es (5x3.87 A =19.35 A), which induces a tensile strain in the LSMO phase.””!
BiFeO; (BFO) 154 tension (marked T) out-of-plane and Sm,0; is in compression (marked C) out-of-
plane

re grown individually on STO, as shown in Figure 4a. In BFO:Sm,03; VAN:Ss, the
BFO phase switches from T to C while the Sm,O; phase switches from C to T along the out-of-

plane.”” Bj e al. discussed in details regarding the vertical strain tuning between BFO and Sm,0;
phases aloMrtical direction.”™ The strain in VANs could be controlled by vertical interface
rather than lagesal interface in heterostructures. Such effect changed the orientation of SrRuO; phase

from [111] @ in SrRuO;:Zn0O/STO (111) VAN by increasing the film thickness.”” The vertical
strain stems

e elastic coupling of the vertical interfaces between the two phases.

The latti r of VANSs before and after removing one phase provides a direct evidence of the
origin of t ice strain. Dix et al. reported the growth of BFO:CFO VANs in which BFO films
consist of strainedfend relaxed regions while CFO nanopillars are fully strained."™” After a selective
etching of matrix, the lattice parameter of CFO is unchanged. It is possible that etching off
BFO film is a@fftlly completed and strained BFO region (close to CFO) remained after etching.

Wang ecaled BFO:CFO VANSs at 900 °C in air to evaporate Bi and etched off the iron oxides

This article is protected by copyright. All rights reserved.
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d."" Out-of-plane easy axis in CFO nanopillars disappears after removing the BFO

with dilute aci
film matrix. A direct evidence of vertical strain relaxation after removing the secondary phase is
observed in STO:iI 20 VANSs. In a STO:MgO VAN film grown on STO (001) at 800 °C, the out-of-

plane la eter of the STO phase is 3.928 A (+0.59%) due to the vertical interface strain
between ST@"an@MgO (black curve in Figure 4b). After etching off the MgO nanopillars, the STO
film peak % 0 3911 A (red curve in Figure 4b). A relaxation of the out-of-plane lattice

parametﬁr of STO Phase after removing MgO nanopillars demonstrates that vertical strain is elastic
along the yertical interfaces. It should be noted that the STO lattice parameter after etching off the
pillars is &W higher than the bulk value. This effect can be attributed to the cation non-
stoichiome(fy, h strongly depends on the growth condition."® Elastic strain can modify the
lattice para’ ut the change of lattice parameters may not be totally from the elastic deformation.
In perovskitg oxigles, it is common that both cation and anion off-stoichiometry can modify the unit

cell volum@an@ latfice parameters.!'* '

. ertical Strain Distribution

The Verticsiattice strain state is directly related to nanopillar size, density and spacing which can be
controlled by phase composition "% and growth temperature.!'” For example, the out-of-plane lattice

parameter (@ as the magnetic/transport properties of the LCMO matrix in LCMO:MgO
nanocompoSiteSygdh be modified by changing the MgO composition."”! Via changing the growth
temper. ain and the magnetic anisotropy of CFO npillars in BTO:CFO VANs can be
tuned.!"’ questions are: what are the major factors that control the vertical lattice strain and
how to ¢ ¢ vertical strain effectively?

For each Ma VAN system, stress can be aligned along two axes: radial and axial. By
"1 found that the elastic

pillar is reduced by a factor of 2 when the axial strain is eliminated and by a factor

analytically g zing the elastic energy in VAN pillars, Schuler ez. al

addial strain is eliminated. Thus, it is energetically favorable for radial strain to be
relieved fi etal:oxide VANSs, well-defined Ni nanopillars with a diameter of 3.4 nm were
embedded W a dielectric matrix such as STO and CeO,, as shown in Figure 5a-5c. A radial strain of
0.03% andan axial strain of 1.55% were reported throughout the length of the nanopillars. The axial
strain iswéd by the minimization of interface and elastic energies. Interface energy scales
linearly wi diameter (d), and is zero when the axial strain is equal to the strain generated by
the lattice m the other hand, elastic energy scales with ¢°, and is minimized when the axial
strain is zero. Thiggindicates that the equilibrium value of axial strain scales at ¢, as shown in Figure
54,107 T

nanopillars: nocomposite with uniform nanopillars embedded in the film matrix, V' =m Xzd’ X

nsistent with Chen’s results that strain is proportional to the total surface area (S) of

This article is protected by copyright. All rights reserved.
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h; where V is the total volume of nanopillar phase, m is the number of nanopillars and 4 is the film
thickness or pillar height. It can be found that S = m X2rxd Xh=2zd XV/(wd’)=2V/d."*' In the case of
fixed nanopillar volume with different pillar diameter, S is proportional to . Strain scaled with d'
indicaterroportional to S. In the case of nanocomposites with fixed nanopillar size but

different v th 7 and strain are linearly proportional to S. It should be noted that the linear

&

relationshi ain and S is only valid when nanopillar density is low. The linear increase of
strain 1ﬁ wzcmom (YBCO) phase was reported in YBCO:BaSnO; (V' < 20%) and
YBCO:BaZrO; (¥ < 16%) nanocomposites.'”*"'” In LSMO:MgO, the linear relationship between
strain and hf MgO exists when V' < 20%. This deviates from the linear relationship at higher
MgO Volu®h indicates other factors come into play.””! Another key factor is the misfit

2(a1—a
(1—2), where a; and
(a1x az)

a, are the J@tti€e parameters of two grown phases at room temperature, is directly related to d and V.

dislocation p at vertical interfaces. The misfit dislocation density, p =

When incr e secondary phase volume or pillar diameter, the difference between a, and a,
increases. result in an increase of misfit dislocation density. As discussed by Artemev et al.,
the degreeEl interface coherency depends on the size of the nanopillars. This effect is similar
to the thickn endence misfit dislocations formation at film/substrate interfaces).!''! The density

of interfaci@l dislocations increases nonlinearly with the nanopillar volume fraction, which induces a
nonlinear ce of strain on volume fraction. It should be noted that a linear relationship

between s nanopillar volume fraction indicates that the p is constant when V is low, as
observed :BaSnO:.""®! However, the dislocation density is expected to increase in

nanocomposites where the volume of secondary phase is high or the pillar size is large.
Strain Ein nanopillars and film matrix is an interesting but less studied subject. For
simplicity, most of the literature assumed a uniform distribution of vertical strain along the radical

direction. lbwever, the strain distribution strongly depends on the nanopillar density and spacing. In a
VAN with

of nanopill ﬁ critical length of film matrix along the radical direction could exist. For simplicity,
the d. alon® lical direction in a VAN is considered as the same as the critical thickness of an

63]

illars of nanometers in size embedded in a film matrix, a critical feature size (d,)

epitaxial fil mechanical equilibrium model,’

_ 2
_L(l vcos a)(l dc

I ' de = 2nf (1+v)cosO ng + 1) ™

where v is 501ss§ratio, b is the magnitude of the Burgers vector, f'is the lattice mismatch of these

two grown the VAN, « is the angle between the dislocation line and its Burgers vector and 8
is the angle be the slip direction and the Burgers vector. In the BTO:CFO VANSs, with /= 3.8%,
v=202 195 A, o = /2 and 8 = 0, the d, is about 48 A in CFO nanopillars. Such a strain
relaxation 1 n interesting core/shell magnetic structure in the CFO phase.!"'”! The existence of

This article is protected by copyright. All rights reserved.
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both strained and relaxed region in the BFO film matrix in BFO:CFO VANs suggests strain relaxation

[100

along the axial direction."*” This is reasonable since BFO:CFO VANSs always exhibit large pillar size

in the range of 50- | 00 nm.
Qical Strain Design Principles

H I
In V/ig s, two possible lattice matchings (direct lattice matching or domain lattice matching exist

along the terface. For direct lattice matching of strained lattices, m lattices of phase A match
with km latfiCes ofNphase B (m and k are positive integer numbers). For domain matching, m lattices of
phase A ith m+1 lattices of phase B. Table 1 summarizes the lattice mismatch and
experimentad s@@im for direct lattice matching. The calculated lattice mismatch ranges from 2.3% to
8.7%, whil@ th& experimental strain ranges from 1.0% to 2.2%. Therefore, direct lattice matching can
produce large strain in VANSs if the right components are selected. Table 2 summarizes the domain
matching scenario§The lattice mismatch after domain matching is often quite small. For instance, a
vertical st .5% in LSMO was reported in LSMO:ZnO VANs.""! In some cases, domain
matching Cprovide decent strain effect, as reported in BFO:Sm,0,.” The direct lattice

matching r8guires a misfit strain less than ~7% in lateral heterostructures.””! Interestingly, VANSs can

tolerate higher lattice mismatch (~9%) for the direct lattice matching. This difference is mainly
because bo

to the sub erefore, a large strain can be designed by carefully considering the epitaxial

framew, jeem parameters, elastic constants and thermal expansion coefficients.”> ''*! For a
specific sy e ultimate strain depends on the coherent interfacial area between these two
]

s in VANS are in nanoscale while hetertoepitaxial layer can be completely strained

phases,” interface coherency can be directly controlled by growth dynamics (nanopillar size,

density and volume fraction.

-
O
e

O

-

<
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Table 1. Summary of vertical lattice strain reported in different materials systems with direct lattice
matching. The data taken with permission from . Copyright 2016, American Association for the

Advancement of Sii ence.
System i (A) I/ €2l Ref
QSMO:MgO 3.87:4.21 1 841%  2.0% B3]

LCMO:MgO  3.86:4.21 1 867%  2.1% U
N

El

BFO:CFO 3.96 : 8.39 2 5.76% 1.0% L]
BTO:CFO 4.04:8.39 2 3.76% 1.6% [106]

BFO:LSMO 3.96 : 3.87 1 229% 1.3% 2]

w BZO:YBCO 11.679:4.193 3 7.70% 1.0% (117
2. :

Table
matching. taken with permission from ¥ Copyright 2016, American Association for the

of vertical lattice strain reported in different materials systems with domain

Advancemegnt of Science.

System” ﬂ (A) m m:m+1 I/ |€ 22l Ref

LSMO (001): 3.87:3.24 5.14 5:6 0.46% ~0.5%, & 1.0%  B*°7
ZnO (110)

LSMO (1 :5.21 3.50 3:4+4:5 8.5x10%% 0 (18,
ZnO (000 1]
Ce0,:.LSMO 5.41:3.87 251 2:3+3:4 0.13% <0.1% [120]
Ce02:N| WE——F . 352 1.94 2:3 2.4% 0.9% (on
SrZr05:Gd,0," 4.09 : 2.70 1.94 2:3 0.98% 0.9% (21
BTO:Sm,0; ™ 204 : 2.73 2.08 2:3 1.17% 2.35% [122]
BFO:Sm,0s5 3.96:2.73 222 2:3+2:3+43:4  1.71% ~1.4% 130]
STO:Sm,0; _3005:2.73 232 2:3+2:3+3:4  0.31% - (123]
" The ca ue is 2.51 for CeO,:LSMO, therefore, m can be valued as 2 or 3. Therefore, both 2:3 and

3:4 matchings exist gnd align alternatively (50%:50%). In the STO:Sm,0; system, m is 2.32. m can be either 2
or 3. Bot%ﬂ matchings exist with a frequency of 66% 2:3 and 34% 3:4. In the SrZrO5:Gd,05 system,

the calculat§4, therefore, the m is set to 2 for domain matching.
T Bulk lattic t of Gd,05 is 10.80 A. The plane spacing for Gd,Os (004) is 10.80 A/4 =2.7 A.
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4 Strain, Defect and Microstructure Correlation

Hicrostructures via Competition of Strain and Interfacial Energies

. . . . . . 124-12
The nanod @ design and growth have been discussed in previous review articles.'**'*"]

MacManus=B

nanocoMpdSiHesMEfcluding nucleation and growth, spinodal decomposition and pseudospinodal
[124

al. discussed in details about the growth mechanisms of two-phase

decomposi | The growth mechanisms largely depend on the miscibility of cations in the starting

materials." O

The growtll offfw@phase materials into a nanocomposite has generated a variety of nanostructures
with differe hologies. Vertical nanocomposites consist of one phase embedded in a film matrix,
where arimcircular and rectangular nanopillars or laminar precipitation are oriented

perpendic e substrate surface. Generally, the microstructure of VANs is driven by the

minimizatio total free energy, which is related to the elastic and interfacial energies.!''" '**!
The elastigfand interfacial energies are related to lattice parameter, surface energy, elastic moduli,
volume fra film thickness. In fact, both elastic and interfacial interactions are also strongly
influenced MOdynamics and growth kinetics, as shown in Figure 6.

Understan icrostructure formation and evolution in nanocomposites has gained extensive
attention fj ory perspectives. Simulation results show that elastic interactions between these two
phases e constraint are critical to microstructure formation and evolution.!''" 31321 A

three-dimensional phase field microelasticity model predicts that it is necessary to have both modulus
and latticegisma‘cch for the formation of VAN structures. It shows that larger modulus difference in

strain ener ization favors the formation of vertical nanopillars. In addition, the stiffer phase

often formg hile the softer phase forms matrix.!"** It should be noted that both modulus and

lattice mis y key roles for the vertical strain tuning.””! In addition, checkerboard formation

driven by inodal decomposition has been experimentally observed in Zn(Ga, Mn),04,!"*"!
Mg(Fe, 504,17 (Nd, Li)TiO;,/" and Mn doped CoFe,0,.”® Simulations show that the
checke tion is associated with the symmetry-lifting crystal lattice rearrangement.!"*” '**!
(PseudoHcomposition favors composition fluctuations, which generates nanoscale phase
separation watlmdifferent lattice parameter, symmetry and chemical composition to minimize total free

energy of the systesh. This phase separation reduces the volume strain energy via the formation of two
regions with differgnt compositions, rather than the formation of misfit dislocations.
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During thin film synthesis, interfacial interactions could overcome elastic interactions and dominate
the microstructure formation. With an in-plane anisotropy strain, labyrinth structure was proposed!''"
and observed in the LSMO:ZnO"" and ZrN:AIN!"* systems. In an isotropic system, the changes of
the micw with volume fractions is mainly controlled by the total interface energy
minimizatigfi*™w the secondary phase fraction is low, it favors circular nanopillar formation. This
has been % n both metal:oxide and oxide:oxide systems. Circular metal nanopillars in oxide

film rna-trix have been reported in Fe:LaSrFeO4,[14°] Co:CeOz,[m] Co:BaZrog,[m] Ni:CeOz,[m]

Ni:BaZro,g‘s,zoJ“!! and CoNi:(BaSr)TiO,.['*!

One of thUant aspects in synthesizing VANSs is the manipulation of feature size of the
nanopillar eng et al. suggested a diffusion controlled growth mechanism, where the growth
temperatur and pillar feature size (d) can be fitted to an Arrhenius behavior.!'*! The surface mean
diffusion 1 be described by | = V4Dt with D as the surface diffusivity and ¢ as the time to

grow one unit cell —Eq/kKT

yer. The diffusivity can be expressed as D = Dgye , where £ is Boltzmann’s
constant, 7" 1s the growth temperature, £, is the activation energy for surface diffusion and Dy is the

surface dif@nstant. If d is approximately assumed to be equal to the diffusion length, then,!'*”

In(4Dgt)  Eq
mn(d) = 2D _ (8)

It is cle n(d) is inversely proportional to 7. The surface diffusion energy was reported to be 1.2
eV for Fe:LaSrFeOu!" 0.18 eV for Ni:BaZrosY(,0:,*" and 1.56-1.66 eV for BFO:CFO and
BTO:CFO."*" The Arrhenius-like dependence of d in VANs indicates that nanopillar formation takes

place at thwtemperature. The pillar size d is the competing result between strain and interfacial

energies, driye thermodynamics and growth kinetics. In an elastic energy model of strain lattice,

Shi et al. d the nanorod diameter in YBCO films by minimizing the energy of nanorods
formation, stic energy of the matrix and nanorods, and the interfacial energy on the nanorod
surface.!'*] ion shows that d is related to the decay of lattice strain inside the nanopillars and

the elastic @onstant of the nanopillars. The spacing between these nanopillars can be also estimated
based on ti surf?e diffusion length. It was found that £, is 1.66 eV and D, is 1.34 £ 0.91 x 10"
nm?/sec fomthe phase in BFO:CFO VAN, which gives a diffusion length of 55 + 26 nm.!"*"!

-
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Thermodynamics and growth kinetics play critical roles in elastic and interfacial interactions. For
examplem interfacial energies strongly rely on the secondary phase size which is directly

controlled bgtlie

result oo™ @ Energy minimization. Cylindrical pillars with small diameters minimize the surface

odynamics and growth kinetics. As shown in Figure 6b-6d, the shape of Fe

nanopillars aSrFeQ, film changes from a square (Figure 6b) to an octagonal (Figure 6¢), and

thento ac b (Figure 6d) with decreasing growth temperatures.!'*” The microstructure is a
energy wh d (e.g., cube or pyramidal shape) pillars minimize the elastic strain energy. When
the growth tempgsature is low, diffusion is limited and the feature size is small. The surface energy
dominates;{this fay@rs a circular shape nanopillars. Higher growth temperatures increases feature size.

Therefore, t ain energy over surface energy is significantly increases. In the BTO:CFO system,
the CFO ngfiogillaf shape was reported to be both rectangular®” (Figure 6e) and circular'*! (Figure
6f) in film ilar molar ratio and growth temperature. Such a shape variation could be related
to the lase ensity difference. For instance, we found out that the shape of CFO changes from

cylindrical to pyraftidal with increasing laser energy density from 1.5 J/em® to 2.5 J/em® (not shown
here) for BTO:CFO (mol: 35%) VANs grown at 850 °C. The shape evolution of CFO nanopillars
with laser ghergy could be similar to the temperature dependent shape change in Fe nanopillars since
higher lase ensity increases the kinetic energy of adatoms and improves the diffusion length.
In BFO:CFg
diffusivity @f lue to its low melting point results in a larger pillar size (50-100 nm). Such a large

§, the CFO phase typically exhibits a rectangle shape (grown at 650 °C). The high

growth kinetics J@@interfacial and elastic interactions.

Different fgom nucleation and growth, phase separation driven by decomposition often forms
nanocomp&

reported thg
shell embedd

h thermodynamically and/or kinetically more stable phases. Ross and coworkers

h of an interesting three-phase VAN with Cu nanopillars (d = 3 nm) in cubic SrO

matrix of Sr(Ti, Cu)O; films.!""") Chemical etching using ammonium hydroxide
removed 3 nm diameter Cu nanopillars leaving porous SrO pillars in film matrix, as shown in Figure
7(a). Undelf a vacuum growth condition, SrTig75Cug250;.5 can decompose into Cu + SrO + Sr(Ti,
Cu)Os; m LagsSrsFeQ;, Fe nanopillars and LaSrFeO, film matrix can be formed via

[140, 152-154

decomp@si r vacuum. I'A very recent work shows the formation of Ir nanopillars in

SrTiO; ix [15°] The starting SrTi;_Ir,O; tends to decompose into Ir + SrO + SrTiOs;; at growth
conditions with los oxygen partial pressures.

This article is protected by copyright. All rights reserved.



ADVANCED
sumincc /MATERIALS

During mled growth, vertical nanopillars are randomly distributed in the film matrix. The
spacing of| opillars are governed by the diffusion length. Templates fabricated by e-beam
lithographygamdgf@eused ion beam/etching provide nucleation and growth sites for nanopillars which
enable the fabiigation of magnetic nanopillar arrays with controlled periodicity. Comes et al. reported
the fabricaﬁn of square CFO nanopillars arrays in BFO films, which was achieved by the patterning
of CFO fil 1491 Ross
and coworkers rep@rted the growth of square magnetic nanopillar arrays in BFO films via a selective

nopillars arrays via lithography, followed by the growth of a BFO layer.

growth of etic CFO phase.l"™ In this process, dots and lines with controlled spacing and
diameter w, written on substrates by a focused ion beam. Ordered arrays of pits and trenches
were form edfelectively etching away the ion-damaged regions. A thin seed layer of CFO was
then grown_wi low growth rate followed by post-annealing to promote the formation of CFO

nanoislands on th& ordered defect sites. These CFO nanoislands provide the sites for the directed
growth of nt CFO nanopillars. Figure 7b shows a plan-view SEM image of CogsNigsFe,O4
square na mbedded in BFO matrix fabricated by this method. Using a nucleation-induced
self-assem‘mth, Stratulat et al. reported ordered CFO nanopillars embedded in a BFO
matrix.!"””! Taking advantages of anodic aluminum oxide and lithography, the CFO nucleation centers

were synthgsiz “

in the BFO were achieved as shown in Figure 7c and 7d, which is consistent with the self-

assemb cept these top-down approaches, a bottom up approach was reported recently. By
using a sim ermal annealing, parallel SrO and TiO, termination stripes can be formed

fore the growth of VANs. Well-defined rectangle CFO nanopillars with pyramids

alternati STO substrate. Wang and coworkers have achieved the selective growth of

LSMO: 158]

> on SrO terminated STO substrates.!

lastic Interactions Driven Defects Formation

4.2.1 De dulation

In later ctures, misfit dislocations form at the critical thickness. This rule also applies to
vertical eres. Figures 8a and 8b show a cross section high angle annular dark field
(HAADF)- image and the corresponding fast Fourier transform (FFT) image of a LSMO:MgO

VAN grown on a§TO (001) substrate. In the axial direction, a misfit dislocation, parallel to MgO
nanopillar, ed in nanopillar at about 19 unit cells to the STO substrate. This is very different

from the fo of misfit dislocations right at the MgO/STO interfaces when MgO film is directly
grown ubstrate. The MgO nanopillar with a feature size of 4-5 nm allows the strain energy
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relaxation at much larger thickness. In the radial direction, misfit dislocations form at
nanopillar/matrix interfaces when pillar feature size (d) reaches a critical value. Figure 8c shows a
plan-view HAADF-STEM image of a LSMO:ZrO, VAN film with ZrO, nanopillars in LSMO matrix.
The FFM‘UI‘C 8d) shows the formation of misfit dislocations at the vertical heterointerfaces.
The critica size d. for misfit dislocation formation is rarely explored in VANSs. Interestingly,
as shown i 8c, two ZrO, nanopillars are connected by one dark line. Zhou et al. argued that
these liaes are_antiphase phase boundaries (APBs).'"*! Electron energy loss spectroscopy (EELS)
shows thesgyAPBs is Mn rich (Figure 8e-8h), which is consistent with the lower contrast in the STEM
images. DLS symmetrically formed on the circumference of pillars help to relax the radial
strain.!"*" "4t i8oted that nanopillars connected by APBs show unpaired dislocations, as shown in
Figure 8d. @gly, the Burgers vector of the missing misfit dislocation is parallel to a component
of the APBtr tion vector. This indicates that the APB formation assists strain relaxation. In
addition, /ﬂ only observed between two pillars with a short spacing as the APB energy
increases with diStance. In the lateral heterostructures, the formation of APBs in the highly epitaxial
oxide thin films™§§ often related to film/substrate lattice mismatch, substrate surface-step-terrace

dimension ut angle.!'®"* In VANs, except these factors, the elastic strain at the vertical

interface p amportant role for the APB formation. APB is one of the most common defects in
VANSs to a@commodate the large vertical lattice mismatch. This has been observed in many different
materials systems including LaNiO;:NiO"* and others we have grown (e.g., BTO:CFO, STO:Sm,0;,

and LSMm

4.2.2 Micr ure Modulation

As discussed above, microstructure is often entangled with strain. Experimental results have shown
that microgructure modulation is one of the most common mechanisms for strain relaxation. For
instance, d ovskite Bi,FeMnQOg films can be grown on STO substrates, while a bismuth-based

supercell s with a highly strain interfacial layer can be grown on LaAlO; (LAO) substrates.

bismuth-based self-assembled supercell structure can be enabled on a CeQO, layer

"0 70.166. 167) The interfacial structural modulation is also observed during the growth

O.
of Bi2A1£06 on STO (001)"* and La,;Sr;,sMnO; on LaSrAlO, (001).' In the strained

ZnMn pinodal decomposition induces the formation of two nanorod materials which are
chemic i and spatially ordered with coherent interfaces. Such a unique microstructure
relieves th strain energy and suppresses misfit dislocations formation."** In addition, the

formation of twinWilt, rather than misfit dislocations, in oxide films with low symmetry has been
observed i doped LaMnO; and BiFeO; thin films on STO substrates./”* !
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One of the interesting microstructure modulations in VANs has been reported in the YBCO:BZO
system. With increasing the BZO volume ratio, the system evolves from a vertical structure of BZO
nanopillars embedied in YBCO film matrix to a lateral multilayer structure of YBCO/BZO.!"™ The

microst sition, together with a significant relaxation of out-of-plane strain in the YBCO

phase and 3 se of critical temperature,!'”"! indicates that the microstructure transition is mainly

117

driven by agation of strain energy.!"'” In addition, to accommodate the large lattice mismatch

and elasﬁic modulus mismatch, secondary phase such as BZO and BSO pillars in YBCO films tend to
grow tiltedggway from the perfect zone axis. In LSMO:MgO and BFO:CFO VANS, the formation of a
few of uni SMO and BFO on STO have been observed before the growth of MgO and CFO
phases, resgctively. Possible reasons for the LSMO or BFO layer formation at the very early stage of
film deposmd come from the smaller lattice mismatch, similar crystal structure and symmetry.
In the STO; ANs, we have found the formation of TiO, phase in MgO nanopillars when the
MgO nanoplillaF siZe¢ excesses 10 nm (not shown here). The larger MgO nanopillars impose significant
strain energy 1n the nanocomposite since the lattice mismatch between the MgO and the STO is 7.8%.
The strainEan be reduced by the formation of TiO,/MgO core-shell structure, producing a

similar eff reducing the MgO nanopillar feature size. The formation of a three-phase VAN

in cubic SrO shell embedded in a matrix of Sr(Ti, Cu)Os_; films could be driven
151

with Cu na
by the sam@mechanism (Figure 7a).">"! The formation of cubic SrO nanopillars (d = ~9 nm) indicates

the large elastic sfrain energy between the SrO and the Sr(Ti, Cu)O;;. The Cu cores formed in the
SrO cubic mrs could relax the elastic strain energy and total free energy.

4.2.3 Catio ichiometry Modulation

In lateral heterostructures, stoichiometry modulation can be induced by strain and symmetry
mismatch.& °> ' A structurally and electronically modified transition layer was formed between
VO, and sh

driven by tl @ acial free energy minimization to accommodate the symmetry mismatch between
e film.

r TiO, and sapphire heterostructures.”* '"* The formation of a transition layer is

the substra

Ina LS&AN system, plan-view HAADF STEM image shows 3-5 nm NiO nanopillars are
random in the LSMO film matrix, as shown in Figure 9.'”! Interestingly, ring-shape
white contrnastsi n around the NiO nanopillars (Figure 9a). The higher Z contrast indicates possible
La excess around IO nanopillars. The energy dispersive X-ray spectroscopy (EDS) color mapping of

firms that La and Mn compositions near the NiO nanopillars are higher than that
174

the same region ¢

ay from nanopillars (Figure 10b-10d).""™ La and Mn rich compositions with La>Mn

s the formation of La,; sMnO; (6>0) phase. The cation excess could be expressed as
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the formation of oxygen vacancies (LaMny;+50Os/1+5). Considering the Ni** substitution of Mn3+,

charge balance requires the formation of oxygen vacancy. For most perovskite oxides, the out-of-

plane lattice paraifter is sensitive to oxygen deficiency and cation off-stoichiometry.!'** '>'77] The

formatio erfacial layer (oxide deficient LaMnO;_, phase), probably driven by the spinodal
decompositi 1d create composition change to reduce lattice mismatch (as large as 8.7%) and
strain ene is consistent with the STEM-EELS study in a LSMO:ZrO, VAN (mismatch
5.3%~7.5%)." > Enhanced La and Mn concentrations and reduced Sr concentration were observed at

the verticalgnanopillar-matrix interface. EELS shows that the Mn valence state drops from the matrix
to the pillL

Overall, thegfthterf@ge composition resembles LaMnOs., with an oxygen vacancy concentration of 8%.
Along wit ation of oxygen vacancy, the substitution of Zr*" (0.72 A) to Mn*" (0.53 A) site
increases t ice parameter of LSMO, both of which reduce the lattice mismatch at the

e balance requires the formation of oxygen vacancies at the vertical interface.

nanopillar/fatiiix ifiterface.

4.2.4 0x:mancies Modulation

Oxygen vai one of the most common defects in oxide thin films. Oxygen vacancy formation
and orderi een discussed in lateral heterostructures to accommodate the strain relaxation'®”
'8 and co for the chemical potential mismatch.!'” Three main approaches have been mostly
used to te oxygen vacancies: (I) by generating corresponding vacancies in cation sites; (II)
by alter1 alence state of cations without altering cation stoichiometry and (III) by incorporating
both cation s and change of valence state. During the growth of metal oxides without cation
multipl tes such as SrTiO; or BaTiO;, oxygen vacancy formation can be driven by the

cation vacancy formation which is strongly tied to thermodynamics and growth kinetics. Charge
balance requires the formation of cation-anion vacancy pairs. In oxides with multiple cation valance
states, oxyb

ncies are often compensated by the change of cation valence states. Perovskite

oxides wit

coworkers

180-182

and thus eflhances the cobaltite’s catalytic activity.| I More recently, Yu and coworker reported

control ersible oxygen stoichiometry modulation in strontium cobaltite via an ion liquid
gating.!' &M a method also allows tuning of the electronic and magnetic properties by varying
the oxyge For instance, ion liquid gating has been used to tune the functional properties via

185-190

controlling oxygerllion migration in a variety of oxide thin films.! ' Both the formation of cation

vacancies hange of the valence state have been observed in bulk and thin film LaMnO5.!"*"
194]
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In VANS, the formation of oxygen vacancies has been observed and discussed in RE-Ba,Cu;07.5 (RE:
rare earth Y or mixture of Y and rare earth):BZO and STO:Sm,0;. Figure 10a shows EELS intensity
profiles of Y, O, apd Ba across a BZO nanopillar in a REBCO matrix. The oxygen profile (red curve)
shows aHside of the BZO pillars. The oxygen depletion region close to BZO nanopillars is
clearly see ELS mapping, as shown in Figure 10b. In addition, the strain distribution near the
REBCO/B&nterface, extracted from the STEM image, shows that the strain first increases
and thea W near the BZO nanopillars. In addition to the interface dislocations, oxygen
deficiency mear the vertical interfaces can also relax the strain. The formation of oxygen vacancies
have been;:d to the strain relaxation and T suppression in REBCO materials.'”! The

formation @ ox vacancies across the vertical interface is also discussed in STO:Sm,0O; VANS.

G

The strain defect formation can significantly modify the physical properties as discussed in

this article.

the later se

5 Function§ty Tuning Driven by Strain, Defect and Interface

Vertic epitaxial nanocomposites exhibit several unique characteristics which allow an
unprecede control of functionality.

1) T‘mal strain exists in both phases and goes beyond conventional critical thickness.
t

F properties can be significantly manipulated by the vertical strain.
2) crostructure such as nanopillars and rectangle nanodomains embedded in a film
matrix be controlled to a certain degree. Such microstructure favors a large amount of

cal heterointerfaces which could improve interfacial effects such as interface couplings.

3) Defects such as oxygen vacancies close to the vertical interfaces can be used to control
fl§tionalities. The formation of oxygen vacancy, which strongly ties to cation
st

5.1 Frnetism and Ferroelectricity
1.1

Hicrostructure Controlled Magnetic Anisotropy

Data stora:cations such as perpendicular recording and magnetoresistive random access
memory have de magnetic materials with strong perpendicular magnetic anisotropy an active

try, can be induced by vertical strain.

5.1.

researcl -Q@ r decades.!" In thin films, the magnetic anisotropy is determined by the competition
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of magnetocrystalline anisotropy, shape anisotropy, strain anisotropy, and interface exchange

anisotropy. The epitaxial strain induced magnetoelastic anisotropy energy is given by,!"*"!

Q Ko = 370 /2 9)

A is the masitostriction coefficient of the magnetic phase. Stress can be expressed as ¢ = €Y, (where

epitaxial sffain). I a cubic or pseudo-cubic structure, Young’s modulus can be expressed as Y =

(€11—C12)(C11
C11+C

Y is the Y@\odulus that can be written in terms of the elastic moduli C,; and Cj,. ¢ is the

= (Cy1 — 2v(Cy, by considering Eq. 6. In a VAN structure, the magnetoelastic

anisotropy @f Mlagaétic nanopillars along the film growth direction is given by,

S

Kine = 3Ae,,(Cyq — 2vCy3)/2 (10)

Nu

€., 18 the oy e strain in magnetic nanopillars. In-plane strain is ignored in nanopillars as lateral

interaction§ibefvedh nanopillars and substrate is very weak.

a

In a VAN e, the magnetoelastic anisotropy of magnetic film matrix along film growth

directio

M

Kine = 3M(&5; — gxx)(cll - 21/6‘12)/2 (11)

or

e, and ¢, t-of-plane and in-plane strain for the film matrix.

N

{

Shape anisotropy has important contributions in needle-like nanopillars and thin films with a large
aspect ratio. The sRape anisotropy is given by,

Uk

Eshape = (Nx - NZ)ZTEMZ (12)

A
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N represents the demagnetization factors along the easy axis, which depends on the aspect ratio. M is
the satuMetization. For nanopillars with a large aspect ratio, N, = 0.5 and N, = 0, the

anisotropy caesgi is simplified as nM”. For thin films, N, ~ 0 and N, ~ 1, the anisotropy energy is

simplified @

. If these nanopillars have magnetic interactions, the shape anisotropy of

dnges with the volume fraction. It can be estimated as,"””!

Eshape =1- 3p)‘l‘[M2 (13)

SCI

where p is me fraction of nanopillars in VAN films. When p =0, the anisotropy energy is
nM* which nds to diluted nanopillars in film matrix. When p - 1, the anisotropy energy is -

2nM* which correponds to a planar magnetic thin film. The shape anisotropy field is then given as

Hshape =

1

Taking BT]

of-plane eal

ANs with compressive out-of-plane strain in CFO phase as an example, an out-

d

as observed in this VAN system, as shown in Figure 11a. The shape anisotropy
field of illars has been determined to be ~2.2 kOe (the green triangle in Figure 11b).["*
Young’s of CFO is ~150 GPa. The magnetostriction coefficient of CFO single crystals was
reported to een -(200~590)x10° and the magnetostriction coefficient of epitaxial CFO thin
to be -188x10°.1"** The magnetostriction coefficient of -200x107 is used in the

estimation. For the VAN grown at 900 °C with a ¢, of -1.1%, an estimated out-of-plane strain

Vi

films

anisotropy (field is 44 kOe, which is far larger than the shape anisotropy field. The total magnetic

I’

anisotropy ) is dominated by the strain effect. Magnetic anisotropy of CFO and NiFe,O4
(NFO) basgd™nan@composites have been widely studied and it is controlled by the compressive
w I The direct growth of BFO:CFO VANs on LAO results in a majority of the BFO

tetragonal p inserting a LaNiOs buffer layer, the BFO rhombohedral phase was restored as
[202

vertical str:

o
‘

well as th@ out-of-plane easy axis.””” In LSMO magnetite films with positive magnetostriction

n

coefficiCHE train favors out-of-plane magnetic anisotropy. The film nature of LSMO favors

1

in-plan while the out-of-plane tensile strain favors out-of-plane magnetic anisotropy. It is

not surpris he magnetic anisotropy is determined by the shape effect in relaxed BFO:NFO
nanocomposites.* | Interface exchange anisotropy across antiferromagnetic-ferromagnetic (AFM-
FM) inter

exchange

U

s been used to explain the large magnetic anisotropy in the BFO:CFO ™ and
in LSMO:BFO.!""*

A
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5.1.2 Defects and Microstructure Dominated Magnetotransport

MangaMtes with a colossal magnetoresistance (CMR) at large magnetic fields have been

extensively icd in the past decades. Polycrystalline samples with large angle grain boundaries

ite samples with artificial GBs (secondary phase doping) exhibit low field

R).['"3 203 2090 However, epitaxial single-phase manganite thin films show
very snit | TENVPRSE(fect. Heteroepitaxial VANSs based on manganites have been designed to improve
LFMR thr ing the microstructure and strain. It should be noted that the magnetoresistance in
these mater'sU)rmally negative. Positive MR in perovskite oxides is rarely reported."”!

Lag ;SrosMBO#s alFM material that displays CMR 1in its bulk single-crystals but very weak LFMR in
single-crystalS afd epitaxial thin films. To demonstrate the effect of microstructure on MR,

S

(Lag7Srg3 3)18Zn0), VANs were synthesized.[95] Unlike polycrystalline composites, it was
found that
ZnO phase ctangle nanodomains which are perpendicular to each other. This structure has
also been f€ported in LSMO:CeO, VANs.?” By changing the ZnO phase volume ratio from 0% to
50%, the

t

7S1o3MnO; and ZnO phases can epitaxially grown on STO (001) substrates. The

A

odomain density increases. The nanodomains start to connect and form ZnO

nanomaze. re, Lag7Sro3MnO;3/Zn0O/Lay;Sro3MnO; tunneling junctions were potentially
formed menO phase approaches the volume percolation threshold. This explains the
signific ed MR with ZnO volume ratio approaching 50%.”” The spin-polarized tunneling
across t magnetic/insulating/ferromagnetic structure could be responsible for the enhanced
LFMR clos e percolation threshold. When the secondary phase is below the percolation
thresho in VANs can be tuned via the domain size, microstructure, defects, interface

diffusion and interface exchange coupling.!'’*2%%21?]

5.1.3 Str, @ inated Magnetotransport

Gr

In compleg® oxides, substrate induced epitaxial strain is an alternative way to manipulate

h

charge/giibi iagorders. Particularly, strain has been widely used to modulate MR effect in ultrathin
85, 213] 214]

epitaxia films,! as well as in two-dimensional transition metal dichalcogenides.!

t

One of the key limitations of epitaxial strain engineering is that the critical thickness of
heterostructures isfanly a few tens of nanometers. For example, epitaxial strain significantly enhanced
MR in thi
magnetism a sport properties by epitaxial strain in relatively thick films. As discussed above,

Lk

films and MR diminished above 20 nm.*'* Therefore, it is a challenge to tune

the ve n in VANSs can exist in thick films which can be used to tune the functionalities. By

A

This article is protected by copyright. All rights reserved.



ADVANCED
sumincc /MATERIALS

doping MgO into La,;Cay3;MnQO;, Moshnyaga et al. reported tunable magnetic properties coupled
with a structural transition in composite films synthesized via a metal-organic aerosol deposition
technique on MgO_(100) substrates.'”> *'®) To investigate the vertical strain effect on magnetization
and magmn in thick films, Chen et al. synthesized vertically heteroepitaxial nanocomposites
with MgO p@fopillar arrays embedded in Lay ;Sro3MnQO; films by PLD method.”™ Figure 12a and the
inset show%he cro$s-section and plan-view STEM images of MgO nanopillar arrays in a LSMO film
matrix. ﬁtrain in this system is analyzed by phase field simulation. It shows that large vertical strain
can be gengrated in both LSMO matrix and MgO nanopillars, which strongly depends on the volume
ratio and pi izal (Figure 12b). Figure 12c shows that the strain in the La,;Sro;Mn0O;:MgO VANs
1s much lag@er t that in the Lag;Sry3MnO5:ZnO VANs with the same volume of the secondary

me vertical strain in the LSMO:MgO VANSs is attributed to the larger lattice
mismatch a ic modulus mismatch. This vertical strain has significantly modified magnetization

phase. Su

and magnefotg@nspbrt properties (Figure 12d). In the LSMO:ZnO system, the jump of resistance
occurs at 50% of ZnO volume but the magnetization of LSMO is almost independent of composition.
This indic@e phenomena in this system are mainly attributed to secondary phase induced
volume eff ever, in LSMO:MgO system, the rise of resistance as well as the drop of
magnetizati;en at about 20% of MgO volume which is well below the volume induced
percolatior§threshold, indicating this phenomenon is mainly attributed to the secondary phase induced
strain effect. Tt should be noted that the magnetization in LSMO:MgO dropped over 10 times when

the MgO \m\creases from 5% (260 emu/cc) to 22% (25 emu/cc). Such a significant drop in
at

magnetiz be related to the strain induced oxygen vacancies in the LSMO phase.!'” "]

5.1.4 nhanced Ferroelectricity

Epitaxial sggain is a common tool used to tune the ferroelectricity in heterostructures. For example,
Choi et al. a much enhanced paraelectric-to-ferroelectric transition temperature (7¢) and a

ion (P;) in compressively strained BTO films on GdScO; (110) and DyScO; (110)

are far larger than the bulk values (7 = 130 °C, P, =27 uC/cm?)."*"! Such a method has
ny complex oxides including STO, PZT and BFO films.”” In a review article,
Schlom d on the effect of epitaxial strain on the physical properties of ferroelectric thin
films and ices.”® Measured 7c for the strained films shows a shift of hundreds of degrees
which agrees with s'mulation.
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Vertical strain in VANs shows the similar effect as discussed above. For example, Harrington, ef al.
synthesized BTO:Sm,0; (50:50 molar ratio) with 10 nm Sm,0O; nanopillars in BTO film matrix. The
out-of-plane lattice parameter of BTO phase is 4.078 A. The nanopillars impose a tensile strain of

1.07% 1 e, which increases the 7¢ to over 330 °C.”") Khatkhatay ez al. reported a slightly
enhanced 7 °C and P, of 37 uC/cm2 in BTO:CeO, VANs on SRO buffered STO substrates. It
was found out-of-plane and in-plane lattice parameters are 4.06 A and 3.98 A, respectively,

indicath% an out-of-plane tensile strain of 0.6%.'® Sangle et al. synthesized STO:Sm,0; VANs with
high tetraggnality (c/a) (up to 1.023) in the STO phase.”'”’ Owing to the large out-of-plane tensile
strain, a TLO °C was observed in STO. Similar enhancement effect was also reported in Sr-
doped BTQ#8m,®% VAN films with a vertical strain of 1.29-1.68%.*"! The secondary phase induces

large out-o nsile strain in ferroelectric phase and increases the tetragonality which shifts the

paraelectrimelectric transition to higher temperatures.
5.2 Superconiuctivity

Defect en&eering to enhance critical current densities (Jc) in high temperature superconductor
(HTS) films 15 one of most studied fields.”" It was reported that the incorporation of oxide

nanopartic orods in YBCO films produced high current densities at high magnetic fields."
The self-a nanoprecipitates serve as the magnetic-flux pinning centers which can be
control i th. Different type of oxides including BaMOs, (M = Zr, Sn, Hf, Ir, efc) have been

e YBCO film growth.” ****Y The effects of these nanoparticles or nanorods on
superconductiyi® are twofold. First, the out-of-plane strain induced by the lattice mismatch between
noparticles tends to suppress the critical transition temperature. For example, the
Tc drops from 92 K in pure YBCO films to 84 K in (YBCO)4:(BZ0O),4 nanocomposites with an
increase out-of-plane lattice parameter of the YBCO phase.!"'”) On the other hand, these

nanopreci e as pinning centers which enhance the critical current densities (J¢) at high
field.”>! Ex@€pt Mese large three dimensional (3D) defects, the formation of zero dimensional (0D),
one dimen ﬁ D) and two dimensional (2D) defects, as discussed in the growth section, are

correlated to in relaxation in nanocomposites. In fact, the pinning effect of these defects on J¢
relies on thg defect type and landscape.

The contr t morphology and landscape to increase Jc is one of the main focuses of defect
pinning engineeriflg in superconducting films.******) The defect morphology and landscape are
strongly influenc
Four dif

substitu

by the thermodynamics and growth kinetics as discussed in previous sessions.

pes of defects are often associated with vortices pinning. 0D point defects such as
cancies and impurities, 1D defects such as dislocations and irradiation tracks, 2D
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defects such as APBs, twin boundaries, grain boundaries, and stacking faults, and 3D defects such as
secondary phases nanoparticles/nanocolumns can all modify the J¢ and field performance differently.
InterestingI‘, thesi pinning defects work most effectively at different temperatures and fields,

ze and morphology, as discussed by Feighan and coworkers in a review paper.?**!

Q.

At highgtomapeiaiisre region (65-77 K), thermal energy is relatively large and secondary phase
nanoprecipiifates (3D defects) with only a large volume can provide reasonable pinning force at such a
high temp

dependi

egion 1 in Figure 13).”*! The best performance at high temperature range in
terms of highest J@ and highest irreversibility fields is achieved in nanocomposites with continuous
nanorods ofNi ing secondary phases aligned along the film growth direction.*”! At moderately
low tempe ~50 K), strong pinning centers (2D and 3D defects) like small precipitates (e.g.,
nanopaﬂichtacking faults become effective. At lower temperatures (<~10K), weak pinning
centers suc int defects (0D defects) are active (Region 3 in Figure 13). Therefore, the defect-site
volume is one of tlie most critical parameters to tune the pinning strength. At moderately temperatures
(30-65 K), microstructure is a mixture of 1D/3D nanorods combined with 3D nanoparticles
(Figure 13@2). The enhanced performance is due to a synergic effect of these nanostructures

226

to transfer between two near nanorods.**® Another advances of mixed microstructure is the

reduced field an nisotropy.

13, Jc shows strong field angle anisotropy due to the alignment of secondary

phase defects. e VANs with nanorods/nanocolumnar parallel to the film growth direction, J¢ is

(NdBCO)3,./(BZO)g 5u.. layers, BZO nanodots are self-assembled in the ab plane. J¢ is enhanced to 1
MA/cm? V\Mdb. In addition, BZO nanorods in VANSs align along the out-of-plane direction,
producing enhan

horizontal @

effect and

d Jc with H // c. Therefore, BZO nanorods arrays were aligned in both vertical and
s in the NdBCO superconducting films which results in the maximized pinning

ance.

5.3 Wctric coupling

Multiferroig more than one of the primary ferroic properties (e.g. ferromagnetism,
oelasticity) are now often used to describe magnetoelectric multiferroics that are

ferromagnetic and ferroelectric. Since the discovery of BiFeO; films with room
lectricity and canted ferrimagnetism,'™ multiferroics have become one of the most
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studied materials in complex oxides.*” The revival of this field is not only because of the importance
of studying the physical origin of multiferroics, but also due to the potential applications. The
magnetoelectric (i‘E) coupling of ferroic orders has been proposed to design novel solid state

(233 Single-phase multiferroic materials are

memory th extremely low energy consumption.
very scarcg/dBegto their exclusive nature of origins.”* *> An important way to achieve
multiferroi combining individual ferroelectric and ferromagnetic (or ferrimagnetic) materials
to form -comgosites. The current research status and future direction of bulk composites, thin film
nanocompgsites and heterostructures for ME couplings can be found in several comprehensive
[23L

reviews. i§ section will mainly focus on the ME couplings in VANS.

O

Because ofglar, rtical interface and possibly reduced substrate clamping effect in thick VANS,
VANSs cou e favorable for ME couplings. Zheng et al. pioneered the growth of multiferroic
BTO:CFO (9] A magnetization kink was observed in M-T curves close to the BTO phase
transition temperaire in VANs rather than multilayered CFO/BTO nanostructures, indicating the

possible e of ME couplings in the BTO:CFO system. Nan et al. has compared the ME
couplings i and multilayer structures by using Green’s function approach and confirmed that
ME coupling.i Ns is larger than multilayers.**”! Recently, Wu et al. simulated the misfit strain

effect and ferromagnetic composition effect on the ME coupling in VANs.*** He found that the ME
voltage com of BTO:CFO nanocomposite films strongly rely on the in-plane and out-of-plane

misfit strai e ME voltage coefficient up to 2 V/cm-Oe is predicted for the BTO:CFO VANSs.
In later: ctures, ME coupling can be mediated by charge, strain and exchange coupling at
the heteroin 931 Compared to lateral multiferroic heterostructures, the ME coupling
mechanj ANs are rarely reported. The BTO:CFO nanocomposites have recently been
revisite -Antoniak and coworkers.!"*”! Rectangular CFO nanopillars with 100~200 nm in
size have been synthesized by pulsed laser deposition at 950 °C (Figure 6¢). The couplings have been
studied by @sing the soft X-ray absorption spectroscopy and circular/linear dichroism. Magnetic field
was applied in_both out-of-plane (z) direction and in-plane (y) direction. As shown in Figures 14a and
14b, these @ etic field directions induce different deformation in the CFO nanopillars. The in-
plane mag d induces an electric in-plane polarization. Field-dependent soft XLD at the Ti L;,
absorption shown in Figure 14c, shows that the Ti XLD (H.im parallel to z) increases three

times from§2.0% to 6.5% by increasing the magnetic field strength. However, the Ti XLD (Hpain

perpendicular to only increases from 2.0% to 3.5%. Besides the BTO:CFO systems, other

mposites have also been synthesized.*>*>"!

The ME coupli rength can be characterized by measuring the direct or converse ME coefficients.
Inthe ¢ ect ME effect, a static magnetic field, superimposed with a small ac magnetic field, is

applied to posites. The surface charge signal is then recorded for thin films.*>* Oh ef al.

This article is protected by copyright. All rights reserved.



ADVANCED
sumincc /MATERIALS

investigated the ME coupling of a 300 nm BFO:CFO nanocomposite film with 1:1 volume ratio (CFO
pillars in BFO matrix).*>*! A dc magnetic field with a small ac magnetic field (H,. = 4 Oe) was used
to excite the samp|e and induced charges (instead of voltages) were measured. The transverse ME

coeffici ~ 60 mV/cm-Oe, which is five times larger than the longitudinal ME coefficient

o;33. The lagyg ansverse ME coefficient was attributed to the enhanced transverse magnetostriction
of the CF. Through a magnetic cantilever method, direct ME coupling was also studied
in BFO-:CFO VANs thin films.”** The maximum ME coefficient was determined to be ~20
mV/cm-Oeg The reduced piezoelectric and piezomagnetic coefficients of the ferroelectric and
ferromagn s, due to substrate clamping effect, are responsible for the relatively small ME
coupling cgltfici®t. Yan et al. further studied the orientation effect on the ME coupling by using
SrTiO; su ith different orientations.”®” The maximum ME coefficient for the L-L mode

follows the tre f ME (001) > ME(119) > ME(111) (16, 15, and 8 mV/cm-Oe, respectively), which is

correlated heflongitudinal piezoelectric coefficient ds; of the BiFeOs; phase following d3301) >
d33110) > d33111)- 1n addition, the strain in films with different orientations is different, following the
trend of o) G110y > Oo1, Which also contributes to the larger ME coupling in (001)
nanocompQsi s. Recently, flexible substrates have been used to grow functional oxide thin films
via Van de epitaxy or transfer.>® ***) Chu and coworkers reported the growth of BFO:CFO

260

VANs on @ flexible muscovite via van der Waals epitaxy.”® A ME coupling coefficient of 74

mV/cm-Oe was found in this bulk heterojunction.

In the ¢ nverse ME effect, electric fields are applied to ME composites and the change of
magnetizatio orded. Thus, various techniques that can detect magnetic properties have been
employ 1date and measure the converse ME effect in heterostructures. These methods include

150,  249] [261, 262]

X-ray spectroscopy,! ferromagnetic resonance, vibrating sample

magnetometer,!"”” ***) and magneto-optic Kerr effect.””! Regarding VANS, Fix et al. demonstrated
tuning maéetization of La,CoMnOg:ZnO nanocomposite thin films by applying an electric field.*"

Along with direct measurements, the magnetocapacitance effect can be also used to evaluate ME

coupling @ Using this method, an ME coefficient of 0.9 uC/cm-Oe was estimated for
BFO:CFO Nameegposites at 10 K.

-

Owing to the relatgrely conductive ferromagnetic phase penetrating through the whole film thickness
of the VMgned nanocomposites, it is a challenge to measure the ME coupling directly by
applying a 1ar 1d across the nanocomposite samples. Scanning probing microscopy, a nanoscale
imaging teglui as been used to characterize the ME effect in vertically aligned nanocomposites.

iche et al. investigated the electric field controlled magnetization switching in
265, 266

For example,
s using magnetic force microscopy.! ! The perpendicular ME susceptibility, as;=
ined to be 0.01 Oe-cm/V, where AM is the magnetization change of VANs under
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different electric fields. Wang ef al. grew BFO:CFO VANSs on ferroelectric PMN-PT (001) substrates
and investigated the electric field (5 kV/cm) induced magnetization changes.!'” The electric field
poling reduces out-of-plane remnant magnetizations and enhances the in-plane magnetizations. The
static IOME susceptibility, as;, is roughly estimated to be 0.5 Oe-cm/V. An alternative way
is to meas grroelectric response under different magnetic fields. Such a method has been used
to evalua effect in nanostructures including core-shell nanofibers and 0-3 type
nanocoraposites. o8

L

Signiﬁcant‘rogrexes have been made in multiferroic materials during the past decade. Figure 15
summarize coefficients in various single-phase and composite multiferroic materials.”*”!
Single-phawerroic materials such as Cr,O; and BiFeO; show relatively small ME coupling

coefficient g the bulk composites, particulate composites exhibit relatively small ME

coefficient value typically < 100 mV/cm-Oe. Laminate-like composites can exhibit much
larger ME coeffici®nt, ranging from 0.5 to 50 V/cm-Oe. In the nanocomposite films, ME coefficients
are typical 1 V/ecm-Oe. Particularly, ME coefficients of VANs are in the range of 10~400
mV/cm-O the advantages of 2-2 type nanocomposite films is the reduced leakage current,
which is aE\ VANs due to the low resistivity magnetic component running through the film
thickness. This could be one of the main reason that the ME coefficients are far below theoretical
prediction other hand, substrate clamping effect could be a challenge for 2-2 type

heterostruct¥ire
5.4 Eterface Conduction
5.4.1 Strain/Defects Controlled Electronic Conductions

VANs withfférd
transport pgep

d vertical heterointerfaces provide an interesting platform to tune the vertical

gf. One of the challenges, however, is to understand the interplay among strain,
defect, vertical interface, and electronic conduction. Reduced leakage current and dielectric loss have
been report€d in BFO:Sm,03, and BTO:Sm,03; VANSs. Yang et al. reported the growth of BFO:Sm,03
Figure 16a, dielectric loss in these VANs was reduced compared to pure BFO
and pur“ms.[m] Figure 16b shows the cross-sectional TEM image of BFO:Sm,O; VANs
ing alignment of BFO and Sm,0; vertical nanocolumns on STO substrate. Such a

VAN exhibited significantly enhanced vertical interface area compared to lateral heterostructures.
operties are attributed to the increased vertical interfacial area and reduced oxygen
vacancies 1 O phase. Bi et al. furthered the study by changing the growth condition and phase
ratios.” electric loss in BFO:Sm,0; VANs was correlated with the tunable lattice strain and
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microstructures. Via increasing laser frequency from 1 Hz to 10 Hz, the Sm,0; nanopillar size can be
reduced. This will lead to an increase in the vertical interfacial area. This will also make the strain
coupling much mo!e effective.” For example, the out-of-plane strain in BFO can be switched from

tension rain dominated) to compression (vertical strain dominated). A reduced dielectric
loss was obg@fve@in VANSs with larger out-of-plane compressive strain and smaller nanopillar feature
size. Redu@ed leaKage current was also reported in BTO:SmyO; VANs. Li et al. synthesized

271 Tt was proposed that

BTO:Sr%O nanocomposite thin films and studied the interfacial conduction.
because of ghe structural discontinuity at the vertical interface as well as a large vertical lattice strain,
the VerticaLs trap oxygen vacancies. The movement of oxygen vacancies is confined by the
interfacial mlocations. These effects contributed to a relaxation behavior in BTO:Sm,0; VAN

122] 272

films.! i sults have been reported in BFO:Sm,05.”’* Taking advantage of strain enhanced

ferroelectricity interface controlled dielectric loss, Lee et al. further explored the dielectric
63 4T103:Smy0; VANSs. A high and stable dielectric tunability (75% at 200 kV/cm)
and low dielectri€ loss values (tan & < 0.01) were achieved at room temperature.”*” In a STO:Sm,0s;
VAN, largﬂic constant tunability (49%), low tangent loss, high commutation quality factor (>

2800) wer d in the SrTiO; phase.”'” The large vertical tensile strain was attributed to the

enhanced deroperties in BSTO and STO.

In lateral h€te ctures, one of intriguing phenomena is 2DEG at LaAlOs/SrTiO; interfaces. The
conduction e

tunability i

sm is still under debate. Several hypotheses have been proposed including polar

gating, mtermixing, oxygen and cation off-stoichiometry and structural distortions.* >">="]
Tuning ver rface conduction has been reported. In a BFO:CFO VAN, Hsieh et al. found that
the vertic ace exhibited higher conduction than both BFO matrix and CFO nanopillars.”’" The
current s enhanced electronic conduction at the vertical interface between CFO pillar and

BFO matrix which is consistent with observation in the STO:Sm,0; VAN.!"*! First, oxygen vacancy,
serving ass donor, provides electrons to the conduction. Secondly, Fe-rich CFO phase could be

. . . . . 3+ .
formed near the vertical interface. Both oxygen vacancies accumulation and segregation of Fe™ ions

in CFO ¢ he origin of this conduction. In a follow up study, electric fields applied by
conductive orce microscopy (c-AFM) and PFM were used to manipulate the local conduction
in BFO:CF s. It was found that the movement of oxygen vacancies was the key factor to

control theWertical conduction. For the as-grown sample, the vertical interface is relatively conductive

as the out-ot- olarization is downward. Figure 17 shows that the vertical conduction depends
on the H direction. The vertical conduction is blocked by applying a negative tip bias
(upward p ).’”I The positively charged oxygen vacancies will be attracted by the negative

tip bias and thus ag¢umulate on the top surface (Figure 17a). A positive bias (downward polarization)

ial conduction. Via a combination of c-AFM, PFM, and KFM (Figures 17b-17¢),

favors the interfa
i as explained. The as-grown BFO-CFO VANs exhibit a down polarization and the

e is conducting. After switching the polarization to upward (Figure 17c), the
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conductive vertical interface disappears (Figure 17d). The KFM image confirmed the negative surface
potential at the poled region. In a review article, Tra et al. summarized the electrical conduction at

lateral heterostmctilres and vertical nanocomposites.””®!

DiffererR Tateral heterostructures and superlattices, VANs exhibit much higher density of vertical
interfacevaertical conduction in VANSs can be used to design memristive devices. Lee et al.
reported inGxfree resistive switching in three different VANs including STO:Sm,0;,
BTO:Sm,O8 and B4, ¢Sro 4Ti0;5:Sm,0;.1"*! The vertical resistance can be modulated between 10°-10°

Q with excellentauniformity. Tunable electroresistance in these VANs was possibly due to the joule-

heating induc ygen vacancies drift localized at vertical heterointerfaces. Oxygen vacancies
confined at verti€al heterointerfaces were confirmed by STEM-EELS results. Figure 18(a) shows a
plan-view STEM image of STO:Sm,03; VAN with the bright contrast represents the Sm,0s
phase whi rk contrast represents the STO phase. EELS scans across the vertical phase
boundary w, ucted to investigate chemical information. It was found that the oxygen content at
these vertigal heterointerfaces was below the theoretical estimation, indicating the existence of oxygen
vacancies 8(b)). The interface structural incompatibility between perovskite SrTiO; and
bixbyite S es rise to oxygen deficiency. Oxygen vacancies migration modulated interfacial
electronic as responsible for the observed electroresistance in these VAN films, as also
reported i inary oxides based resistive switching devices.

5.4.2 ancy and Strain Enhanced lonic Conductions

The oxygeLrt properties in oxide systems are not only of fundamental importance but also of

technologicg kest in solid state devices such as solid oxide fuel cells (SOFC) at intermediated

[279-281

temperatur istive switching memory device. I The oxygen diffusivity scales (C) almost

linearly with"0Xygen vacancy concentration when the value of oxygen vacancy concentration is low.

On the othérhand, oxygen diffusion is a thermally activated process where C can be described by the
Boltzm igiaship as, "’

e e AP Coexp(2) (15)

where C :stant and E,, denotes migration enthalpies, or energy barriers along this path.

Compared tod@®ar relationship between C and oxygen vacancy concentration, C changes
expone ith £,, which makes it a critical parameter to reduce. The oxygen migration energy is
affected by icrostructure, oxygen stoichiometry, elastic strain, and so on. The strain and oxygen
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vacancies at heterogeneous interfaces have been used to enhance charge-carrier density and

[282) For example, Sillassen ef al. have reported that 58 nm thick epitaxial yttria stabilized

mobility.
zirconia (YSZ) films on MgO exhibited very high lateral ionic conductivity and low activation energy
for oxyﬁion.[m] Also, giant ionic conductance was observed in strained YSZ/STO
multilayers, ed by Barriocanal and coworkers, although there is still an ongoing debate on the
underlying of the ionic versus electronic conductance in strained YSZ films.”) By using
combined first Bn’nciples-based calculations and kinetic Monte Carlo-based atomistic calculations,
Kushima as Yildiz further revealed two competing processes in YSZ for altering oxygen migration

barrier in strain status.”®" It was found that the low tensile strain increases the migration
space and giitis eases the migration barrier. However, when the local relaxations occurs at large

strain, the d cation-oxygen bonds start to trap the oxygen and increase the migration barrier.

An optimizmnsile strain has been identified with fastest D,.

Consistent with ths fast oxygen ion diffusion in strained ultrathin films, the enhancement in lateral
ionic con has also been reported in many multilayer systems including YSZ/SrTiO;"
YSZ/Y,0; YSZ/CeyoGdy 0105 (GDC).?*! The introduction of heterogeneous interfaces and
tensile stramribed to the observed enhancement. Compared to the multilayer systems which

have shown to bogst the oxygen ion diffusion along lateral interface direction, VANs exhibit some

interesting ffes First, VANs allows fast oxygen ion transport along the out-of-plane direction
which is thc¥a charge flow direction of SOFCs. In addition, there is less thickness limitation for
VAN fi the strain can be maintained in thick films with thicknesses up to microns, which
is importan tate-of-the-art SOFCs. For example, a two-phase YSZ:GDC nanocomposite
electrol vertically aligned interfaces has been demonstrated for thin film solid oxide fuel
cells.”® in Figure 19, beside smaller activation energy, the ionic conductivity of

YSZ:GDC VAN electrolyte is 50% higher than that of the pure GDC thin films and at least two times
higher that!ﬁat of the single-phase YSZ thin films. In addition, this kind of VAN electrolyte has been
successfully 1mplemented into anode-supported single cells and demonstrated enhanced power

performang

applying

-

In a recen’reviemarticle, Lee et al. discussed recent ionotronic progress using a device structure
based on s.” Similar to YSZ/GDC system, the enhancement in vertical ionic conductivity has
been also @a‘ced in other VAN systems.!"?"" 12 2% 2% The oxygen deficiency at vertical

aples with VAN electrolyte. These findings have demonstrated the possibility of
uel cells and improving the out-of-plane ionic conductivity.

123]

heterointer e to the structural incompatibility!'*! and/or improved crystallinity of ionic

conductors we oposed to explain the enhanced ionic conductivity in the STO:Sm,O; VAN

[289

films. et al. used scanning probe microscopy to show that the fast oxygen ion diffusion

channels w rved at both the vertical interface and the Sm-doped CeO, nanopillars.”* Owing
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to the tunable vertical lattice strain which can be achieved by selecting materials in VAN systems
with different lattice mismatch, strain provides another freedom to control vertical ionic conductivity
in VAN films. Oni of the most effective parameters to control strain is to use stiff nanopillars. For

example$ f rare earth oxides have been used to control strain in the SrZrO; phase.!""! The
vertical teng in in the SrZrO; phase increases as lattice constant of rare earth oxides increases.
Previous st @ plain films as well as laterally aligned heteroepitaxy films have shown that ionic

conducta/itx increases with tensile strain and decreases with compressive strain.”®! The enhancement
of ionic coguctivity in strained SrZrO; VAN:S is consistent with the trend of tensile strain in SrZrO;.

5.5 OX)Qeduction Reaction

SOFCs ha widely studied as a promising candidate for clean power generation.**'*
However, slow kifietics of the oxygen reduction reaction (ORR) at cathodes is one of the primary
obstacles t SOFC technology economically feasible. The oxygen surface exchange and the
oxygen dif] ocess in oxide cathodes are the major factors limiting ORR. It has been reported
that both em sensitive to the strain state,”> ***! and oxygen and cation stoichiometry.?*> 7%
Owing to th ility to control strain, defect, and heterogeneous interfaces, the VANs provide a
unique stry€tu anipulate ORR that cannot be obtained in individual oxide cathode. Along with
this idea, scVer thode/cathode and cathode/electrolyte VANs have been demonstrated to enhance
the O recent years.”?'>%!

Wang and coworkers incorporated LagsStysCo0Os.; (LSCO)/Ceo9Gdy 10195 (CGO) VAN interlayers
between the LSCO cathode and the CGO electrolyte, as shown in Figure 20a. Figure 20b is a high-
resolution Mge showing well-defined LSCO/CGO vertical nanocolumns. By applying such a

structure in s, a much enhanced maximum power density was observed. The enhanced ORR

rate is attrip g} both the increase of cathode/electrolyte heterogeneous interface density and the

triple phase Wewfdary length.” Those findings suggest that the incorporation of VANs between

electrolyte rode generates several advantages. Both improved reaction kinetics and reduced
polariza@ce at the electrode/electrolyte interface help to enhance the power output of
SOFCs. Similar emhancement has been demonstrated in other cathode/electrolyte VAN systems
includinyﬁaoiom (PBCO)/CGO,”" La §Sry-MnO;.5 (LSM)/Zr0.9,Y 0050106 (YSZ),?** and etc.

In addition, Yildi# and co-workers reported fast oxygen exchange kinetics in a (La;,Sr,)CoO;
(LSC113)/(La;.Sr,g,Co0, (LSC214) VAN cathode. Interestingly, the ORR rate increased 10 times
compare single phase LSC113 and LSC214 films.’* It was claimed that VANs stabilize
cation which enhances the ORR rate. Such an enhacement has also been reported in
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LSC113/LSC214 superlattices.””! In addition, Han et al. used first-principles based calculations to
examine the underlying physics of the oxygen reduction activity at the LSCI113/LSC214
heterogeneous integface.”’*” The simulation revealed that both the lattice strain near the interface and
the stroMpic oxygen incorporation kinetics on the LSC214 are two main contributors to

H
5.6 Photilectrochemical Solar Water Oxidation

The efﬁcieuolar water splitting relies on charge carrier generation, separation, and delivery
process in the iconductor photoelectrodes. Introduction of heterogeneous interface and altering
oxygen st megfry in VANs may lead to much higher efficiency. Recent studies have shown
strongly enhanced photoelectrochemical water splitting in self-assembled SrTiO;:ZnFe,O4 (STO:ZFO)
VAN films. photocurrent density of STO:ZFO VAN films reaches 0.188 mA/cm” at 1.23 V,
which was times higher than that of individual STO and ZFO films, respectively. It was
argued thacancement in water oxidation efficiency originates from enhanced photo-induced
tion.

charge sepagation. The enhanced separation of hole and electron is due to the high crystallinity, high

epitaxial quality of these vertical nanostructure.

toelectrochemical solar water oxidation was also observed in quite a few of other

workers have investigated photocatalysts in BFO:e-Fe,O; VANs by investigating
ultrafast time-resolved spectroscopy and electrochemical impedance
spectroscopy. was found the VAN structure assists photoexcited carrier separation and
suppresses electron-hole recombination, giving rise to enhanced photoelectrochemical performance in
this VAN &Eem as well as in the NIWO,:WO; VAN system.”™ In another approach, Abhijeet et al.

developed substrate-supported mesoporous structures which are achieved by first growing STO:MgO

Oy selective etching of MgO nanopillars.”'” The mesoporous structure with high
gh crystalline shows much improved performance compared to planar STO thin
r nanopillars embedded in SrTiO; VAN system have been reported by Lippmaa

Schottky s ge regions. The conducting pillars provide an efficient charge extraction path.

photoelectrochemical performance has been observed in several VAN systems,

the researcmthe relationship between solar water splitting process with strain, defect and
t

interface s still in its early stage and warrants further exploration.
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6 Conclusion and Outlook

There are magyaresearch activities in different technological fronts using VAN-based structures. It is
very hard @ 1l efforts in this emergent field in this review. Initial development of VANs was
mainly focUSEdNg growth and characterization of different materials systems with a significant
focus ofil t1i@MgFEeWith and optimization. The growth mechanisms of VANs have been investigated in
different th@oretical themes. Recent efforts have been focused on functionality tuning as well as

potential applications in electronics and ionotronics by taking advantage of the vertical strain, defect
and interfage. How@ver, there are still many open questions that include, but not limited to:

S

1) Ho eWertical strain is relaxed laterally and how can we design uniform vertical strain in
A% ? oretical themes in this direction are lacking and experimental efforts are rare.

U

2) V systems naturally form different types of defects and/or modify microstructure to

1

accommodate large misfit strain at the vertical interface and release the strain energy. Vertical
str
Ho

ainly one of the most critical factors in tuning a variety of physical properties.

al

e role of defects and unique microstructure on the physical properties such as
nsport, ionic conduction, superconductivity, and so on needs to be fully
in d. The study of using strain to control of defect/microstructure as well as the

u property is still in the early stage.

3) Du&to the complex entanglement of defect, strain and interface, the origin of functionality

F

tuning_may not be exclusive. The complexity is not unique to VANs. It also appears in

co 1 heterostructures and superlattices. Isolating one factor from another is important

to effect of defect, strain and interface on the functionality.

4) Taking adgantage of the unique characteristics of VANs such as tunability in defect, strain,

th

microstructure and interface, functionality tuning has been accomplished in certain materials
systems. Waere are a variety of physical properties such as conductivity, permittivity, elastic

L

co d specific heat capacity can be explored in VANs.”'! Controlling these physical
prope y the external stimuli such as electric field, magnetic field, stress, heat, and light

rnal stimuli such as defect, strain and interface could provide numerous opportunities

A
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to control functional properties. For instance, optical properties of VANs are rarely studied.

Some initial reports have already shown some interesting properties.”'>>'?)

5) Usi % templates to control or tune functionality in other functional materials has been
rarglypesgleied. For example, combining VANs with quantum materials could open a new

g cldgi@geigpl ore physics and control functionality.
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Figure 1. TE features of VANS: strain, defect and interface along the vertical interface.
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Figure 2. STEM image of LSMO/STO superlattices. Reproduced with permission.””
Copyri AS. b) A HRSTEM image of the STO/MgO heterostructure with five misfit

dislocationgcores. @ Misfit dislocations revealed by GPA. d) One misfit dislocation combined with
the correspénding GPA image. The arrow shows the position of the extra-half-plane. ) A Burgers
vector of 1m10> was found for the misfit dislocation in (d) after applying the Burgers circuit.
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Figure 3. RSM (103) scans of Lag;Cag;MnQO; films on STO (001) substrates for a) 15 nm, fully
strained, b SO nm, partially relaxed, and c¢) 1200 nm, fully relaxed. d) The lattice mismatch dependent
theoretical hickness. The black curve is estimated by using People-Bean energy balance
e curve was estimated by using mechanical equilibrium model. Reproduced with
ight 2007, American Institute of Physics.
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Figure 4. a asured out-of-plane lattice constants versus calculated out-of-plane strain (relative

to the bulk Jattige parameter) in nanocomposite films compared with pure film and with bulk in
BFO/Sm,Qff. ReprBduced with permission.”” Copyright 2008, Nature Publishing Group. b) Local

XRD 6-260 s 8 STO:MgO VAN s before and after etching off MgO.
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iew low magnification transmission electron microscopy (TEM) image in energy
ing the growth of Ni nanopillars (3.4 £ 0.5 nm) in SrTiO; matrix. b) High-
resolution view of a single nanopillar imaged in (a). ¢) High-resolution cross-sectional view of the
SrTiO5:Ni nnanocomposite. d) Ni nanopillar size dependent axial strain in the Ni nanopillars.
Reproducehrmission.“m] Copyright 2015, Springer.
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Figure 6. hndence of strain and microstructure on elastic/interfacial interactions and

thermodynapaigségrowth kinetics. b) Square-shaped (d = 40-50 nm) Fe nanopillars are obtained at 840
°C. c¢) Fe fie s with octagonal cross section (d = 15-20 nm) form at 760 °C. d) Circular Fe

nanopillars # 560 °C (d = 4-6 nm). Reproduced with permission.''*”! Copyright 2004, Nature
Publishing ) Plan-view scanning electron microscopy (SEM) image of the BTO:CFO (mol:
35%) growl at 950 °C. Reproduced with permission."*” Copyright 2013, Nature Publishing Group. )

Plan-vi ge of BTO:CFO (mol: 38%) grown at 950°C with one CFO circular pillar in BTO

phase. Repfjdueedhv
I

This article is protected by copyright. All rights reserved.

ith permission."** Copyright 2004, American Institute of Physics.



ADVANCED
sumincc /MATERIALS

Figure 7. a iew SEM image of the 30 nm Sr(Ti, Cu)O;; film after chemical etching. Inset
shows the me SrO rods after removing Cu. Reproduced with permission.!'*). Copyright 2015,
Wiley. b) lattice of BFO/CoysNigsFe,O, with a period of 67 nm. Reproduced with
permission ight 2014, Wiley. c¢) Atomic force microscopy (AFM) phase image showing the
perfect phas ation of the BFO:CFO VANSs. d) TEM image of the sample in (c) showing the
pyramid the CFO pillars. Reproduced with permission.!">”! Copyright 2013, American

Chemic :
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Figure 8. a rogg-sectional HAADF-STEM image of a LSMO:MgO VAN thin film on STO (001)

substrate. rresponding FFT image of (a). ¢) A plan-view HAADF image of a LSMO:ZrO,
(30 mol. %) VANjthin film with ZrO, nanopillars connected by boundaries. d) The corresponding

FFT imag A plan-view HAADF image of a LSMO:ZrO,VAN with 20 % of ZrO, in molar

ratio. EEL m images of f) O-K, g) La-Mys, and h) Mn-L,5;. c-h) Reproduced with
permissionl{ ! Copyright 2017, Willey.
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Figure 9. MDF—STEM image of a LSMO:NiO VAN thin film. b) An EDS color-map of La,

Migelements at the local area of the VAN. ¢) A line-profile across the NiO nanopillar
e in (b). d) The existence of a La-rich region around NiO nanopillars. Reproduced
Copyright 2015, Microscopy Society of America.
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Figure 12.& A™Cross-sectional STEM image of a LSMO:MgO VAN with phase separated LSMO

(white) ark) phases. Inset: A top-view STEM image of the LSMO:MgO VAN with MgO
nanopillars in SMO matrix. The MgO volume is 22%. b) The strain distribution in the LSMO
matrix nanopillars (MgO volume: 41%) calculated by phase field simulation. ¢) The
second ume dependent vertical strain in the LSMO matrix. The red (dot) data represents

the LSMO:MgO system, and the blue (square) data set represents the LSMO:ZnO system). d) The
secondary (hase volume dependent resistance at 100 K (red data set) and saturated magnetization
(blue data K for the LSMO:MgO (solid curve) and LSMO:Zn0O (dashed curves) VAN films.
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Figure 15ison of ME coupling coefficients at low frequencies in different types of

multiferroichatem@ls. Reproduced with permission.”?*! Copyright 2016, Taylor & Francis Group.
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Figure 16. af FreEuency dependent dielectric constant and dielectric loss of BFO:Sm,03; VAN thin
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films, compare BFO and Sm,0; single-phase thin films. b) A cross-sectional TEM image of a
BFO:Sm, film with vertical nanocolumns of BFO and Sm,0; (B represents BFO, S

represet&ieproduced with permission.””” Copyright 2009, Wiley.
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-view HAADF-STEM image of a STO:Sm,0; VAN. b) A EELS line scan across

the vertical interface. EELS was measured along the red line in (a). Oxygen content calculated (red
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Figure ﬁerature dependent ionic conductivity of the YSZ/GDC VAN electrolyte compared
to the single-phase GDC and YSZ thin films. The inset is an impedance plot of the pure GDC film

and a VAN film. Reproduced with permission.”"! Copyright 2013, Wiley.
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Figure Zowemaﬁc illustration of a symmetric SOFC cell with a VAN interlayer. “L”
represents O phase and “C” stand for the GDC phase. b) A HRTEM image of the
LSCO/G . Reproduced with permission.***! Copyright 2009, Wiley.
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