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Abstract

The emerging field of self-assembled vertically aligned nanocomposite
(VAN) thin films effectively enables strain, interface, and microstruc-
ture engineering as well as (multi)functional improvements in electric,
magnetic, optical, and energy-related properties. Well-ordered or pat-
terned microstructures not only empower VAN thin films with many new
functionalities but also enable VAN thin films to be used in nanoscale
devices. Comparative ordered devices formed via templating methods
suffer from critical drawbacks of processing complexity and potential con-
tamination. Therefore, VAN thin films with spontaneous ordering stand
out and display many appealing features for next-generation technologi-
cal devices, such as electronics, optoelectronics, ultrahigh-density memory
systems, photonics, and 3D microbatteries. The spontaneous ordering de-
scribed in this review contains ordered/patterned structures in both in-plane
and out-of-plane directions. In particular, approaches to obtaining sponta-
neously ordered/patterned structures in-plane are systematically reviewed
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from both thermodynamic and kinetic perspectives. Out-of-plane ordering is also discussed in
detail. In addition to reviewing the progress of VAN films with spontaneous ordering, this arti-
cle also highlights some recent developments in spontaneous ordering approaches and proposes
future directions.

1. INTRODUCTION

Extensive efforts and studies have been devoted to achieving next-generation technological
devices—aiming for small, smart, and powerful. Compared with their bulk form counterparts,
thin films are more suitable for practical device integration. Complex oxide thin films offer a wide
range of tunable properties for functional devices, especially for energy and information technolo-
gies, exploiting semiconducting, magnetic, optical (including plasmonic), mechanical, and catalytic
properties (1-6).

Recently, heteroepitaxial nanocomposite thin films have been recognized as ideal systems for
multifunctional devices, bridging the gap between conventional functional devices and nanoscale
ones (7). The type of microstructures of nanocomposite thin films largely depends on interfacial
energy balances (for the interfaces between the two film phases and the substrate and the interfaces
between the two film phases themselves) and the kinetics. The microstructures of nanocompos-
ite thin films are randomly arranged composite structures that range from the 0-3 configuration
(nanoparticles embedded in a matrix) to the 1-3 configuration, in the form of vertically aligned
nanocomposites (VANs) (8-15). In VAN thin films, two immiscible phases simultaneously grow on
a given substrate and form vertical interfaces and columnar microstructures. Compared with con-
ventional thin films, VAN microstructures can enable vertical strain engineering within the films
due to their very large vertical interface area, allowing them to overcome the limitations of critical
film thickness (16). Interfacial coupling between the materials in the VAN films, the nature of the
interfaces formed between them, and the strain induced in the phase all have profound influences
on the performance of the films (8, 12, 14, 17). Consequently, VAN films achieve markedly im-
proved physical properties in, e.g., ferroelectrics, ferromagnetics, multiferroics, superconductors,
piezoelectrics, and ionics (11-14). The growth mechanisms behind the formation of VAN films
have been discussed in earlier reviews (12, 18), including the thermodynamics (balance between
interfacial energy terms and the strain energy terms) behind the formation of the random VAN
microstructures (18) and the origin of ordered VAN microstructures that form from spinodal de-
composition (12). However, the origin of ordered microstructures that are not formed by spinodal
or pseudospinodal decomposition has not been covered previously, as these microstructures have
only been observed recently. In this article, we focus more on understanding the fascinating re-
cent observations of lateral ordering and the combined lateral and vertical spontaneous ordering in
VAN oxide films. We review the contributions that thermodynamics, kinetics, and self-templated
growth play in achieving ordered structures.

As shown in Figure 1, VAN films have achieved distinct microstructures where size, shape, ori-
entation, and distribution of the nanodomains can be readily tuned, including circular nanopillars-
in-matrix, rectangular nanopillars-in-matrix, nanocheckerboard, and nanomazes (8, 10, 11, 13, 17—
32). Among the various morphologies, VAN thin films with ordered/patterned structures have
drawn tremendous interest from nanoscience and nanotechnology fields, since they not only ben-
efit the miniaturization and integration of the multifunctional devices but also enable unprece-
dented properties compared to their random counterparts.
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Figure 1 (Figure appears on preceding page)

(@, i) A 3D schematic illustration and (#) plan-view and (7ii) cross-sectional TEM images of a BTO-SmO VAN microstructure with
circular SmO nanopillars embedded in a BTO matrix. (, 7) A 3D schematic illustration and (i) plan-view and (#77) cross-sectional
STEM images of a BFO-NFO VAN microstructure with rectangular/square NFO nanopillars embedded in a BFO matrix. (¢, ) A 3D
schematic illustration and (i) plan-view and (iii) cross-sectional TEM images of a BFO-SmO VAN thin film with a nanocheckerboard
microstructure. (4, 7) A 3D schematic illustration and (i) plan-view STEM and (i) cross-sectional TEM images of an
Lag.7Srg3MnQO3-ZnO VAN film with a nanomaze microstructure. Abbreviations: BFO, BiFeOs; BTO, BaTiOs3; L, Lag 7Srg.3 MnOs;
NFO, NiFe;O4; SmO, Sm;O3; STEM, scanning transmission electron microscopy; STO, Sr'TiOs3; SRO, SrRuO3; TEM, transmission
electron microscopy; VAN, vertically aligned nanocomposite; Z, ZnO. Panel # adapted with permission from Reference 19, panel »
adapted with permission from Reference 20, panel ¢ adapted with permission from Reference 17, and panel 4 adapted with permission

from Reference 21.
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Many unique functionalities in nature, such as the self-cleaning ability of lotus leaves, the dry
adhesive force of gecko feet, and color change in chameleons, are closely attributed to ordered/
patterned structures from macroscale to nanoscale (33-37). For example, as shown in Figure 2, the
active color change ability of chameleons is derived from the ordered arrangement of its functional
blocks of guanine nanocrystals packed under the epidermis (37). A chameleon has two layers of
dermal iridophore cells. The superficial iridophores in the upper layer have guanine nanocrystals
packed in an ordered pattern. In the relaxed condition, the functional guanine nanocrystals are
closely packed with small spacing (Figure 24, subpanel 7) and the photonic effect reflects blue
light. The chameleon shows a green color overall when the blue light is combined with the layer of
epidermis with chromatophores containing yellow pigments (Figure 25, subpanel 7). However,
when the chameleon is excited, the spacing between ordered functional guanine nanocrystals is
highly expanded (Figure 24, subpanel i7), producing a color shift from green to yellow (Figure 25,
subpanel #i). Therefore, the spatial arrangement of the functional blocks can directly tune the
ultimate color change performance of the chameleon (36, 37).

Male
(relaxed)

Figure 2

Transmission electron microscopy images of the ordered guanine nanocrystals in the superficial iridophores
at the (g, 7) relaxed and (4, i7) excited conditions of a chameleon corresponding to the color change from (3, 7)
green (at its relaxed state) to (b, i) yellow (at its excited state). Figure adapted with permission from
Reference 37.
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Inspired by nature, researchers have artificially fabricated ordered structures across different
scales and obtained intriguing multifunctionalities, both in functional and structural applications
(33, 36, 38-42). As mentioned, the ordered microstructures of VAN films can fully utilize the lim-
ited space and achieve higher working efficiencies, with benefits to small-scale technological device
integration and fabrication (43—49). The nanopillars or nanodomains of the secondary phase in the
ordered VAN microstructures are arranged in a specific well-defined pattern with regularity or pe-
riodicity along the in-plane direction, such as the nanocheckerboard microstructure in Figure 1c,
subpanel #; in contrast, in more standard random VAN films, there is no ordering of nanopillars
or nanodomains along the in-plane direction. There are two main strategies for achieving ordered/
patterned structures in VAN films: templated growth and spontaneously ordered growth. Tem-
plated growth mainly includes use of anodic aluminum oxide, polymers, colloidal templates, fo-
cused ion beams, and photolithography (6, 46, 47, 49-53). Templated growth is quite feasible and
versatile in a wide range of composite systems with typical geometric features ranging from several
micrometers to hundreds of nanometers. As an alternative approach, this spontaneous ordering
can exhibit precise pattern registration by careful and rational deposition control. More impor-
tantly, the spontaneously ordered growth is able to overcome some limitations of the templated
growth. For example, the domain dimensions during spontaneous ordering can be scaled down to
several nanometers. The spontaneously ordered growth process occurs naturally, hence providing
a simple, clean, low-cost, and convenient system without the complications of external template
removal. The process can efficiently minimize defects and avoid the unexpected damage derived
from templated growth (7). Accordingly, spontaneous ordering is more suitable for fulfilling the
requirements of small-scale technological device integration, such as 3D micro- and nanobattery
design with a minimized volume of electrolytes, ultrahigh density resistive and magnetoelectric
memory, lab-on-a-chip, photonics, and more high-tech fields (36, 54-64).

It has been noted that the heteroepitaxial nanocomposite films reported are mostly obtained
through pulsed laser deposition (PLD) with one composite target or multiple single-phase targets
simultaneously in the high vacuum chamber, but there are also reports of growth by molecular
beam epitaxy, sputtering, chemical solution deposition, and other techniques (4, 65-71). The ex-
amples given in this review are mainly PLD-grown systems, which most reports have adopted.
The strategies and related principles are also applicable for nanocomposite films fabricated by
other synthesis methods.

2. IN-PLANE SPONTANEOUS ORDERING

In most reports, nanopillars or nanodomains are randomly distributed in the matrix of VAN films
due to the complex deposition and diffusion process (72). Hence, for nanoscale devices it remains
an unsolved challenge to fabricate spontaneously ordered/patterned nanostructures in continuous
films. Indeed, there are few reports regarding purposeful spontaneous ordering or controllable
patterned arrangement in VAN systems (11, 13, 17, 19, 64, 73-75). For in-plane spontaneous
ordering within VAN systems, the major approaches summarized in this review are discussed from
the following aspects (Figure 3) (13, 75-77): surface/interface energy (Section 2.1), strain energy
(including Sections 2.1, 2.2, and 2.3), growth kinetics (Section 2.4), and self-templated growth
(Section 2.5).

2.1. Substrate Orientation and Influence on In-Plane Ordering

Spontaneously ordered growth is a self-assembled process without involvement of external forces,
and the driving force is minimization of free energy in the system. The first energy term to
consider is surface/interface energy, which plays a significant role in determining the crystal
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Figure 3

Schematic of the reviewed strategies to achieve in-plane spontaneously ordered nanostructures in vertically
aligned nanocomposite thin films. @ Surface/interface energy strategy by controlling substrate selection and
orientation, @ strain energy strategy by rationally selecting the film and substrate materials (B is BiFeO3 and
S is Smy O3), @ growth kinetics strategy by controlling the growth processing parameters, and @ self-
templated growth strategy via substrate treatment. @ Adapted with permission from Reference 75,

® adapted with permission from Reference 13, @ adapted with permission from Reference 76, and

@ adapted with permission from Reference 77.

nucleation and growth process as well as the ultimate microstructure, including size and shape
of nanodomains. The surface/interface energies are sensitive to the substrate orientation, as the
different crystallographic orientations of the substrates enable quite distinct surface/interface
energies due to the atomic arrangement (64, 78-80).

Much work has been focused on the influence of substrate orientation on heteroepitaxial VAN
films and tunable microstructures with spontaneous ordering (64, 74-76, 81-83). For example, the
microstructure evolution of the perovskite-spinel BiFeO; (BFO)-CoFe, 04 (CFO) VAN system
was studied on different substrate orientations (Figure 4) (64, 75). Due to the different surface
energy anisotropy between the perovskite and spinel phases, in VAN thin films the role of each
phase as matrix and pillar can be reversed when grown on differently oriented SrTiO; (STO)
substrates. As the growth was accomplished by one-step PLD using one BFO-CFO composite
target, BFO and CFO adatoms are simultaneously ablated and deposited, forming vertical inter-
faces. BFO (001) has a much lower surface energy than that of STO (001); thus, BFO (001) fully
wets the STO substrate surface as the film matrix. CFO (001) has a higher surface energy than
that of STO (001) and only partially wets the substrate and forms the nanopillars (Figure 44, sub-
panels i—iv). In contrast, on STO (111) substrates, it was reported that CFO (111) exhibits the
lowest surface energy in the system and is energetically favorable as the matrix, while BFO (111)
grows into triangular nanopillars in the CFO matrix (Figure 45, subpanels i—iv). Along the (110)
orientation, BFO and CFO exhibit similar surface energies and form a nanomaze microstructure
(Figure 4c, subpanels i—iii). In this case, the matrix-pillar roles depend on the relative amounts
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of the two phases (64, 74, 75, 84). This work suggests that the surface/interface energy plays an
important role in the overall morphology of VAN films, including pillar-matrix roles and shapes
of nanodomains (20, 64, 81).

The obvious phase separation with clear interfaces corresponds to a well-defined microstruc-
ture, which is an important prerequisite for the spontaneously ordered spatial arrangement of
nanodomains and could also be enabled by strain energy minimization. As shown in Figure 44,
subpanel 7, and b, subpanel i, the pillar domains are in-plane aligned along certain well-defined
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Figure 4 (Figure appears on preceding page)

(a, i) Plan-view and (7i) cross-sectional TEM images of a BiFeO3-CoFe; O4 VAN film grown on Sr'TiO3
(001) substrate. (7i7) HRTEM image of the interface area marked by the rectangle in subpanel i:.

(7v) Schematic illustration showing the growth of a CoFe;O4 nanopillar on an Sr'TiO3 (001) substrate.

(b, 7) Plan-view and (i7) cross-sectional TEM images of a BiFeO3-CoFe;O4 VAN film grown on an SrTiO3
(111) substrate. (7ii) HRTEM image of the interface area marked by the rectangle in subpanel 7.

(7v) Schematic illustration showing a BiFeOj3 nanopillar on an SrTiO3 (111) substrate. (¢, /) Plan-view TEM,
(if) the corresponding SAED, and (i) cross-sectional TEM images of a BiFeO3-CoFe; O4 VAN film grown
on an Sr'TiO3 (110) substrate. Panels 24— adapted with permission from Reference 75. (d, 7) Plan-view EDS
mapping of an LSMO-ZnO VAN thin film grown on an SrTiO3; (001) substrate, exhibiting nanomaze
microstructure. (i7) Plan-view STEM and corresponding EDS mapping images of an LSMO-ZnO VAN thin
film grown on an SrTiO3 (110) substrate. Panel d subpanel i adapted with permission from Reference 21.
Abbreviations: EDS, energy-dispersive X-ray spectroscopy; HRTEM, high-resolution transmission electron
microscopy; LSMO, Lag 7Sr93MnO3; SAED, selected area electron diffraction; STEM, scanning
transmission electron microscopy; TEM, transmission electron microscopy; VAN, vertically aligned
nanocomposite.

directions and exhibit spatial registration on STO (001) and (111) substrates. Similar scenarios
have been reported in other perovskite-spinel composite films (e.g., PbTiO;-CoFe;O4) as well.
The in-plane periodic and ordered arrangement of the nanopillars is attributed to the formation
of dislocations for relaxing the strain from lattice mismatching (64, 72, 85, 86). In these cases,
the perovskite and spinel phases are both estimated under large compressive strain in-plane after
the initial coherent growth on STO substrates (86, 87). To relax strain and minimize the sys-
tem energy, dislocations are generated and distributed in a highly ordered periodic pattern. The
mutual repulsion between each dislocation helps to enable good registration and ordered distri-
bution in the pattern (61, 88). Meanwhile, the dislocations also guide the adatoms’ diffusion on
the surface via repulsive or attractive forces and pass the ordered periodicity down to the pillar do-
mains as templates through nucleation of pillar domains. The strain relief patterned dislocations
have been widely employed to fabricate spontaneously ordered arrays of metal and semiconductor
nanostructures with long-range periodicity (59, 61, 72, 85, 89, 90). Therefore, it is a strain-driven
effect that the pillar domains are lined up and display the ordered patterns with high registry,
regularity, and periodicity in the perovskite-spinel VAN films.

Besides perovskite-spinel systems, this review also presents an example of a perovskite-wurtzite
system, Lag 7St 3MnOj; (LSMO)-ZnO VANs on STO (001) and (110) substrates, confirming that
the effect of substrate orientation on spontaneous ordering is also applicable to different crystal
systems. LSMO-ZnO VAN thin films exhibit a nanomaze-like microstructure on STO (001) sub-
strates with ZnO nanodomains interconnected and randomly distributed in an LSMO matrix
(Figure 4d, subpanel 7) (21). However, when grown on STO (110) substrates (Figure 4d, sub-
panel ii), all of the ZnO nanodomains become elongated, rectangular nanopillars uniformly ar-
ranged in the LSMO matrix. More importantly, the ZnO rectangular nanopillars are well aligned
with the longer edges parallel along the <100> direction when grown on an STO (110) substrate
(Figure 4d, subpanel i7). Such tuning of domain morphology and alignment is due not only to
the different surface energies on the STO (110) surface but also to the different elastic strain effect
between the film and the substrate, which drives the rectangular nanodomain formation and align-
ment to minimize the overall energy (80, 82, 86, 91). For those cubic systems that are isotropic,
the lattice mismatch and strain do not vary significantly as a function of the substrate orientation;
however, for anisotropic systems such as hexagonal close packed, both the lattice mismatch and
strain may vary as a function of the substrate orientation.

Therefore, the substrate orientation not only enables tuning of the microstructure but it
also can be used as an effective tool to achieve spontaneous ordering in VAN films of diverse
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composite systems. Here, the spontaneously ordered/patterned microstructure is determined by
the synergistic effect between the surface/interface energy and the strain energy.

2.2. Substrate Strain and Influence on In-Plane Ordering

As discussed in Section 2.1, the surface/interface energy terms dominate the growth behavior and
ultimate microstructure of the VAN films, and the ordered arrangement of those nanodomains is
mainly governed by the dislocation patterns that form to provide strain relaxation. Since the strain
is generated from lattice mismatch between the film and the substrate, this section focuses on the
influence of the different in-plane strain values due to the application of different substrates and
highlights the significance of strain on the spatial arrangement of nanodomains.

Strain engineering has been extensively studied on single-phase epitaxial films by using dif-
ferent substrates with distinct lattice parameters (92), but only a few reports have explored the
effect of substrate selection on VAN films (26, 93-97). The crystal structure of the BFO matrix
was observed to evolve from tetragonal to rhombohedral BFO and then decomposition in BFO-
CFO VAN films by simply using different substrates [e.g., LaAlO; (LAO), LaNiO; (LNO), STO,
MgAl, O4, and MgO] of the same orientation but a gradually increasing lattice parameter from
379 to 421 A (Figure 5a) (94). The lattice distortion and phase transition are caused by strain
energy minimization. Although minor size variations of CFO nanopillars are observed on dif-
ferent substrates (Figure 5b), the ordered patterns of the nanopillars are still similar to those in
Figure 44, subpanel i. Just as for substrate orientation (see Section 2.1), ordered spatial arrange-
ment of nanodomains is also driven by strain relaxation effects, as long as the two VAN phases are
both under the same type of strain (compression or tension) and the strain field is uniform across
the substrate surface.

The BFO-CFO VAN film grown on LAO presents a better-defined ordering of CFO nanopil-
lars compared with the films on LNO and STO substrates (Figure 5b). This is associated with
the opposite strain states of BFO and CFO phases, i.e., the in-plane strains of BFO and CFO are
estimated to be in tension (~3.55%) and compression (—9.76%) on the LAO substrate, respec-
tively, while on LNO and STO substrates they are both under compressive strain. This effect will
be discussed in detail in Section 2.3.

2.3. Strain Compensation Model for In-Plane Ordering

Many VAN films have been reviewed (Supplemental Figure 1), and the ones with spontaneous
ordering are summarized in Figure 64 (7, 8, 11, 13, 17, 19, 20, 64, 73, 81, 97-103). The left
and right axes represent the lattice parameters of phases A and B, respectively. The reported A-B
VAN films with spontaneous ordering are indicated, along with the typical substrates, includ-
ing MgO, MgAl,O4, STO, LNO, LAO, and Zr9;Y0.0sO01.96 (YSZ). According to the discussion
in Sections 2.1 and 2.2, two types of VAN films demonstrate in-plane spontaneously ordered
microstructures. One type is BFO-CFO VAN films grown on STO substrates, where both film
phases are under compression (or in tension) and spontaneous ordering can be achieved by strain
relaxation. In this type of VAN films, the VAN film data are above (or below) that of the substrates
in Figure 6a. However, some of the data for the A-B VAN films cross that of their substrates, sug-
gesting that the A and B phases are under the opposite strain states, i.e., compression and tension,
grown on the substrates. These A-B VAN films can exhibit well-defined ordered microstructure
spontaneously, i.e., either pillar-in-matrix or nanocheckerboard structures. The intersections be-
tween the data are indicated in Figure 64, predicting the molar fraction of B with ideal strain
compensation.
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Figure 5

(@) Schematic illustration showing the crystal structures of tetragonal BiFeO3; (T-BFO), rhombohedral
BiFeOs (R-BFO), and CoFe;O4 (CFO) and the lattice evolution of the substrates (i.e., LaAlO3, LaNiOs3,
SrTiO3, MgAly Oy4, and MgO). The letters a and c represent the lattice parameters along lateral and vertical
directions, respectively, a/; represents half of the corresponding lattice parameter, and apc corresponds to
the pseudocubic lattice of R-BFO since it can be described as a distorted perovskite cell. (4) Scanning
secondary electron (SE) and backscattered electron (BS) images of BFO-CFO vertically aligned
nanocomposite films grown under similar conditions but on different substrates, showing the in-plane
microstructural evolution driven by the substrates (scale bars: 500 nm). Abbreviations: FE, ferroelectric;
FM, ferromagnetic. Figure adapted with permission from Reference 94.

To explain the second type of in-plane spontaneous ordering, we propose a strain compensa-
tion model (Figure 65) in which the lattice parameter of the substrate is between that of the A and
B phases in the A-B VAN film. Accordingly, the A and B domains are supposed to be in compres-
sion and tension in-plane, respectively. After self-assembling into an A-B VAN film, minimization
of the strain energy leads to alternately arranged A and B domains located next to each other
across the entire film. This strain compensation effect generates the highly ordered microstruc-
ture as shown in Figure 6b. For example, after coupling with STO (001) substrate (#st0 = 3.91 A),
YBa,Cu;O; (YBCO; aygco = 3.85 A) and BaSnO; (BSO; agso = 4.12 A) are estimated to be un-
der in-plane strains of ~1.43% (tensile) and ~—5.22% (compressive), respectively (11). Since the
relative molar ratio of the two phases is 4:1, the YBCO and BSO phases in the (YBCO), 5-(BSO),.2
VAN film are preferred under tensile and compressive strains with similar accumulated strains of
1.14% for YBCO and —1.04% for BSO. The strain compensation effect leads to the highly or-
dered pillar-in-matrix microstructure of (YBCO)(s-(BSO)o, VAN film for energy minimization
(Figure 6¢) (11). In addition, BFO (agr0 = 3.96 A) and Sm; 03 (SmO; agmo % 2/4 = 3.86 A) are
calculated to be under in-plane strains of —1.44% (compressive) and 1.17% (tensile), respectively,
when grown on STO (001) substrate (13, 17). With a relative ratio of 1:1, BFO-SmO VAN films

Sun o MacManus-Driscoll « Wang



Annu. Rev. Mater. Res. 2020.50:229-253. Downloaded from www.annualreviews.org

Access provided by Purdue West Lafayette on 04/13/21. For personal use only.

43

4.2

Phase A lattice constant, a (A)

4.1

BaTiO3

BiFeO;

SrTiO;
Lag75r03Mn0O3
YBa,Cu30;,

3.8

37

YSZ
3.6

T T T T T T T 43

MgO
CoFe,0,
NiO/NiFe,0,
BaSnO;

MgFe,0,
740

3.9
Sm,0;/2v/2
CeO,2

(y) b Jueysuod ad13e| g aseyd

37

-13.6

0.0

(YBCO)g5-(BSO)g.

03 04 05 06 07 08 09 10
Molar fraction of phase B

Ordered,

pillar-in-matrix Nanocheckerboard

i' (BFO)ys5-(SmO)gs

—>*(002)s70/8r0

(Caption appears on following page)

www.annualreviews.org o Spontaneous Ordering of Nanocomposite Thin Films

239



Annu. Rev. Mater. Res. 2020.50:229-253. Downloaded from www.annualreviews.org
Access provided by Rurdue West Lafayette on 04/13/21. For personal use only.

upplemental Material >

240
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(@) Theoretical in-plane lattice matching distances as a function of the relative molar ratio between A and B
in VAN thin films. The left axis is for phase A, and the right axis is for phase B. The colored lines connecting
phases A and B mark the A-B VAN films with spontaneously ordered microstructures. The dashed gray lines
represent the in-plane lattice parameters of the typical substrates, e.g., MgO, MgAl,O4, STO, LaNiO3,
LaAlOs, and YSZ (7,8, 11, 13, 17, 19, 20, 64, 73, 81, 97-103). (b) Schematic diagram of the in-plane strain
compensation model leading to ordered pillar-in-matrix or nanocheckerboard microstructures. () Plan-view
TEM image of a YBCO-BSO VAN thin film. (4, /) Plan-view and (/) cross-sectional TEM images of a
BFO-SmO VAN thin film grown on an STO substrate with the corresponding selected-area diffraction
pattern in the inset of panel d, subpanel ii. (¢) Plan-view TEM image of an LSMO-NiO VAN thin film
grown on an STO substrate. Abbreviations: BFO, BiFeO3; BSO, BaSnO3; STO, SrTiO3; TEM,
transmission electron microscopy; VAN, vertically aligned nanocomposite; YBCO, YBa; Cu3 O7; YSZ,
Zr0.92Y0.0801.96. Panel ¢ adapted with permission from Reference 11, panel d adapted with permission from
Reference 13, and panel e adapted with permission from Reference 73.

exhibit an excellent nanocheckerboard microstructure (Figure 6d, subpanel 7) (13). The VAN
films tend to demonstrate a spontaneously ordered pattern as long as the two phases are under
opposite strain states (i.e., compressive and tensile) compared with the bulk values (12). Actually,
even if the relative ratio of BFO and SmO is changed and the strain values are not uniform, the
VAN films still can maintain a well-ordered microstructure (11). Similarly, the calculated in-plane
strains of LSMO and NiO domains are 0.54% (tensile) and —2.54% (compressive), respectively, in
(LSMO)6-(NiO)p4 VAN films on STO (001) substrates, where NiO nanopillars are still aligned
and distributed in an ordered fashion (Figure 6¢) (73). The driving force of the strain compensa-
tion effect is also the strain energy minimization.

In addition to oxide-oxide systems, strain compensation-induced spontaneous ordering
was observed in nitride-metal systems such as TalN-Au VAN films (104). After the system was
coherently grown on MgO (ayg0 = 4.212 A) substrate, TaN (z,x = 4.370 A) was estimated
to be under a compressive strain of ~—3.68% in-plane and Au (44, = 4.065 A) was estimated
to be under a tensile strain of ~3.55% in-plane. The opposite strain states with similar strain
values drive the Au nanopillars to align in an ordered hexagonal closely packed fashion embedded
in the TalN matrix to minimize the elastic strain energy of the entire system (Supplemental
Figure 24). Under the opposite strain states even with different strain values, the Au nanopillars
still lined up parallel to a certain direction in the TiN matrix grown on the MgO substrate
(Supplemental Figure 25) (104). Overall, elastic strain energy plays a dominant and profound
role in self-assembled nanostructures with spontaneous ordering (91, 105, 106).

2.4. Growth Condition (Kinetic) Control

Strain energy is important for determining the ordered/patterned spatial arrangement of
nanodomains in VAN thin films, which has been emphasized in Sections 2.1,2.2,and 2.3. Although
spontaneous ordering is energetically dominant, rational kinetic control is an essential prerequi-
site to enable the ordered/patterned epitaxial microstructures and to tune the nanodomain spacing
(12,13,59,66,76,107). In this section, using the PLD-grown VAN systems as examples, we discuss
the major effects of kinetic growth parameters on PLD growth, including deposition temperature
and oxygen pressure.

Among the growth control parameters of PLD, the deposition temperature is a common way to
tailor the morphology, stoichiometry, strain state, and interfacial coupling in VAN thin films (11,
76). The lateral width of the nanopillars in BFO-CFO VAN thin films increases with higher depo-
sition temperature, as expected, even on differently oriented substrates (Figure 74) (76). Actually,
as long as the VAN thin film growth is a diffusion-controlled process, the temperature dependence
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Figure 7

(@) AFM topographic images of BFO-CFO VAN films on STO (001) (op row) and STO (111) (bottom row)
deposited under different temperatures. The white line in each image indicates the line scan direction of the
corresponding height profile underneath, where the vertical axis corresponds to the height in nanometers.
(&) AFM topographic images of CeO;-BFO VAN thin films prepared under different oxygen pressures.
Abbreviations: AFM, atomic force microscopy; BFO, BiFeO3; CFO, CoFe;O4; STO, SrTiO3; VAN,
vertically aligned nanocomposite. Panel # adapted with permission from Reference 76, and panel # adapted
with permission from Reference 7.

of the nanostructure follows an Arrhenius behavior, as expressed by the following equation (15,

75,108-110):
B\ 1
d? = <4Doe K7 ) -, 1.
v

where 4 is the nanopillar width, Dy is the surface diffusion constant, v is the growth rate (in the
thickness direction), E, is the activation energy for surface diffusion, k is Boltzmann’s constant, and
T is the absolute temperature. Overall, when the growth rate v is constant, the pillar size In(d) is
proportional to the deposition temperature 7; when the deposition T is constant, the pillar size 4*
is inversely proportional to the growth rate v. Increasing deposition temperature directly boosts
the diffusion kinetics, resulting in larger nanodomains, lower nanodomain density in the matrix,
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and better alignment of the domains (Figure 74) (76). Similar phenomena were also observed
in previous reports (81, 111). Sufficient kinetic energy helps adatoms travel to their energetically
favorable locations in order to reduce the total free energy of the system. Therefore, the deposition
temperature can be used to adjust the feature size, spacing, and arrangement of the nanostructures.
Besides oxide-oxide systems, the relation also works well in different types of composite systems,
such as oxide-metal nanocomposite films (75, 108, 109, 112).

In addition to the deposition temperature, the working pressure during PLD is directly asso-
ciated with the film growth rate and can also efficiently tune the morphology and alignment of
the pillar domains. For example, when the working pressure of oxygen is increased from 70 to
150 mTorr, the VAN films reveal narrower BFO pillars embedded in a CeO; matrix, as shown
in Figure 7b (7). Increasing the working pressure directly enhances the growth rate of the films
and reduces the lateral feature size of the nanopillars. However, a higher working pressure causes a
larger resistance for the plasma generated from the target surface and decreases the kinetic energy
of adatoms (7). Overall, the enhanced working pressure results in a smaller feature size of the BFO
nanopillars embedded in the CeO, matrix. The abovementioned influences of kinetic control are
applicable not only to films prepared via PLD but also to ones synthesized by other physical vapor
deposition methods (65, 113).

2.5. Self-Templated Growth

The aforementioned in-plane spontaneous ordering phenomenon occurs on untreated, uniform,
and atomically flat STO substrates. This section discusses long-range ordering or patterned VAN
growth on self-templated substrates with regular chemical, structural, and strain dissimilarities.
This type of growth is still classified as spontaneous ordering, since no external masks are involved
or removed by this process.

Substrates are not only the mechanical support for thin films, but also the functional entities
in thin film technology (3, 114). For epitaxial thin film growth, the substrates usually need to
be single crystals with clean, smooth surfaces and uniform chemical terminations at microscopic
dimensions. Meanwhile, the intentional surface recrystallization on the substrate surface can be
utilized to enable nanoscale tailoring through the trench and terrace structures reconstructed
on the surface (66, 115, 116). Self-assembled VAN thin films with long-range ordering can be
constructed by selective nucleation and growth on substrates with patterned termination from
heat treatment.

A simple heat treatment (e.g., 1,000°C for 1 h) can be used to fabricate alternating SrO and
TiO; termination strip regions on STO (001) substrates, providing a prerequisite for the selective
nucleation and epitaxy VAN growth. The termination-induced ordering procedure is illustrated in
Figure 84. Commercially purchased STO (001) substrates were used, which are single crystalline
with SrO- and TiO,-terminated regions uniformly mixed and randomly distributed on their clean
and flat surfaces. After the simple thermal treatment at 1,000°C, the substrate surface recrystal-
lized; the identical chemical termination regions merged together into SrO- and TiO,-terminated
band regions as trenches and terraces alternately distributed on the substrate surface (Figure 8b)
(77). The different chemical terminations have distinct heights, surface energies, lattices, and strain
states, inducing selective nucleation in the nanocomposite films. A low laser frequency of 1 Hz was
applied during the VAN film growth to ensure sufficient diffusion time for the adatoms to reach
the energetically favorable nucleation spots on the substrates.

A self-assembled LSMO-CeO, VAN thin film with long-range ordering constructed by se-
lective nucleation of heteroepitaxy on a termination-patterned substrate surface is shown in
Figure 8¢ (77). CeO, (011) domains selectively grow on top of the SrO-terminated area. The
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(@) Schematic diagram of the self-templated VAN growth process. () AFM topographic image of the
heat-treated Sr'TiO3 (001) substrate. (c,d) Plan-view TEM images of the LSMO-CeO; VAN film grown on a
heat-treated substrate, showing spontaneously ordered rectangular CeO; nanopillars. Plan-view (¢) STEM
and (f) HRSTEM images of ordered LSMO-CeO, VAN films grown on heat-treated SrTiO3 substrates
with a miscut angle of ~1°. Abbreviations: AFM, atomic force microscopy; HRSTEM, high-resolution
scanning transmission electron microscopy; LSMO, Lag 7 Srg3MnOs3; PLD, pulsed laser deposition; STEM,
scanning transmission electron microscopy; TEM, transmission electron microscopy; VAN, vertically
aligned nanocomposite. Figure adapted with permission from Reference 77.

in-plane 1D ordered chemical termination nanopattern and selective nucleation induces well-
ordered LSMO-CeO; VAN thin films with CeO; (011) pillars aligned in 1D rectangular domains,
embedded in the LSMO matrix, across the entire substrate area. The rectangular CeO, nanopil-
lars are selectively grown and confined within the SrO-terminated band region, forming CeO,
rows in the LSMO matrix (Figure 8c). This remarkable selective nucleation of CeO, on SrO-
and TiO,-terminated regions could be correlated to the modulated surface energy for SrO and
TiO, termination of (001) substrates. As shown in Figure 84, the width of the rectangular CeO,
pillar rows is approximately 42 nm, and the spacing between rows is approximately 175 nm, cor-
responding to the dimensions of SrO- and TiO,-terminated regions distributed on the treated
substrate surface.

The dimensions of the rectangular CeO; pillar rows can easily be tuned by employing sub-
strates with different miscut angles of ~0.17°, 0.38°, and 1°. For example, the spacing between
the CeO; pillar rows is tuned to ~30 nm when an STO substrate with a miscut angle of ~1° is
used (Figure 8e). The rectangular CeO; pillars are well aligned on the SrO-terminated regions.
In contrast, the circular CeO; nanopillars are disordered on the TiO;-terminated terraces, sim-
ilar to those grown on untreated substrates. Not only are the locations and shapes controllable,
but the orientations of the CeO, nanopillars also can be precisely controlled on different termi-
nation regions (Figure 8f). Patterned substrates have more flexibility and possibilities by varying
the thermal treatment conditions or by combining thermal and chemical treatment, providing
promising future potential for nanoscale device integration (115, 117).
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In summary, the prepatterned substrate method provides long-range ordering growth for het-
eroepitaxial VAN thin films and promotes VAN thin film applications to a higher level, closer to
future nanoscale device integration. The method can be widely applied to many perovskite sub-
strates, such as STO, LAO, Lag 15Sr.:Aly 50 Tag 41 O3, YAIOs, and NdGaOs, to achieve long-range
ordering and, hence, patterned VAN growth (117). This is a significant step forward for nanoscale
devices with tunable functionalities.

3. OUT-OF-PLANE SPONTANEOUS ORDERING

Until now, we have discussed major approaches and mechanisms for in-plane spontaneous order-
ing in VAN thin films. Yet, accomplishing out-of-plane spontaneous ordering in VAN films, such
as recently reported nanodumbbell structures (22, 118), is also of significance for nanoelectronic
devices.

Similar to in-plane ordering, out-of-plane spontaneous ordering is also strongly impacted by
strain energy and is achieved by anisotropic in-plane strain fields. This has been confirmed by the
self-assembly of bilayer VAN films with one material in common within each layer of the VAN,
namely, in the double VAN of YSZ-STO/Sm-doped CeO,-STO (119). More recently, out-of-
plane ordering has been shown in interlayered VAN, as in Figure 94-d (22). An LSMO-CeO,
VAN thin film was first deposited on an untreated STO substrate (Figure 94, subpanel i), fol-
lowed by the deposition of a thin CeO, buffer layer that covered the top surface of the first VAN
layer (Figure 9a, subpanel #i). In contrast to the untreated substrate, the surface of the CeO,
buffer (or capping) layer is chemically homogeneous but has differently strained regions corre-
sponding to varied in-plane strain fields. The CeO, regions on top of LSMO domains are under
tension in-plane, while the ones on top of CeO, nanopillars are under compression or no strain
in-plane. Therefore, when the second LSMO-CeO, VAN layer is grown on top of the buffer
layer, it exhibits self-assembled CeO; nanopillar registration pairing to the CeO, nanopillars in
the bottom VAN layer (Figure 95-d) (22). This spontaneous out-of-plane ordering is achieved
despite the fact that the two VAN layers are separated by the single-phase CeO; buffer layer, con-
firming the key role of strain-driven nucleation and growth. More specifically, the in-plane strain
anisotropy drives adatoms to diffuse to the energetically suitable sites, releasing the strain energy
and thus leading to the out-of-plane spontaneous ordering. Surface diffusion on the buffer layer (or
capping layer) driven by in-plane strain field anisotropy leads to self-organized vertical alignment
of domains. By making use of this in-plane strain-driven nucleation mechanism, researchers can
purposely design smart materials by stacking nanoparticles, nanopillars, or other shaped domains
at specific locations in the matrix according to desired properties and applications. In fact, the ver-
tical ordering or pairing of stacked quantum dots induced by an elastic strain field has been studied
in other multilayer systems for semiconductor and optical applications; in these systems, the out-
of-plane ordering is consistently driven by the varying in-plane strain fields (12, 111, 120, 121).

Strain-driven vertical ordering has led to the demonstration of coaxial growth of nanodumbbell
structures (Figure 9e-g) (22). For the LSMO-CeO; system, the nanodumbbell structure is con-
structed through a sequential deposition by alternating two targets, L9CI and L7C3, in a multi-
layer fashion. L9C1 and L7C3 are prepared with the same components (LSMO and CeO,) but
with different compositions—the relative ratios are 9:1 and 7:3, respectively. Although the two tar-
gets are alternated periodically during the deposition procedure, the nanodumbbell-shaped CeO,
nanopillars are all coaxially grown and vertically aligned in the LSMO matrix. Overall, the strain
effect has a direct and profound influence on registration of the nanodomains during vertical
stacking and facilitates out-of-plane spontaneous ordering of the VAN films, which expands the
dimension of spontaneous ordering to 3D in VAN films.
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Figure 9

(a, i—iv) Schematic diagrams demonstrating the strain-driven growth process of a self-assembled 3D
LSMO-CeO; framework structure with a thin CeO; interlayer. Cross-sectional () STEM and () EDS
mapping of Ce and (d) HRSTEM images of this 3D framework structure showing fine CeO; nanopillar
registration evenly separated by the interlayer. Cross-sectional (¢) STEM, (f) corresponding EDS mapping,
and (g) HRTEM images of an LSMO-CeO; nanodumbbell structure thin film with the nanodumbbell-
shaped CeO; nanopillars coaxially and vertically aligned in the LSMO matrix. Abbreviations: C, CeO;;
EDS, energy-dispersive X-ray spectroscopy; HRSTEM, high-resolution scanning transmission electron
microscopy; HRTEM, high-resolution transmission electron microscopy; L, Lag 7Sro 3 MnO3; LSMO,

Lag 7Sr93MnO3; STEM, scanning transmission electron microscopy; STO, SrTiOs. Figure adapted with
permission from Reference 22.

4. ORDERED PLANAR STRUCTURES

Another intriguing type of out-of-plane spontaneous ordering that can be created via one-step
PLD from a composite target is a multilayer microstructure with vertically stacked planar do-
mains, such as the reported (YBa;Cu; O;_s);-,—~(BaZrOj3), epitaxial nanocomposite films (18). A
microstructural evolution from vertical pillars to the planar structure is accomplished simply by
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Figure 10

Cross-sectional TEM images of (YBCO);_-(BZO), epitaxial nanocomposite films with gradually enhanced
composition x = (2) 0.25, (b)) 0.4, and (¢) 0.5. Y and B correspond to YBCO and BZO phases, exhibiting
bright and dark contrast in the TEM images, respectively. Each microstructure is illustrated in the schematic
diagram at the right, in which Y/B column and Y/B planar represent the vertical and horizontal interfaces
between YBCO and BZO. Abbreviations: BZO, BaZrOs; STO, SrTiO3; TEM, transmission electron
microscopy; YBCO, YBa; Cuz O7_js. Figure adapted with permission from Reference 18.

increasing x. The switch is related to a release in strain energy, which builds up in YBa,Cu; O7_;
with increasing x as stiffer BZO pillars (hence, more interfaces form and therefore more strain
energy).

When x < 0.4, BaZrO; (BZO) domains are nanocolumnar in shape and vertically aligned in
the YBCO matrix (Figure 104) via vertical interfacial coupling. Atx = 0.4, a microstructural tran-
sition occurs with horizontal planar nanodomains stacked on the bottom of the film and vertical
columnar nanostructures arranged on the top (Figure 1056). The switch from a vertical structure
to a horizontal one is abrupt, with the strain-driven interfacial energy minimization being the
important factor. BZO is stiff and accordingly inputs strain into YBCO via interfacial coupling.
To relieve the large strain energy accumulated, a transformation is needed. At x = 0.4, a hybrid
vertical and planar structure is achieved, but for x > 0.5, instead of VAN, only the planar structure
is achieved (Figure 10c). Each horizontal planar domain has a similar thickness and is stacked up
in a perfect alternate sequence. The YBCO lattice is thus no longer strained. Because of the lack
of strain for the planar structure, one might expect it to form no matter the x value. However, this
cannot occur because for low x values, the diffusion distances for BZO would be too large to en-
able the planar structure to form. Thus, both kinetics and thermodynamics (interfacial energies)
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play important roles in determining the overall form of the VAN structure. More details on the
interfacial strain energy balance are given in Reference 18. Many potential applications requiring
the 3D nanoscale engineering described in this section can be envisioned, from superconductor
pinning tailored for different applications, to 3D ionic structures for energy storage/generation
applications, to memristors with tunable and robust on-off ratios.

5. SUMMARY AND PROSPECTS

Spontaneously, spatially ordered/patterned growth of VAN thin films presented and analyzed
in this article offers opportunities both for functional material exploration and next-generation
nanoscale devices. Different from templated VAN growth, spontaneous ordering is preferred for
device applications. The spontaneous ordering discussed in this review includes both in-plane and
out-of-plane spatial ordering.

Spontaneously ordered structures are mainly based on oxide-oxide nanocomposite systems
prepared through physical vapor deposition. The strategies and related principles discussed are
also applicable to chemical solution synthesis and to oxide-metal and nitride-metal nanocompos-
ite systems (30, 108, 122-125). Success of the strategies requires that metal adatoms easily diffuse
on the substrate surface and travel to energetically favorable sites. Some metals can act as catalysts
to facilitate the kinetics and hence growth of certain oxides. A recent example uses an Au-BaTiO;
(BTO) nanostructure to initiate the epitaxial growth of ZnO nanopillars and form arrays of
so-called nanoman-like structures as shown in Figure 11 (123). High tunability of the complex
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Figure 11

(@) Schematic diagrams showing the two-step growth process of an out-of-plane ordered three-phase Au-BTO-ZnO nanocomposite
film. The yellow, blue, and red circles represent the adatoms of Au, BTO, and ZnO, respectively. (b)) Three-dimensional schematic
microstructure of this Au-BTO-ZnO nanocomposite thin film with out-of-plane ordering. (¢) STEM and (d) EDS mapping images
showing the plan-view microstructure of this thin film. Cross-sectional (¢) STEM and (f~) EDS mapping images showing the
out-of-plane ordered microstructure. Abbreviations: BTO, BaTiOs; EDS, energy-dispersive X-ray spectroscopy; HAADE, high-angle
annular dark-field; STEM, scanning transmission electron microscopy. Figure adapted with permission from Reference 123.
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dielectric function and hyperbolic optical properties demonstrated in the ordered Au-BTO-ZnO
system demonstrates the power of the ordering approach in optical property control. Overall,
spontaneously ordered oxide-oxide and oxide-metal nanocomposites (104, 126, 127) offer a
unique design space for oxide-based functional systems for future novel functionalities and mul-
tifunctionalities, in the realm of both basic science understanding and novel device engineering.
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