
Review on the growth, properties and applications of self-
assembled oxide-metal vertically aligned nanocomposite 

thin films—Current and Future Perspectives

Journal: Materials Horizons

Manuscript ID MH-REV-07-2020-001111.R2

Article Type: Review Article

Date Submitted by the 
Author: 10-Nov-2020

Complete List of Authors: Misra, Shikhar; Purdue University
Wang, Haiyan; Purdue University System, MSE; Neil Armstrong 
Engineering Building

 

Materials Horizons



1

Review on the growth, properties and applications of self-assembled 
oxide-metal vertically aligned nanocomposite thin films—Current 
and Future Perspectives

Shikhar Misra,a Haiyan Wanga,b,*

aSchool of Materials Engineering, Purdue University, West Lafayette, Indiana 47907, United 
States 
bSchool of Electrical and Computer Engineering, Purdue University, West Lafayette, Indiana 
47907, United States 

*Author to whom correspondence should be addressed. E-mail: hwang00@purdue.edu

Keywords: vertically aligned nanocomposites (VANs), oxide-metal nanocomposite, 

metamaterials, magnetic materials, hybrid materials

Page 1 of 45 Materials Horizons

mailto:wang00@purdue.edu


2

Abstract

Self-assembled oxide-metal nanocomposite thin films have attracted a great research 

interest owing to their wide range of functionalities, including metamaterials with plasmonic and 

hyperbolic optical properties, and, ferromagnetic, ferroelectric and multiferroic behaviors.  Oxide-

metal nanocomposites typically self-assemble as metal particle in oxide matrix or as vertically 

aligned nanocomposite (VAN) with metal nanopillars embedded in oxide matrix. Among them, 

the VAN architecture is particularly interesting due to their vertical strain control and highly 

anisotropic structure enabling the epitaxial growth of materials with large lattice mismatch. In this 

review, the driving forces behind the formation of the self-assembled oxide-metal VAN structures 

are discussed. Specifically, an updated in-plane strain compensation model based on areal strain 

compensation concept has been proposed in this review, based on the prior linear strain 

compensation model.  It provides a guideline on materials selection for designing VAN systems, 

especially those involving complex orientation matching relationships. Based on the model, 

several case studies are discussed, comparing the microstructure and morphology of the different 

oxide-metal nanocomposites by varying the oxide phase. Specific examples highlighting the 

coupling between the electrical, magnetic and optical properties are also discussed in the context 

of oxide-metal nanocomposites. Future research directions and needs are also discussed. 
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1. Introduction

Oxide-metal based composites have attracted significant research interest owing to their 

unique functionalities and applications in various fields such as catalysis, magnetic data storage, 

energy storage, and optical metamaterials applications.1–13  Due to their interesting electrical, 

magnetic and optical properties, the oxide-metal composites have been vastly explored previously, 

mostly in the bulk form.14–20 When reaching to the nanoscale regime, the constituent phases often 

possess greatly different physical properties from their corresponding bulk counterparts. In 

addition, for practical applications and easy integration, it is necessary to fabricate these 

nanocomposites in the form of thin films. Self-assembled nanocomposite thin films offer an 

interesting approach towards functionality coupling and achieving novel physical properties. 

Extensive research has been conducted in the field of complex functional oxides and oxide-based 

nanocomposite thin films, with functionalities ranging from ferromagnetic, ferroelectric, 

multiferroic, insulating, semiconducting, superconducting, and nonlinear optical effects.21–32 

These functionalities and novel properties arise via effective coupling between charge, spin, orbital 

and lattice degree of freedom. 

Recently, oxide-metal hybrid nanostructures have attracted considerable research interest 

due to their practical device applications such as data storage and optical metamaterials.1–13 In 

general, the oxide-metal nanocomposites can be fabricated either by top-down or bottom-up 

approaches. Figure 1 shows the common fabrication techniques and applications for the oxide-

metal nanocomposites. Top-down fabrication techniques include e-beam lithography, nanoimprint 

lithography and focused ion beam for fabricating and designing oxide-metal nanocomposites.33–38 

For example, nanoimprint lithography can be used to pattern a substrate with sub-10 nm 

resolution,39 over a large scale, which can be subsequently coupled with physical vapor deposition 

(PVD) techniques to fabricate oxide-metal nanocomposites. In addition, bottom-up approaches 
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Figure 1. Overview of the oxide-metal nanocomposites. Schematic illustration of the (a) top-down 
design/fabrication techniques showing the nanoimprint lithography, focused ion beam and 
electron-beam lithography as labeled, and bottom-up techniques showing the self-assembly, 
templated self-assembly, particle in matrix and anodized alumina oxide template method. The 
various applications of the metal-oxide nanocomposites are highlighted in (b). They can be used 
as metamaterials, multiferroics, plasmonic devices and lab-on-a-chip applications.40–43 (b) 
Reproduced with permission from Reference 40, 41, 42, and 43.

such as self-assembly, templated self-assembly and anodized alumina template method can also 

be used for the growth of oxide-metal nanocomposites.5,41,44–50 For example, PVD techniques such 

as Pulsed Laser Deposition (PLD) and sputtering can be used to fabricate a self-assembled oxide-

metal nanocomposite as a vertically aligned nanocomposite (VAN) or as a particle in matrix. 

Different combinations of oxide-metal nanocomposites can find a wide variety of uses ranging 

from metamaterials, multiferroics, surface enhanced spectroscopy such as fluorescence, Raman 
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spectroscopy and second harmonic generation to lab-on-a-chip applications, among many others 

as shown in Figure 1.41–43,51–59 

Typically, the oxide-metal nanocomposite shows three types of morphology: (i) 0-3 particle-

in-matrix (PIM), (ii) 2-2 multilayer, and (iii) 1-3 vertically aligned nanocomposite (VAN). The 

numbers in front of each of the designs represent the dimensionality of the metallic and oxide 

phase respectively. The PIM morphology presents a uniform distribution of metallic nanoparticles 

that are uniformly distributed inside the oxide matrix. The multilayer morphology has the metallic 

and oxide phases present as alternate layer-by-layer structure; while VANs are self-assembled 

structures in which both the phases grow epitaxially on the substrate in the out-of-plane direction. 

Among the 3 different common types of morphologies, lattice coupling at the vertical interface 

between the two phases and the lateral film/substrate interface play an important role for the 

growth of VAN thin films which make them particularly interesting due to their highly anisotropic 

and high interface-to-volume ratio, thereby enabling fascinating physical properties. The vertical 

strain at the pillar/matrix heterointerface in VAN, provides an extra degree of freedom for tuning 

the strain and physical properties. The in-plane (IP) strain can be tuned independently from the 

out-of-plane (OP) strain, with the stiffer phase dominating the final IP and OP state. The growth 

of VAN thin films offers several advantages. VAN architecture allows the epitaxial growth of 

materials with high lattice mismatch with the substrate.9,60–62 Since the two phases are vertically 

strained, the films can be strained up to a higher thickness as compared to the single-phase thin 

films in the VAN architecture.27 In addition, VAN thin films allow easy integration of different 

functionality, including ferroelectric, ferromagnetic, photocatalytic, superconducting and optical 

properties. Recently, several VAN systems have been demonstrated in a range of oxide-oxide 

systems where two different oxides grow as a VAN architecture using a single-step PLD process. 
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63–68 For example, systems such as BaTiO3-CoFe2O4, BaTiO3-Sm2O3 and La0.7Sr0.3MnO3 (LSMO)-

ZnO have demonstrated room temperature multiferroicity, enhanced ferroelectricity and 

magnetoresistance respectively.22,24,27 In comparison, self-assembled oxide-metal nanocomposites 

offer more opportunities in terms of functionality coupling such as magneto-optical, electro-optic 

and magneto-electric properties. 

However, several challenges arise to achieve self-assembled oxide-metal nanocomposites 

in epitaxial thin film form, due to the vastly different deposition conditions for oxides and metals. 

Difference in growth kinetics, surface energy, oxygen diffusion as well as the potential inter-

diffusion between the metal and oxides, make it very challenging to achieve epitaxial self-

assembled oxide-metal nanocomposites. Very recently, several self-assembled oxide-metal VAN 

systems have been successfully demonstrated such as Co-BaZrO3, Fe-BaTiO3, Au-BaTiO3, Ni-

Ba(Zr0.8Y0.2)O3, etc.41,61,69 Such VAN systems have the capability to couple the electric, magnetic 

and optical properties and give rise to emergent new properties which are not found in either of 

the phases. The formation of these self-assembled nanocomposites is driven by a combination of 

strain and surface energy minimization. Usually, the nanocomposite formation takes place by 

nucleation and growth during which strain energy play the major role in determining the final 

morphology during the initial seeding period due to the square dependence on strain as compared 

to the linear dependence on surface energy. 

In this review, we first discuss the two different types of morphology for oxide-metal 

nanocomposites, deposited using PLD, and differentiate the PIM ones from the VAN ones with 

some representative examples. In Part I (Sections 2 &3), a newly modified area strain 

compensation model is proposed for the oxide-metal VANs based on the existing linear strain 

compensation model developed for the oxide-oxide VANs. These models provide design 
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guidelines for selecting the two phases and potential IP ordering for VANs. Based on the models, 

several case studies are discussed to compare the microstructure and morphology of the different 

oxide-metal VANs by changing the oxide phase. In Part II (Section 4), specific examples 

highlighting the coupling between the electrical, magnetic and optical properties are discussed of 

the oxide-metal nanocomposites having both PIM and VAN morphology. 

2. Morphology of PIM and VANs and their differences

Oxide-metal nanocomposites typically self-assemble as PIM or as VAN. Usually different 

crystal structures of metal and oxide gives rise to the nanoparticles-in-matrix type nanocomposite, 

since it is difficult to maintain the vertical epitaxial relationship between different crystal 

structures.1,7,70–73 Figure 2 shows two representative examples of the PIM case. Figure 2a shows 

the Au-VO2 nanocomposite (deposited on c-cut sapphire substrates) in which Au nanoparticles are 

uniformly distributed within the VO2 matrix.74 Au has a face-centered cubic crystal structure while 

VO2 presents a rutile structure at room temperature. VO2 shows a highly textured growth, 

corresponding to the (020) plane along the b axis while Au NPs show a (111) preferred out-of-

plane growth, due to its lowest surface energy, along the OP direction, confirmed using the XRD 

θ–2θ spectra. The Au NPs show a faceted structure due to the in-plane and out-of-plane lattice 

coupling with the VO2 matrix and the lowest packing energy of the (111) plane. The plan-view 

(i.e. the top-down view) HR-STEM images shown in Figure 2b show the hexagonal lattice 

structure of Au particles, confirmed by the fast Fourier transform images (inset). Au NPs particles 

show two major in-plane orientations, given by Au(011)// VO2(001) and Au(011)//VO2(100) as 

determined from the HR-STEM images showing the two types of in-plane matching between Au 

NPs and VO2.
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Figure 2. Particle in matrix (PIM) design. (a) Cross-section STEM of the Au-VO2 nanocomposite 
thin film deposited on Al2O3 (0001) substrate and (b) Plan-view HR-STEM of the Au nanoparticle 
embedded in VO2. Inset shows the corresponding FFT patterns. (c) Cross-section STEM image of 
the multilayer Au-TiO2 nanocomposite deposited at 300°C, 500°C, and 700°C temperature and (d) 
XPS spectra of the Au 4f peak.74,75 Reproduced with permission from Reference 74 and 75.

Another example of the PIM nanocomposite is Au-TiO2 nanocomposite.75 TiO2 grows as 

an anatase phase, having a tetragonal crystal structure, along the (004) plane in the OP direction 

while Au grows along the (111) plane. Figure 2c shows the cross-section STEM image of Au-TiO2 

nanocomposite, deposited on SrTiO3 (STO) (001) substrate. It shows the film grown on three 

different growth temperature: 300°C, 500°C, and 700°C, clearly illustrating the ability to easily 

tune size and distribution of the Au NPs. The orientation relationship between Au and TiO2 are 

determined to be Au(002)//TiO2(004)//STO(002) and Au(200)// TiO2(200)//STO(200). The Au 
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NPs are fully embedded inside and uniformly distributed in the TiO2 matrix. This makes efficient 

charge transfer possible from titania to Au NPs as seen from the XPS spectra in Figure 2d, driven 

by their relative Fermi level energy.76 The binding energy of Au increases with the decreasing 

particle size due to the size-dependent electrostatic interaction between the ionized cluster and 

escaping photoelectron.77 The distinct advantage of the PIM morphology is the ease of tunability 

of the metallic NPs shape and size by varying the deposition conditions, which further tunes its 

physical properties. 

Although the growth conditions are similar, the morphology of the nanocomposite can vary 

from PIM to VAN, depending on the thermodynamic and kinetic factors. For example, using 

oblique angle deposition (OAD), Au-Li2MnO3 nanocomposite can be grown as a VAN 

morphology but a regular PLD growth leads to a PIM.78 In addition, several previously reported 

systems suggest that the large lattice mismatch between the metallic and oxide phase could lead to 

the PIM growth, while a close lattice matching between the metallic and oxide phases with similar 

crystal symmetries and epitaxial relationship with the substrate leads to the VAN growth. A 

representative example of the oxide-metal VAN is Au-BaTiO3 (Au-BTO) shown in Figure 3.41,79 

The Au phase presents as vertical pillars embedded in the BTO matrix (Figure 3b). The X-Ray 

Diffraction plot in Figure 3a shows the epitaxial growth of BTO on STO along the [001] direction 

while Au grows primarily along the [001] and [111] direction. The plan-view STEM image (Figure 

3c) shows the faceted growth of Au nanopillars and the EDS elemental mapping (Figure 3d) shows 

no obvious inter-diffusion between the phases. The plan-view HR-STEM micrograph along the 

BTO <001> zone axis, shown in Figure 3e, shows two twin boundaries from the plan-view HR-

STEM image are identified as [ ] and [ ], indicating that the Au pillar grows along the [011] 111 111
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orientation. From the cross-section HR-STEM image in Figure 3f, the Au pillar shows growth 

along the [002] OP direction. The enlarged image of the Au-BTO vertical interface (Figure 3g) 

Figure 3. Vertically aligned nanocomposite (VAN) designs. (a) X-ray diffraction of the Au-
BaTiO3 nanocomposite, (b) Cross-section, (c) plan-view STEM image and its corresponding (d) 
EDS elemental map distribution. HR-STEM (e) plan-view image and (f) cross-section image of 
the Au nanopillar. (g) Enlarged image of the vertical Au-BTO interface and the schematic 
illustration of the lattice matching relationship.41,79 Reproduced with permission from Reference 
41 and 79.
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shows the presence of coherent interface with a 1:1 lattice matching relationship. From the XRD 

analysis, Au (001), Au (022), and Au (111) are identified as possible growth orientations of the 

Au pillars. The three matching relationships of the Au-BTO films are given as: 

BTO(002)∥Au(002)∥STO(002), BTO(002)∥Au(022)∥STO(002), and BTO(002)∥Au(111)∥ 

STO(002). Further, the Au pillar geometry can be modified by varying the growth parameters such 

as deposition frequency and laser energy. Therefore, VAN architecture allows the vertical interface 

coupling between the two phases and maintains the strain in the film up to a much greater thickness 

as compared to single-phase thin films.

3. Areal strain compensation model vs. linear strain compensation model

As mentioned above, the total IP strain experienced in a VAN structure is given by the sum 

of the strain from both phases’ interfaces with the substrate. The average IP strain experienced by 

the VAN structure depends on the relative phase composition (i.e. molar or atomic ratio) and their 

lattice mismatch. A linear strain compensation model has been proposed for the oxide-oxide 

systems which discussed about the materials selection criteria, based on the lattice parameter, for 

obtaining an ordered VAN structure.80 In the cases of the recently reported metal-oxide VAN 

systems, the nucleation and growth is reported to be the major growth mechanisms41,60,61,81 with 

few cases that the metallic phase forms by reducing oxides, such as the Fe nanopillars in LSFO 

matrix.82 The specific growth mechanisms for the metal-oxide VANs are still under exploration as 

new metal-oxide VANs are reported. During the initial nucleation and growth period, strain 

minimization plays a critical role due to its square dependence in the free energy term as compared 

to the surface energy minimization which has a linear dependence in the free energy term. Further, 

the energy difference between the competitive surfaces in different growth orientation is not much 
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(~within 10-20%) as compared to the strain energy in different growth orientations.83 Therefore, a 

growth orientation with a lower strain and higher surface energy is preferred over a growth 

orientation with a higher strain and a lower surface energy. This linear strain compensation model 

fits in the oxide-oxide system well as they typically result in a cube-on-cube matching relationship 

and thus the composition calculation follows a general linear relationship as illustrated in Figure 

4b. However, for the oxide-metal case, the orientation of the metal phase could be quite different 

from the oxide ones and thus an areal based strain compensation model could be more complete. 

For example, metal in a (111) orientation matching with a (001) oxide, requires areal strain 

calculation for completeness. However, the 45-degree rotation in oxide-oxide VAN structures is 

considered as a category of cube on cube epitaxy matching. Therefore, the linear strain 

compensation can be applied in such cases by considering a matching distance of a/ . Both the 2

linear and areal strain compensation models have been built using the published VAN data. 

However, the model needs to be updated based on other factors such as dislocation formation at 

the interface. Below both the linear and areal strain compensation models are discussed and 

compared with case studies presented. 

3.1 Linear strain compensation model

Figure 4a shows the schematic of the lattice matching relationship between the metal and 

oxide phases with the substrate. The IP lattice mismatch strain is calculated using:

𝑓 = 2
𝑎𝑓 ― 𝑎𝑠

𝑎𝑓 + 𝑎𝑠

where af and as are lattice parameter of the film and the substrate, respectively. The model 

calculates the lattice mismatch along one dimension and works best for the cases when there is a 

cube on cube epitaxy with no rotation, with lattice parameters being equal in both the IP directions. 
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Since the total IP strain in the nanocomposite depends on the phase composition, Figure 4b plots 

the metal and oxide lattice parameter (on the left and right vertical axis) as a function of phase 

composition (on the X-axis) using the rule of mixtures with the STO substrate marked by a solid 

black line of the reported oxide-metal VAN systems.3,9,12,13,41,60–62,82,84–89 Clearly the trendlines of 

all the reported VAN structures indicate the minimization of the effective IP strain as experienced 

by the nanocomposite. The lattice parameters of the metal and oxide phases are plotted in Figure 

4c. The plot can be divided into two regions based on the strain compensation. Region I (shaded 

in orange) is defined as the space where both the tensile and compressive strain acts on the two 

phases while region II (shaded in blue) defines the space where either compressive or tensile strain 

acts on both the phases. Further, several systems are marked (with a red star), indicating a highly 

spatially ordered VAN structure. Region I result in effective strain compensate on and contains 

majority of the reported VAN structures. However, when one of the phases undergoes a rotation 

or has a different crystal structure than the substrate, it results in different lattice parameter 

matching in the a and b directions, and linear strain model can only model one of the directions. 

In order to overcome this limitation, the aerial strain compensation model is proposed. 
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Figure 4. Linear and Areal strain compensation models. Schematic illustration of lattice matching 
relationship for the (a) linear and (d) areal strain compensation model. (b) In-plane lattice constant 
and (e) area for the metal and oxide phases as a function of oxide mole fraction. The dashed line 
joining the metal and oxide phases are the reported VAN systems and indicate the tunability of the 
in-plane strain on the substrate. Substrate are marked with a solid black line. (c) Plot showing the 
reported metal-oxide VAN systems plotted with their lattice parameters and (f) areal strain. The 
orange portions represent the region where both tensile and compressive strain is present while the 
blue shaded portion represent the region where either both tensile or compressive strain is present. 
The VAN systems marked with red star indicate highly spatially ordered systems.

3.2 Areal strain compensation model 

The areal strain compensation model considers the two-dimensional lattice matching 

between the phases and the substrate. As shown in Figure 4d, when one of the phases undergoes a 

rotation or has a different crystal structure, then strain is calculated using the projected area onto 

the substrate considering the IP matching between the phase and the substrate. The strain is 

calculated using:

𝑓 = 2
𝐴𝑓 ― 𝐴𝑠

𝐴𝑓 + 𝐴𝑠
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where Af and As are the matching area of film and substrate, respectively. Area is calculated using 

the appropriate lattice matching relationship. For example, if the metallic phase is cubic and the 

oxide phase is hexagonal as in the case of Cu-ZnO, then it becomes hard to calculate the strain 

using the linear model since Cu and ZnO grows along [001] and  on STO [001] along the [1120]

OP direction. Cu shows a cube-on-cube epitaxy on STO substrate while ZnO has different lattice 

parameters along the a and b directions as shown schematically in Figure 4c. The oxide strain can 

be calculated by comparing the oxide area with the corresponding substrate area. Similarly, 

matching in other orientations can also be calculated. In the case of cube-on-cube epitaxy 

relationships, the linear strain model and the areal strain model gives the same result however, the 

areal strain model provides an advantage when the epitaxy relationship occurs between different 

crystal structures. 

Figure 4e plots the areal lattice parameter for both the metal and oxide phases as a function 

of oxide mole fraction. Clearly, it is seen that all the trendlines work on minimizing the overall IP 

areal strain. Interestingly, the IP area strain of Ni (in Ni-Ba(Zr0.8Y0.2)O3 (BZY) system) is 

calculated to be almost 0, compared to the non-zero strain calculated in the linear model, which is 

discussed in much more detail in the case studies in the following section. Figure 4f presents the 

reported oxide-metal VAN systems, plotted as a function of metal and oxide areal strain. Similar 

to the linear strain compensation model the plot can be divided into 2 regimes depending on the 

strain nature, i.e, tensile or compressive strain. We observe that most of the highly ordered VAN 

structure (marked with a red star) present in regime I where there is effective strain compensation. 

Based on these observations, the formation of self-assembled ordered VAN structures can be 

attributed to several key factors: (i) a close lattice match between the two phases and the substrate, 
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(ii) presence of opposite strain nature, i.e., the structures are present in regime I, (iii) Similar crystal 

structures of the two phases, and (iv) low solubility of the two phases. 

The following section presents three case studies of the VAN structures, for which the 

nanocomposite systems have been reported in both regime I and regime II, having the same 

metallic phase but different oxide phase. The VAN systems selected for comparison are marked 

in Figure 4f.

3.3 Case Studies

As discussed earlier, when the metallic and oxide phases experience opposite strain, i.e., 

tensile strain in one phase and compressive strain in the other phase (region I), they present more 

ordered VAN structure as compared to those cases that both the phases experience strain of the 

same sign, i.e., both tensile or compressive strain. Figure 5 compares the microstructure of Co-

CeO2 and Co-BaZrO3 (BZO), both deposited on STO (001) substrate using PLD.13,61,85 Co and 

CeO2 experiences a compressive strain while BZO experience a tensile strain. Co crystallizes as 

either FCC or HCP structure while both CeO2 and BZO have a cubic structure. In the case of Co-

CeO2 nanocomposite Co NWs are not perfectly aligned in the growth direction of [001] as seen in 

Figure 5a. The structure analyses using the HR-STEM further reveals that the misalignment is due 

to the HCP structure of Co NWs with their hexagonal c axis aligned along the <111> axis of the 

matrix as confirmed by Figure 5c1 and 5c3. Although in some minor portions of the NWs, Co is 

present as a cubic structure (Figure 5c2). In contrast, Co-BZO shows primarily the FCC Co 

structure with growth along the [002] and [022] direction as confirmed by the plan-view HR-

STEM image in Figure 5e. The cross-section HR-STEM image in Figure 5f-g shows the lattice 

matching relationship along the vertical interface between Co and BZO, with calculated d spacing 

of 1.82 Å and 2.12 Å for dCo (002) and dBZO (002), respectively, showing the possibility of domain 
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matching epitaxy and suggesting the presence of tensile strain in Co pillars Although the Co pillar 

diameter is almost similar in both the systems (~5 nm), Co pillars present a more spatially ordered 

structure in BZO, with more aligned and continuous pillars. Therefore, effective strain 

compensation gives rise to a more continuous and ordered structure. 

Figure 5. Case study I. (a) Cross-section EF-TEM image of the Co-CeO2 showing the Co 
nanowires. (b) HR-TEM image of a Co nanowire and (c1)-(c3) the corresponding SAED patterns 
of the three regions marked in (b). (d) Cross-section STEM image of Co-BaZrO3 nanocomposite. 
(e) HR-STEM plan-view image and (f) cross-section image. (g) shows an enlarged portion of the 
vertical in-terface between Co and BaZrO3.13,61,85 (a) Reproduced with permission from Reference 
13, 61, and 85. 

Figure 6 compares the microstructure of Ni-CeO2 and Ni-BZY, deposited on STO (001) 

substrate.60,62 Ni, CeO2 and BZY have a cubic crystal structure, with Ni and CeO2 experiencing a 

compressive strain and BZY having a tensile strain, placing the Ni-CeO2 in regime II and Ni-BZY 

system in regime I. The XRD and HR-STEM analysis in Figure 6a-d indicate a cube-on-cube 

epitaxy of CeO2 and Ni with both growing in the [001] OP direction. CeO2 (aCeO2=5.41 Å) 

undergoes a 45° rotation to match with STO. Ni (aNi=3.52 Å) preferably grows along the [002] 

direction with some minor growth along the [022] direction, due to the low surface energy of the 
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(002) orientation. IP domain matching epitaxy occurs between Ni and STO with 10aNi ≈ 9aSTO. 

The vertical strain is minimized by the domain matching epitaxy between CeO2 and Ni since 2aCeO2 

≈ 3aNi. However, Ni grows along the [111] OP direction in BZY matrix with lattice matching 

relationship given by Ni (011)//BZY (200) and Ni (110)//BZY (110), evidenced by the XRD and 

HR-STEM plan view images in Figure 6e-h. By maintaining such a relationship, Ni reduces its IP 

areal strain almost completely to 0, as shown in Figure 4d. In addition to the lowest surface energy 

of the Ni (111) orientation, the OP d-spacing (dNi(111)=2.04 Å) is closely matched with the d-

spacing of BZY (dBZY(002)=2.11 Å) orientation. Therefore, the difference in the growth orientation 

of Ni can be attributed to the combination of both OP and IP strain minimization. The average Ni 

pillar diameter increases from ~4 nm (in Ni-BZY) to ~7 nm (in Ni-CeO2) and the cross-section 

STEM image shows a clear difference in the Ni pillar morphology. The Ni pillars are non-

continuous and non-uniform in CeO2 as compared to the almost vertically aligned pillars and 

spatially ordered pillars in the BZY matrix. 
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Figure 6. Case study II. X-ray diffraction of Ni-CeO2 nanocomposite thin film, (b) Cross-section 
STEM-EDS map showing the elemental distribution, (c) HR-STEM cross-section image and (d) 
plan-view image showing the two different growth orientation of the Ni pillars. (e) X-ray 
diffraction of the Ni-Ba(Zr0.8Y0.2)O3 (BZY) nanocomposite thin film, (f) Cross-section STEM 
image, (g) Plan-view STEM image and (h) the corresponding HR-STEM image showing the Ni 
growth orientation.60,62 Reproduced with permission from Reference 60 and 62.

The last case study compares the Fe pillar structure embedded in (La0.5Sr0.5)FeO3 (LSFO) 

and BTO, deposited on STO (001) substrate.82,90 Fe and BTO crystallizes as a cubic structure while 

LSFO has tetragonal crystal structure. LSFO and Fe have a compressive strain while BTO has a 

tensile strain on the STO substrate. XRD plot in Figure 7a and 7e shows the epitaxial growth of 

LSFO and BTO in the [001] direction. Although the Fe phase grows in the [110] OP direction, the 

morphology of the embedded Fe pillars shows much difference. Fe pillar diameter decreases from 

~15 nm in LSFO to ~5 nm in BTO. Further, the microstructure changes from a less-ordered 

particle-like growth to a more ordered pillar-type growth. Such a change in microstructure can be 

attributed to the effective strain compensation along the lateral and vertical interfaces between Fe 

and the oxide matrix. Moreover, changing the growth parameters such as the laser frequency and 
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laser energy also tunes the size of the Fe pillars. Therefore, judicious selection of the metallic and 

the oxide phases, based on the strain compensation model, offers enormous opportunities for 

tuning the microstructure of the oxide-metal nanocomposites. 

Figure 7. Case study III. X-ray diffraction of the Fe-(La0.5Sr0.5)FeO3 (LSFO) nanocomposite thin 
film deposited with different laser energy. (b) Cross-section STEM image and (c) the 
corresponding Fe EDS map. (d) Plan-view TEM image showing the distribution of Fe pillars. (e) 
X-ray diffraction of the Fe-BaTiO3 nanocomposite thin film deposited at different laser frequency. 
(f) Cross-section STEM image and (g) the corresponding Fe EDS map. (d) Plan-view TEM image 
showing the faceted structure of Fe pillars.82,90 Reproduced with permission from Reference 82 
and 90.

Taking advantages of the opposite strain in some of the oxide-metal VANs and their nicely VAN 

morphologies, one can use it as a buffer layer to grow other complex systems and couple physical 

properties, including ferroelectricity, ferromagnetism and exotic optical properties. As an example, 

a self-assembled ordered three-phase Au-BTO-ZnO nanocomposite was successfully 

demonstrated as shown in Figure 8 by using BTO-Au as the buffer layer.5 Both BTO and ZnO 

grow epitaxially on STO (001) substrate while Au grows primarily along the [111] OP direction. 
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The cross-section STEM-EDS shows a mix of Au particles, capping the ZnO nanowires, as well 

as Au pillars, embedded in the BTO matrix (Figure 8b-d). In addition, the plan-view STEM-EDS 

mapping shows the ordered growth of both ZnO and Au phases. Such unique microstructure is 

achieved by a two-step template assisted growth. First, Au-BTO VAN is deposited which acts as 

a template for the subsequent BTO-ZnO VAN growth. Since, BTO is present in both the layers, 

ZnO preferentially gets deposited on top of Au pillars. Interestingly, Au and ZnO form a low 

melting point eutectic solution, which gives rise to the ZnO nanowires upon becoming 

supersaturated with ZnO. This mechanism is called the Vapor-Liquid-Solid (VLS) mechanism. 

Therefore, the ‘nanoman’-like structure is enabled by the combination of template-assisted VLS 

and two-phase epitaxy growth mechanisms. Such multi-phase structure opens new possibilities in 

design, growth and engineering of other systems towards increased control over light-electron-

matter interaction at the nanoscale. 
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Figure 8. Three-phase nanocomposite. (a) Comparison of the X-ray diffraction of the two-phase 
BaTiO3-ZnO, random three-phase Au-BaTiO3-ZnO and ordered three-phase Au-BaTiO3-ZnO 
nanocomposite thin films, (b) Cross-section STEM image and (c) the corresponding EDS 
elemental map of the Au-BaTiO3-ZnO nanocomposite, (d) HR-STEM image showing the interface 
between Au, BaTiO3 and ZnO, (e) Plan-view STEM image and (f) the corresponding EDS 
elemental map of the Au-BaTiO3-ZnO nanocomposite thin film.5 Reproduced with permission 
from Reference 5.
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4. Functionality

Oxide-metal nanocomposites enable a wide range of novel functionality by coupling the 

properties of metals and oxides. By combining appropriate oxides and metals, it is possible to 

couple electrical, magnetic and optical properties as illustrated in Figure 9. The Heckmann diagram 

helps to understand the coupling between the external stimuli, such as electric field (E) and 

magnetic field (H), with the associated materials properties such as oxide polarization (Pd), 

electronic polarization (Pe) and magnetization (M). The corresponding coupling coefficients are 

described by electric susceptibility (χe), optical susceptibility (χo), and magnetic susceptibility (χh), 

respectively. The coupled materials effects can be visualized using this Heckmann diagram. The 

three ends of the Heckmann diagram have been previously explored in self-assembled oxide-oxide 

based nanocomposite and have only been recently focused in the self-assembled oxide-metal 

nanocomposites. The choice of metal offers greater flexibility in terms of nanocomposite design 

for the functionality coupling. For example, a plasmonic metallic pillar in a ferroelectric matrix 

can be used to enhance the non-linearity of the ferroelectric, described by the electro-optic effects. 

Similarly, magneto-electric effects and magneto-optic effects can be achieved through coupled 

materials properties.91–94 Taking as a recent example, strong magneto-optic coupling via MOKE 

measurements has been demonstrated in Fe-Au-BTO VAN systems.95 The electro-optic coupling 

coefficient haven’t been directly measured as indicated by a faded line in the Heckmann diagram. 

The following section gives specific examples of nanocomposites that have been used to explore 

the application space as described by the Heckmann diagram.
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Figure 9. Heckmann diagram showing the multifunctionalities and coupling effects of the VAN 
structures

Figure 10 presents the optical end of the Heckmann diagram, showing the morphology, 

optical property and specific functionality for three different nanocomposites: Au-BTO, Au-BTO-

ZnO and Au-LiNbO3 (Au-LNO).5,8,41 All the three nanocomposites consist of plasmonic metal and 

a ferroelectric oxide as the metallic and oxide phases, respectively. Self-assembled two-phase Au-

BTO and three-phase Au-BTO-ZnO show VAN architecture as discussed earlier while Au-LNO 

show a PIM morphology. All the three systems show surface plasmon resonance in the visible 

wavelength regime due to presence of Au, resulting in an increased absorbance. The plasmonic 
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absorption peak shifts systematically, depending on the size of the Au pillar and NP. In addition, 

due to the highly anisotropic and ordered structure of Au-BTO VAN, its OP permittivity becomes 

negative in the near-infrared (NIR) wavelength regime while maintaining the positive IP 

permittivity (shown in Figure 10a3). Due to this inherent anisotropic permittivity, the 

nanocomposite behaves as a ‘metal’ in one direction and as a ‘dielectric’ in the other direction. 

Such functionality is described by the hyperbolic dispersion of the wavevectors, supporting the 

propagation of very high wavevectors through this hybrid material. Therefore, Au-BTO behaves 

as a hyperbolic metamaterial in the NIR wavelength regime. Interestingly, the presence of both Au 

pillars and particles, capping the ZnO nanowires, in the three-phase Au-BTO-ZnO, makes the 

‘nanoman’-like structure hyperbolic even in the visible wavelength regime. Such metamaterials 

can be used in range of exciting applications such as nanolithography, sub-diffraction imaging, 

and optical sensing the visible and NIR wavelength. Lastly, Au-LNO hybrid nanocomposite has 

been demonstrated as a tunable waveguide, being integrated on silicon, enabled by the vastly 

different refractive index of Si (nSi=3.3) and Au-LNO (nAu-LNO=2.23). The incorporation of Au 

NPs also enhances the non-linearity of LNO as evidenced by the increased second-harmonic 

generation (SHG) signal due to increased number of Au and LNO non-linear interfaces. Therefore, 

the plasmonic metal-dielectric hybrid materials offer interesting capabilities towards photonics 

device integration.
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Figure 10. Optical functionalities. Morphology, optical transmission and the specific functionality 
of (a1-a3) Au-BaTiO3, (b1-b3) Au-BaTiO3-ZnO, and (c1-c3) Au-LiNbO3 nanocomposite thin 
films.5,8,41 Reproduced with permission from Reference 5, 8, and 41.

Figure 11 presents the magnetic end of the Heckmann diagram, where the metallic phase is 

a ferromagnetic metal. Three different nanocomposite systems are shown: Ni-BZY, Co-BZO, and 

Page 26 of 45Materials Horizons



27

Fe-BTO, all having VAN structure.61,62,88 The magnetization panel compares the IP and OP 

magnetic hysteresis loops for the three systems. Typically, both structure anisotropy and 

Figure 11. Magnetic functionalities. Morphology, magnetization hysteresis and the specific 
functionality of (a1-a3) Ni-Ba(Zr0.8Y0.2)O3 (BZY), (b1-b3) Co-BaZrO3 (BZO), and (c1-c3) Fe-
BaTiO3 (BTO) nanocomposite thin films. 61,62,88 Reproduced with permission from Reference 61, 
62, and 88.
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magnetocrystalline anisotropy determine the anisotropic magnetization. Using a judicious 

materials selection, the IP and OP magnetization anisotropy can be appropriately tuned to have 

either stronger IP or OP magnetization as compared in Figure 11a2, 11b2, and 11c2. The inherent 

anisotropic structure of Ni-BZY gives rise to vastly different transport properties in the lateral and 

vertical direction as seen in Figure 11a3. The OP resistivity is low ranging from 2.5 to 6 Ohm cm 

due to presence of the metallic phase while the IP resistivity is extremely high due to the highly 

insulating BZY matrix. Such anisotropic transport properties can enable novel thermoelectric 

materials. The metal- oxide nanocomposite with a metallic ferromagnetic phase can be used in 

high density magnetic storage as seen by the IP magnetization texture of Co-BZO (Figure 11b3). 

The length and direction of the vectors represent the magnitude and orientation of the 

magnetization vector. These hybrid materials can be used in perpendicular recording media. 

Further, if the oxide is ferroelectric, then the nanocomposite can couple both the ferroic properties, 

resulting in a multiferroic material as shown by Fe-BTO (Figure 11c3). The Fe-BTO VAN exhibits 

both magnetic and polarization hysteresis loops, as well as the magneto-electric coupling making 

it a candidate for the multiferroic material.  

Figure 12 shows the nanocomposite systems near the electrical property end of the 

Heckmann diagram. Three different nanocomposite systems: Au-VO2, Au-TiO2 and Au-Li2MnO3 

(Au-LMO) are presented.4,74,78 As discussed earlier, Au-VO2 and Au-TiO2 show PIM morphology 

while Au pillars exist as tilted pillars in LMO matrix, deposited using oblique-angle PLD. The 

presence of the Au metallic phase helps tune the bandgap of the overall nanocomposite which 

further gets tuned based on the size of Au NP as seen in the tunability panel of Figure 12. For 

example, varying the deposition temperature from 600°C to 350°C, decreases the Au NP diameter 

from ~12nm to ~2nm in the case of Au-VO2 nanocomposite. Such a decrease in Au NP diameter 
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increases the bandgap from ~1.7 eV to ~2.1 eV. In addition, it also decreases the phase transition 

temperature of VO2 from 348K to 323.5K, thereby effectively tuning the phase change property. 

Similarly, decrease in the Au NP diameter upon decreasing the deposition temperature results in 

the reduction in the bandgap in Au-TiO2 nanocomposite, which enhances the overall photocatalytic 

activity. Further, the presence of tilted Au pillars in LMO matrix have shown to enhance the 

electrochemical performance of the thin film cathode (Figure 12c3). Such hybrid materials can 

find potential application in electrochromics, sensors, actuators, efficient photocatalysts, and in 

thin film batteries. In most of these systems, the electrical, magnetic and optical properties are 

measured independently and it’s challenging to directly measure the coupling coefficients between 

them. Therefore, more work needs to be done to explore these coupling effects in other 

nanocomposites. Thus, a careful selection of the metallic and oxide phase in the metal- oxide 

nanocomposite presents enormous opportunities for realizing next generation integrated electronic, 

magnetic and photonic devices. 
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Figure 12. Electrical functionalities. Morphology, tunable bandgap and the specific functionality 
of (a1-a3) Au-VO2, (b1-b3) Au-TiO2, and (c1-c3) Au-Li2MnO3 nanocomposite thin films. 4,74,78 
Reproduced with permission from Reference 4, 74, and 78.

5. Summary and Outlook

This review has summarized the recent progress in the self-assembled oxide-metal 

nanocomposites, their design criteria and their functionalities. Overall, oxide-metal 

nanocomposites offer unique advantages over oxide-oxide nanocomposites in terms of new 

functionalities and tunable microstructure. The nanoparticle size can be easily tuned in the PIM 
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design while the VAN architecture allows flexible tunability of the pillar dimensions. Effective 

strain compensation is the driving force behind the formation of highly spatially ordered VAN 

structure. Novel combined functionalities and anisotropic properties have been demonstrated, 

including ferroelectric, ferromagnetic and plasmonic properties covering all corners of the 

Heckmann diagram.

Regarding the future research directions, there are enormous amount of new oxide-metal 

nanocomposite candidates with novel functionalities to be explored. Some of the selected focused 

areas are: (1) Owing to the large possibilities of materials combinations, various oxide-metal VAN 

systems are yet to be explored that can enable different multifunctionalities. Figure 4 provides a 

guideline on materials selection for designing VAN systems based on the IP strain compensation. 

Highly spatially ordered structures can be achieved by careful materials selection which provide 

an important building block for metamaterial application. However, domain matching epitaxy 

should also be considered while exploring potential VAN systems. (2) Most of the nanocomposite 

thin film systems have been reported on specific oriented single crystal substrates such as STO 

(001), LaAlO3 (LAO) (001), Sapphire (0001), MgO (001) etc. Since these substrates are small and 

expensive, they are not ideal for scaling up and device integration. Therefore, interesting and 

potential systems should be grown on Si substrates or flexible substrates such as Mica with the 

aim of achieving device integration and novel properties with few recent success in oxide-metal 

nanocomposites, which can be integrated in Si-based devices or flexible electronics.96 (3) Further 

work is needed in the exploration of three-phase nanocomposite for achieving greater design 

flexibility. Materials selection can be done by examining the bulk ternary, quaternary, or pseudo-

binary phase diagrams for potential eutectic points or alloy formation. 
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