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Abstract

Two-phase nanocomposites have gained significant research interests because of their 

multifunctionalities, tunable geometries and potential device applications. Different from the 

prior demonstrated oxide-oxide 2-phase nanocomposites, coupling nitride with metal presents 

high potentials of building alternative hybrid plasmonic metamaterials towards chemical sensing, 

tunable plasmonics, and nonlinear optics. Unique advantages, including distinct atomic interface, 

excellent crystalline quality, large-scale surface coverage and durable solid-state platform, 

address the high demands in new hybrid metamaterial designs for versatile optical material 

needs. This review summarizes the recent progress on nitride-metal nanocomposites, specifically 

targeting bottom-up self-assembled nanocomposite thin films. Various morphologies including 

vertically aligned nanocomposites (VAN), self-organized nanoinclusions, and nanoholes 

fabricated by additional chemical treatment are introduced. Starting from thin film nucleation 

and growth, the prerequisites of successful strain coupling and the underlying growth 

mechanisms are discussed. These findings facilitate a better control of tunable nanostructures 

and optical functionalities. Future research directions are proposed, including morphological 

control of secondary phase to enhance its homogeneity, coupling nitride with magnetic phase for 

magneto-optical effect as well as growing all-ceramic nanocomposites to extend the 

functionalities and anisotropy.
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Introduction

     Nanocomposite thin films present a coupled thin film platform between two or more material 

components at nanoscale, in many cases, realized by bottom-up vapor deposition techniques.(1-3) 

Various nanocomposite thin film morphologies have been demonstrated including nanoparticles, 

multilayers and vertically aligned nanocomposites (VAN).(4-7) In particular, VANs have drawn 

great attentions recently because of their unique vertical nanostructures, versatile coupled 

functionalities, strong vertical strain couplings, and tunable anisotropic physical properties.(8-11) 

Some of the major advantages of the two-phase nanocomposites include the geometrical 

tunability and flexible materials selections. Growth parameters such as laser energy and 

frequency, background pressure, substrate temperature and post-deposition annealing have been 

demonstrated for tailored morphologies and 2-phase distributions.(9, 12-16) 

     In term of materials selections, much of the VAN work has been focusing on oxide-oxide 

demonstrations including BaTiO3 (BTO)-based,(17-18) BiFeO3 (BFO)-based,(19-20) La0.7Sr0.3MnO3 

(LSMO)-based(21-23) VAN systems. Recently, a new class of oxide-metal VAN has been 

demonstrated for enhanced anisotropic physical properties by coupling a functional metallic 

phase in the VAN structure. Specifically, plasmonic metal (e.g., Au, Ag, Cu) with very strong 

surface plasmon modes have been incorporated with oxides in VANs such as enhanced 

plasmonic resonance in BTO-Au, ZnO-AgxAu1-x, ZnO-Cu, their superior optical anisotropy, 

tunable geometries and compatibility for Si integration could be very useful towards novel 

nanophotonic applications.(24-31) Magnetic metal (e.g., Co, Ni, Fe) with strong spin polarization 

effect have been successfully integrated in oxides as well, such as magnetic anisotropy in 

BaZrO3 (BZO)-Co, tunable ionic conductivities in CeO2-Ni and enhanced magnetoresistance 

properties in BTO-Fe by coupling with functional layers such as YBa2Cu3O7-x or LSMO have 
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been demonstrated.(32-35) These novel nanostructures could be of great interest towards 

memristors, spintronics, and ultrafast switching devices.(36-39) 

     Considering the urgent needs of high temperature plasmonic and photonic nanostructures, 

another new class of VAN systems using nitrides as one of the nanocomposite phases has been 

demonstrated recently, including TiN-Au, TaN-Au, TiN-Ag, AlN-Au, AlN-Ag, TiN-AlN, etc.(40-

44) As an example, TiN is conventionally being used for superhard coating and diffusion 

barrier,(45-48) and is CMOS compatible for gate electrodes.(49) Recent studies suggest that TiN 

nanostructures exhibit comparable plasmonic properties to Au while much higher endurance to 

irradiation or thermal treatments.(50-52) Thus, nitride-based VANs have evolved as a new class of 

thermally stable, plasmonic and hyperbolic metamaterials. 

Part I: Prerequisites for nitride-metal nanocomposite growth

     Figure 1 plots the real part dielectric constant ( ) at the optical wavelength of 500 nm versus 𝜀1

the lattice parameter of the common nitride and metal candidates. The vertical dashed lines are 

lattice parameters of three substrate crystals including STO, MgO and -cut sapphire. As a model 𝑐

system, TiN could serve as an ideal candidate for plasmonic-based device applications under 

extreme conditions as well as a durable ceramic matrix that supports the growth of secondary 

phase. Different nanostructures composed of single-phase noble metals (i.e., Au, Ag) and TiN 

are shown in Figure 1 panel (A), where distinct features down to 100 nm can be patterned by 

lithographic method.(53-58) Two-phase heterostructures such as metal-metal hybrids (Au-Ag)(59), 

nitride-nitride multilayer (TiN-AlN)(6, 43) as well as nitride-oxide hybrid (TiN-VO2)(60) provide 

fruitful ideas and experiences for growing nitride-metal VAN thin films. As a comparison, the 

self-assembled thin films of nitride-metal VANs (Figure 1 C) compensate the lossy and unstable 

metal phase and bring engineerable plasmonic properties. Similar to the oxide-oxide 
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nanocomposite thin film growth,(1-2) the prerequisites of two constituent phases for achieving 

successful nitride-metal VANs include: (1) comparable crystal symmetry and lattice parameters 

at film interface and the film/substrate interface; (2) different nucleation energy or wetting 

properties, i.e., islanded growth for nanopillars and layered growth for matrix; (3) no chemical 

reaction or interdiffusion; (4) matrix phase participates at least 50% volume ratio of the 

composite target. 

     The nitride family can be categorized by the charge carrier density, i.e., semiconducting III-V 

nitrides such as AlN and GaN, metallic transition-metal-nitrides such as TiN and ZrN. Based on 

that, two nitride-metal nanocomposite configurations have been presented: (1) coupling 

transition-metal-nitride (e.g. TiN) with metal towards tunable plasmonics, enhanced durability 

and sensing applications; (2) coupling III-V nitride with metal towards extreme optical 

anisotropy or bandgap tuning. An overview of nitride-metal in Figure 1(C) with examples on 

tailoring density and tilting angles of the 2nd phase, nanohole processing are presented. In the 

following sections, we will review the recently reported nitride-based VAN systems and their 

unique morphologies (Part II). Different structures are demonstrated depending on the different 

nitride matrices selected. Tunabilities in terms of pillar density, distribution and angular tilting 

are summarized in Part III, and correlated with their novel optical properties (Part IV). Last, a 

recent demonstration of nanohole framework is presented based on further processing of the 

nitride-metal systems (Part V). Summary and future research perspectives will be discussed in 

Part VI. 

Part II: Three-dimensional strain, nucleation and growth 

2.1 Transition metal nitride - metal nanocomposites
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     The initial success of growing nitride-metal nanocomposites started with TaN-Au and TiN-

Au systems using the co-growth method of pulsed laser deposition.(42) From plan-view and cross-

section images (Figure 2a-d), Au nanopillars are distinctly and uniformly distributed vertically 

inside the nitride matrix, with an average diameter of 5 nm and inter-pillar distance of 10 nm. 

High crystallinity is revealed by cube-on-cube stacking of atomic plane along c-axis without in-

plane rotation or sub-diffraction peaks. Several factors including strain, nucleation energy and 

inherit material properties are intercorrelated and attributed to the formation of such self-

assembled nitride-metal VAN. Specifically, the lattice parameters of TaN (aTaN = 4.37 Å), TiN 

(aTiN = 4.24 Å), Au (aAu = 4.07 Å) and MgO substrate (aMgO = 4.21 Å) provide a close matching 

condition from three dimensions, i.e., at the nitride/metal boundary along vertical interface and at 

the film/substrate interface along horizontal interface (Figure 2e). As a comparison, Au 

nanopillars in TaN exhibit a more pronounced hexagonal in-plane ordering. In terms of surface 

energy, metals favor island growth mode while nitrides tend to follow the 2D layered growth 

mode. In most occasions, the self-assembly mechanism involves two steps (Figure 2f), formation 

of the seed layer as preferable mode and continuous growth of the VAN film. The differences in 

nucleation surface energy thus become crucial factors determining the pillar-in-matrix formation. 

One additional benefit of nitride-metal VAN is that compare to most oxides, transition-metal-

nitrides are rather stable against thermal, mechanical or irradiation treatments.

2.2 III-V nitride – metal nanocomposites

     The difference in crystal symmetry and lattice constant results in a change of growth scenario 

when coupling III-V nitride with metals.(44) For example, pure AlN (wurtzite) nucleates on top of 

c-cut sapphire (hexagonal) substrate shows an out-of-plane interfacial strain of ~14.25%, with 30

 rotated matching along c-axis (2i).(61-62) This posts challenges in integrating another cubic metal °
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phase such that the crystallinity and geometrical homogeneity could be affected by the strain. As 

a result, morphologies of AlN-metal (Au, Ag) two-phase nanocomposites appear as self-

organized metal nanoinclusions being embedded in nitride matrix, according to the STEM 

micrographs shown in Figure 2(g,h), but the overall crystallinity is maintained as highly 

textured.(44) Specifically, two-step growth stages have been involved. The initial 15 nm growth is 

highly strained where Au and Ag nucleate as ultrafine and ordered particles to partially release 

the strain energy at the AlN/sapphire interface. At the second stage, the interfacial strain is 

relaxed, which leads to the agglomeration of metal nanoinclusions depending on the surface 

energies and strain of the metal phase. As illustrated in Figure 2(i), both Au or Ag prefer the 

(111) nucleation considering their lowest surface energy as well as lattice matching with AlN.(63) 

2.3 Strain and surface energy affected growth morphology

     The three-dimensional strain evolved during the nanocomposite growth is critical in 

controlling the morphology and defects states, thus, identifying the interfacial strain at atomic 

scale helps to understand the underlying mechanism of the growth. As described earlier, the 

unique hexagonal pattern in TaN-Au is resulted from a strain compensation model, a balance 

between ~3.68% compressive strain at TaN/MgO interface and ~3.55% tensile strain at Au/MgO 

interface facilitate a well-spaced nucleation of Au nanopillars in the TaN matrix. It is proposed 

that the nucleation of Au follows the misfit dislocation cores at TaN/MgO interface. In general, 

both TaN-Au and TiN-Au grown on MgO substrates exhibit desirable matching conditions, and 

have been observed at in-plane (Figure 3a,c) and out-of-plane (b) directions. The perfect lattice 

matching helps minimize the surface and strain energies, providing stable templates for further 

processing such as chemical etching in producing TiN nanoholes.(64) The interface at TiN/Ag 

nanocomposite, on the other hand, is rather faceted and shifted along with the atomic plane 
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stacking (Figure 3d). Such morphology is resulted from a competition between thermal and 

kinetic energy. The tilting is facilitated by reduced growth rate which enables more aggressive 

adatom diffusion laterally and/or the exposure of low-energy surfaces. In most cases, the high 

kinetic energy of the pulsed laser dominates the growth and force the nanopillars to be aligned 

vertically.

Part III: Tailorable nanostructures and properties in nitride-metal VANs

3.1 Density tuning of metallic nanopillars in nitride-metal VANs

    TiN and Au are dissimilar materials and exhibit distinct optical properties at ultraviolet to 

near-infrared (UV-NIR) region. Thus, tuning the density of Au within TiN-Au platform becomes 

an intuitive way to control the charge carrier density and the dielectric function in the 

nanocomposites. In addition, the VAN structure could create strong anisotropy compare to pure 

TiN and Au thin films. Realizing density tuning of Au can be achieved by changing the volume 

ratio of Au within the composite target. The microstructures of as-grown TiN-Au VAN films 

with three different densities are displayed in Figure 4, where low density results in thinner and 

sparsely distributed Au nanopillars while high density results in broader and densely packed 

ones, the overall volume fraction is increased gradually from Figure 4(a-c).(40) The hybrid thin 

film surfaces can be considered as artificially built metasurfaces and the change of morphology 

affected by Au density bring tunable sensing capabilities. From cross-sectional images (Figure 4 

d-f), the nanopillars are vertically aligned with distinct interface, a cube-on-cube epitaxy is 

confirmed as shown in the selected area electron diffraction (SAED) patterns. Such high-quality 

growth of VAN is resulted from a near perfect lattice match at TiN/MgO interface (<1%). 
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     Explorations on fundamental optical properties presented in Figure 5 suggest tunable 

plasmonic resonance, charge carrier concentration, as well as anisotropic dielectric function. 

Surface plasmon resonance (SPR) of pure TiN and pure Au film are located at 375 nm and 500 

nm (Figure 5a), respectively. By increasing the density of Au within TiN matrix, a gradual red 

shift of the transmittance peak is revealed. Geometrical control in tuning the plasmonic 

resonance frequency has been extensively explored in chemically synthesized nanoparticles to 

improve the detection limit of the biosensors.(65-67) Here, the real part dielectric function (Figure 

5b) of TiN-Au VANs retrieved from a single-layer model reveals a gradual shift of plasma 

frequency ( ) with change of Au density, which is correlated with the tuning of charge carrier ωp

concentration. In general, TiN-Au VANs are less metallic compare to pure TiN or Au film, strain 

energy or scattering at TiN/Au interface could be the contributed factors. Interestingly, the fitted 

dielectric function into uniaxial tensors (Figure 5c,d) exhibit strong variations between ordinary 

( ) and extraordinary terms ( ), such anisotropy within nanocomposite composed of pure εo
1 εeo

1

plasmonic phases is owing to the unique pillar-in-matrix geometry and difference in carrier 

concentration of TiN and Au. The oscillations along c-axis ( ) can be correlated to the vertical εeo
1

strain coupling at TiN/Au. Achieving anisotropy and tunability within plasmonic platform is 

very interesting considering the impact of dielectric function or electromagnetic field distribution 

along vertical boundaries, building physical models using method such as ab initio would be 

important in understanding the atomic coupling at the nitride/metal interface.(68) 

3.2 Morphology tuning from three-dimensions in nitride-metal VANs

     Compare to the density tuning, achieving tilted nanopillar array within TiN matrix is much 

more challenging. Previous reports on tilted nanorod-like plasmonic nanostructures are limited to 

single-phase, techniques such as slanting angle deposition or nanolithography patterning but 
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exhibit certain limitations in terms of morphology control or output scale.(53, 69-71) The specific 

TiN-Ag VAN realizes such tilted nanopillar design due to the inherit thermodynamics of Ag as 

well as a careful control of growth parameters.(41) Figure 6 display three-dimensional 

microstructures of TiN-Ag nanocomposites with Ag nanopillars tilted at 0  (Figure 6a,d), 25  ° °

(b,e) and 50  (c,f). From the plan-view, a transition from rounded dots to elongated rods with °

increase of tilting angle is revealed, which is more obvious from the cross-sectional projections. 

Distinct pillar arrays are grown without interdiffusion or intermixing which indicates effective 

two-phase coupling between TiN and Ag. The SAED patterns further confirm the high 

crystalline nature of the hybrid films. The underlying mechanism is attributed to both 

thermodynamics and kinetics. While high kinetic energy of laser could dominate the vertical 

alignment of the ultrathin pillars, reducing the growth rate by increasing growth temperature 

and/or enlarging the substrate-target distance support longer resting time for adatom diffusion, 

thus allowing lateral shifting of adatoms to reduce the surface energy towards more thermally 

favorable growth state. The complementary effect includes the pillar diameter as well as the 

overall film thickness.

     Strong surface enhanced Raman scattering (SERS) and surface plasmon (SP) modes make Ag 

a more favorable than other metals for plasmonic sensing.(72) Taking advantage of the three-

dimensional anisotropic structure, TiN-Ag hybrid thin film platform has been demonstrated with 

angular selective reflectivity covering the entire UV-IR range.(41) The real measurements were 

conducted by collecting angular dependent reflectance spectra with sample rotated at 180 , °

namely, with light propagating facing (30  to 70 ) or along (-30  to -70 ) the tilted pillar ° ° ° °

interface as illustrated in Figure 7. At visible frequencies (Figure 7 a,b), such anisotropy is 

observed by the changes of the overall intensity as well as the sharpness of the resonance dip at 
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400 nm. The 2D electric field maps (insets of Figure 7a,b) retrieved at 420 nm indicate that a 

stronger SP resonance when light shining onto the tilted Ag, and reduced field intensity along the 

opposite direction that is caused by extinction or scattering at the TiN/Ag interface. The overall 

maximum reflectance is achieved at -30  incidence, which is also confirmed by the similar °

measurements conducted at infrared regime. Three selected wavelengths at 3 μm, 5 μm and 8 μm 

demonstrate the consistency of such angular selective response as indicated by the red arrows 

shown in Figure 7(c). Angular selectivity is crucial towards plasmonic nanoantenna designs, the 

tilted TiN-Ag nanocomposites have proved to be a promising candidate.(73-74) Towards more 

effective sensing, the inhomogeneity such as uniformity of the tilting direction as well as 

interpillar distances can be improved, more investigations on growth parameter control and/or 

template assisted ordering by additional treatment are interesting to explore.(75-76) 

Part IV. Versatile functionalities demonstrated in Nitride-Metal VANs

     The nitride-metal VANs are multifunctional and can be further incorporated with other 

nanostructures towards complex designable metamaterials and devices. Preliminary explorations 

have demonstrated multifunctionalities including thermal and mechanical durability, surface 

plasmon enhanced sensing, as well as nonlinearity. These demonstrations could open a plethora 

of design opportunities since the development of nitride-metal nanocomposites is still in their 

early stage. New physics phenomena (e.g. quantum plasmonics) and functionalities potentially 

involved should be further understood upon future experimental explorations and modeling.(77-79) 

4.1 Mechanical and thermal stability

     Metals such as Ag, Al or Cu are mechanically soft and could be easily degraded or reacted 

upon mechanical or thermal fluctuations. Such instability issues could be resolved partially by 
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designing hybrid nanostructures such as core-shell nanoparticles. Protecting unstable core using 

more stable candidates like Au, graphene have been reported to enhance the overall stability and 

signal-to-noise ratios of SERS detection.(59, 67, 80-81) Similarly, VANs could be ideal in terms of 

embedding the metallic nanowire or nanopillar array within a mechanically strong matrix. 

Compared to the reported oxide-metal designs, applying robust nitrides as the host matrix is 

more effective in preventing interdiffusion or chemical reaction. As demonstrated in the TiN-Ag 

VAN system,(41) both elastic modulus and hardness values (Figure 8a-b) are comparable to those 

of pure TiN film, which is a surprising enhancement considering the soft Ag and the rule-of-

mixture hardness of TiN-Ag nanocomposites. In the presented study, thermal stability was tested 

both ex-situ and in-situ, results shown in Figure 8(c) present the in-situ emittance spectra 

measured at three temperatures, and the microstructure (inset) after heating exhibits high 

crystallinity without obvious morphological change. 

4.2 Surface plasmon enhanced sensing

     The nitride-metal VANs provide a unique morphology that the metal nanopillars protruded 

onto the surface could be highly functional for chemical detection or biomedical sensing, taking 

advantage of the SERS effect. To this end, Raman scattering (Figure 8d,e) measured in TaN-Au 

and TiN-Au VANs demonstrate significant enhancement of the signal over the entire 

measurement range compare to the pure TaN and TiN thin films.(42) The strong localized surface 

plasmon resonance (LSPR) modes of the protruded Au nanopillars act as active resonance center 

to enhance the electric field. These active nanoresonators can be utilized for effective detection 

of the chemical bonds. As demonstrated by Wang et al.,(40) chemical treatment at the thin film 

surface enables attachment between Au and the target analytes. In this case, the -OH stretching 

from methanol located at near 3000 cm-1 is effectively detected. Furthermore (data not shown), a 
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set of surface cover-recover process using 3-mereaptopropionic acid (MPA) functionalization 

was conducted to demonstrate that such detection comes primarily from Au instead of TiN, 

which shows a density dependency. Comparison between these TiN-Au to colloidal liquid-based 

nanoparticles suggest the high sensitivity of TiN-Au VANs possibly contributed by the 

uniformly distributed nanopillars. Additionally, these solid-state templates are reusable and more 

robust against chemical treatments compare to liquid-based samples. 

4.3 Nonlinearity demonstrated in nitride-metal VANs

     Nonlinear plasmonics generally describe the anharmonicity of electromagnetic field, 2nd and 

3rd order nonlinearities are of special importance towards ultrafast switching and wave 

manipulations.(82) Second and third harmonic generation (SHG) has been reported in TiN 

nanoantennas.(58, 83) For continuous nitride films, only weak nonlinearity has been detected that is 

correlated to the strain induced lattice distortions. Nitride-metal nanocomposites generates non-

centro-symmetry within the structure such that the SHG signals of output polarization at 0  and °

90  in TaN-Au show dramatic enhancement compare to the pure TaN film (Figure 8 g,h). °

Similar response has been observed in the 50  tilted TiN-Ag nanocomposites (Figure 8i). Factors °

could be related to the alignment of the nanopillars as well as the strained coupling at the 

pillar/matrix interface. Such nonlinearity property observed in nitride-metal VANs with both 

centro-symmetry phases, suggests the inversion symmetry breaking based on the vertical strain 

coupling and lattice distortion in the VANs. Further understanding the mechanisms through 

modeling efforts could be of great interests. 

Part V. Beyond nitride-metal nanocomposites

5.1 Large-scale fabrication of nitride-based nanoholes
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     Taking advantage of the high-quality TiN-Au VANs and high chemical inertness of TiN, 

additional processing using chemical etching can selectively etch away Au nanopillars and leave 

the robust TiN as a large-scale nanohole template.(64) A similar treatment in producing porous 

oxide template has been demonstrated in a oxide-oxide VAN by water dissolution of one 

phase.(84) Compare to the previous demonstrations using lithographic patterning, colloidal or 

alumina template assisted coating and nanoimprinting method,(85-88) this unique nanohole 

fabrication method presents multiple advantages including large-scale throughput, sub-10 nm 

feature size, superior hardness and chemical inertness. It is also interesting to note that the 

etching process can be stopped half way or fully etched as shown in Figure 9(a-f).(64) Sharp 

features with diameter of 6 nm are visualized, and the nanoholes maintain the distinct 

morphology without being damaged upon strong acid etching. As introduced, the removal of Au 

induces a strong in-plane relaxation thus the selection of MgO substrate is crucial to minimize 

the interfacial strain and avoid stress induced lattice distortion upon chemical etching. 

     Plasmonic nanoholes generate extraordinary optical transmission (EOT) and surface plasmon 

(SP) modes that can be applied for microfluid sensors.(89-93) Specifically, the strong SP modes 

compare TiN nanohole with TiN-Au VAN show significant enhancement of electric field 

localization (Figure 9g). As the Au nanopillars being replaced by “air holes”, a strong optical 

anisotropy is generated which becomes more pronounced at higher wavelengths (> 1500 nm). 

Interestingly, these nanoholes are capable to absorb small droplets (nanocapillary effect) of 

liquid and the edges of nanohole interface is extremely sensitive to the local change of refractive 

index (Figure 9i), with resulted specular shift per refractive index unit (RIU) of 127.43 and 

258.86 nm, respectively. Moreover, TiN nanoholes as periodic nanocavities or defect sites would 

affect the crystallization process of the 2D perovskite nanoplates nucleated on top. Enhanced 
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photoluminescence (PL) signal and new peaks are generated as a result of defective surface 

topology offered by the nanohole plasmonic metasurface (Figure 9j). The underlying mechanism 

is rather sophisticated, but the presented work demonstrates the novelty of the fabrication 

towards potential applications of plasmonic sensing.

Part VI: Summary and future perspectives

6.1 Summary 

     Based on above review, nitride-based VAN systems have presented as a new VAN family 

coupling the unique structural and physical properties of nitrides with plasmonic metals. Besides 

the novel optical properties presented by the nitride-based VANs, the growth and morphology of 

nitride-metal nanocomposites also allow a better understanding on growth mechanisms and 

interfacial coupling at atomic resolution for VANs. Such understanding helps realizing tailorable 

geometries and bring new design possibilities using this bottom-up thin film growth approach. 

The advantages including good epitaxial quality, large-scale throughput and sub-10 nm feature 

size are not easily obtained in existing fabrication methods such as lithographic patterning or 

porous templated growth. Realizing controllable nanostructures is very attractive towards tunable 

plasmonics and metamaterial designs, preliminary demonstrations on optical anisotropy, tunable 

carrier density, chemical bonding detection, thermal and mechanical durability all present high 

potential for plasmonic metamaterial-based applications such as sensing, nonlinear optics, high-

temperature plasmonics, and nanophotonic chips. Future studies in the areas of improving the 

periodicity or homogeneity of the nitride-metal nanocomposites, coupling nitrides with alloyed 

or magnetic metals, and all-ceramic nanocomposites could be valuable to explore as outlined 

below.
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6.2 Precise morphology control

     As most of the nanocomposites are grown via a self-assembly process, one of the main 

challenges for VAN growth is achieving periodicity or ordering between the two constituent 

phases. Effective manipulation over wavefront (e.g. polarization and refraction) requires specific 

design parameters, i.e., the distance and shape of nanoresonators.(94-95) Thus, minimizing 

inhomogeneity, such as packing distance, dimension, or the tilting angles, could have major 

impacts on the resonance wavelength, detection sensitivity, and angular selectivity. Improving 

the periodicity requires more careful control over strain and crystal symmetry of the material 

candidates or using additional treatments to facilitate the ordering. Specifically, either using 

lithography to pattern periodic “defect” sites for directed nucleation, or using templated 

substrates has been demonstrated as an effective way to achieve ordered oxide-oxide VAN 

growth.(75-76) These methods can be implemented for nitride-metal growth to achieve ordered 

growth. 

6.3 Incorporating magnetic metals and alloys

    Towards magnetic data storage, ultrafast switching and spintronic devices, magnetic metals, 

bottom-up growths coupling Co, Ni nanopillars with BZO or CeO2 have already been 

demonstrated, showing the strong magnetic anisotropy and enhanced ferromagnetism affected by 

the vertically alignment of the magnetic nanopillars. Magnetic nanowires grown in porous 

alumina template have demonstrated the unique magneto-optical (MO) coupling and Kerr 

effect.(39, 96) Compare to oxide templates, TiN is paramagnetic and serves as a durable matrix 

since metals like Co or Ni are not as stable as Au when grown under high temperature. 

Plasmonic enhancement of magnetic spin polarization could be possible as TiN is supporting 

strong SP mode. 
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6.4 Metal-free ceramic-ceramic nanocomposites

     Aside from the instability issue, metamaterials involving metallic components are always 

lossy at optical frequencies.(97) Compensating the losses using gain media or engineering the 

geometry of design and developing better plasmonic candidates to replace metals have been 

proposed as effective solutions.(52, 98) It could be possible to use all-ceramic candidates with 

dissimilar properties such as the carrier density and mobility.(99) TiN or doped oxides (e.g. ITO, 

ZnO) have been demonstrated as promising alternative plasmonic candidates,(100-101) 

incorporating those with another ceramic phase as VANs could be challenging but can possibly 

be realized via careful growth control. Very recently a new ceramic-ceramic hyperbolic 

metamaterial of NiO-TiN VANs has been demonstrated. NiO is semiconducting and weak 

ferromagnetic phase filling as tunable nanorods array, and enables hyperbolic transitions and 

plasmonic enhanced spin polarization (MO) effect.(102) The new nitride-based ceramic-ceramic 

hybrid material designs could open up enormous opportunities in new plasmonic and optical 

material designs, and thus worth further exploration. 
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Figure 1. Lattice parameter versus 1 plot of metals and nitrides. (A) Past achievements in metal ε
and TiN nanoplasmonics.(53-58) Reproduced with permissions, ref. 55, Royal Society of 

Chemistry, copyright 2015, ref. 57, John Wiley and Sons, copyright 2014. (B) Examples on two-
phase hybrid plasmonics.(43, 59-60) Reproduced with permissions, ref 59, John Wiley and Sons, 
copyright 2015, ref 60, John Wiley and Sons, copyright 2018. (C) Schematic illustration on 

nitride-metal nanocomposites, tailorable and designable geometries.(40-41, 64) Reproduced with 
permissions, ref. 41, John Wiley and Sons, copyright 2018, ref. 64, John Wiley and Sons, 

copyright 2020.
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Figure 2. (A,B) TaN-Au and TiN-Au VANs.(40, 42) (a,b) STEM micrographs of TaN-Au VAN. 
(c,d) STEM micrographs TiN-Au VAN. (e) Lattice parameters and crystal symmetries of Au, 

TiN, TaN and MgO. (f) 2D illustration of TiN/TaN-metal VAN growth. (C) Wurtzite AlN-metal 
nanocomposites. (g) AlN-Au STEM micrograph and corresponding SAED patterns from <11

00>.(44) Reproduced with permission, AIP Publishing, copyright 2019. (h) AlN-Ag STEM 
micrograph and corresponding SAED patterns from <1 00>. (i) Crystal symmetry and lattice 1

parameter of Au, AlN and Al2O3. (j) 3D illustration on two-step growth of AlN-metal 
nanocomposites.
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Figure 3. HRSTEM micrographs at nitride/metal interfaces. (a,b) Plan view and cross-sectional 
images of TiN-Au VAN.(64) (c) Plan view image of TaN-Au VAN.(42) (d) Cross-sectional image 
of tilted TiN-Ag nanocomposite.(41) Reproduced with permission, ref. 41, John Wiley and Sons, 

copyright 2018.
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Figure 4. TiN-Au VANs with tailored Au density. (a-c) Plan view and (d-f) cross-sectional TEM 
micrographs of three TiN-Au VANs with gradual change of Au volume fraction.(40)
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Figure 5. TiN-Au with tunable optical properties. (a) Transmittance spectra of TiN-Au VANs as 
well as pure TiN and Au films. (b) Real-part dielectric function of five samples, inset shows the 

zoomed image of plasmon frequency. (c,d) Ordinary and extraordinary real-part dielectric 
function retrieved from uniaxial model.(40) 
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Figure 6. Microstructure of TiN-Ag nanocomposites with tailored tilting angles of Ag 
nanopillars. (a-c) Plan view TEM and (d-f) cross-sectional STEM micrographs, insets show the 
diffraction patterns and EDX mapping.(41) Reproduced with permission, John Wiley and Sons, 

copyright 2018.
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Figure 7. Angular reflectance selectivity of tilted TiN-Ag at UV-infrared regime. (a,b) Angular 
dependent optical reflectance spectra measured at two different sample alignment with 180  °

rotation. Insets show the electric field distribution and illustrations. (c) Polar plots at 3, 5, 8 μm 
showing angular dependence of reflectance intensity.(41) Reproduced with permission, John 

Wiley and Sons, copyright 2018.
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Figure 8. Multifunctionalities of nitride-metal nanocomposites, including (A) mechanical and 
thermal stability, (B) surface plasmon enhanced sensing, (C) nonlinearity. (a-c) Elastic modulus, 
hardness and high-temperature emittance spectra of TiN-Ag nanocomposite, inset of (c) shows 

the microstructure after thermal treatment.(41) (d-e) Raman spectra collected on TaN-Au and 
TiN-Au VANs.(42) (f) Fourier-transform infrared spectroscopy (FTIR) spectrum of chemical 

treated TiN-Au surface.(40) (g-h) SHG signals of p-output and s-output directions measured for 
TaN-Au VAN.(42) (i) p- and s-output SHG signal of TiN-Ag nanocomposite thin film.(41) 

Reproduced with permission, ref. 41, John Wiley and Sons, copyright 2018.
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Figure 9. Large-scale plasmonic TiN nanoholes.(64) Reproduced with permission, John Wiley and 
sons, copyright 2020. (A) Microstructure. (a-f) Illustrations and real STEM and EDX images of 
TiN-Au (before etching), half-way etched nanohole, and the TiN nanohole (after etching). (B) 
Sensing and functionalities. (g) Electric field mapping before and after etching. (h) Dielectric 
function of TiN nanohole film. (i) Transmittance spectra with changing of refractive index. (j) 
Photoluminescence spectra of 2D perovskite nanoplates coupling with TiN nanoholes, pure TiN 
and TiN-Au thin film. 
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Self-assembled Nitride-metal nanocomposites offering flexible geometrical control and tunable 
functionalities towards metamaterial design and nanophotonic devices.
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