
LA-UR-19-29818 (Accepted Manuscript)

Self‐Assembled Ag–TiN Hybrid Plasmonic Metamaterial: Tailorable
Tilted Nanopillar and Optical Properties

Chen, Houtong; Wang, Xuejing; Jian, Jie; Zhou, Zhiguang; Fan, Cuncai;
Dai, Yaoming; Li, Leigang; Huang, Jijie; Sun, Jianing; Donohue,
Andrea; Bermel, Peter; Zhang, Xinghang; Wang, Haiyan

Provided by the author(s) and the Los Alamos National Laboratory (2020-01-27).

To be published in: Advanced Optical Materials

DOI to publisher's version: 10.1002/adom.201801180

Permalink to record: http://permalink.lanl.gov/object/view?what=info:lanl-repo/lareport/LA-UR-19-29818

Disclaimer:
Los Alamos National Laboratory, an affirmative action/equal opportunity employer, is operated by Triad National Security, LLC for the National
Nuclear Security Administration of U.S. Department of Energy under contract 89233218CNA000001.  By approving this article, the publisher
recognizes that the U.S. Government retains nonexclusive, royalty-free license to publish or reproduce the published form of this contribution, or
to allow others to do so, for U.S. Government purposes.  Los Alamos National Laboratory requests that the publisher identify this article as work
performed under the auspices of the U.S. Department of Energy.  Los Alamos National Laboratory strongly supports academic freedom and a
researcher's right to publish; as an institution, however, the Laboratory does not endorse the viewpoint of a publication or guarantee its technical
correctness. 



 

 

 

This is the author manuscript accepted for publication and has undergone full peer review but has not 

been through the copyediting, typesetting, pagination and proofreading process, which may lead to 

differences between this version and the Version of Record. Please cite this article as doi: 

10.1002/adom.201801180. 

 

This article is protected by copyright. All rights reserved. 

 

 

Self-assembled Ag-TiN Hybrid Plasmonic Metamaterial: Tailorable Tilted Nanopillar and Optical 

Properties 

 

Xuejing Wang1, Jie Jian1, Zhiguang Zhou3, Cuncai Fan1, Yaomin Dai4, Leigang Li1, Jijie Huang1, Jianing 

Sun5, Andrea Donohue5, Peter Bermel3, Xinghang Zhang1, Houtong Chen4 and Haiyan Wang1, 2* 

 

1Department of Materials Engineering, Purdue University, West Lafayette, Indiana 47907, USA 

2Department of Electrical and Computer Engineering, Purdue University, West Lafayette, Indiana 

47907, USA 

3Birck Nanotechnology Center, Purdue University, West Lafayette, Indiana 47907, USA 

4Center for Integrated Nanotechnologies, Materials Physics and Applications Division, Los Alamos 

National Laboratory, Los Alamos, NM 87545, USA  

5J.A. Woollam Co., Inc. 645 M Street, STE 102, Lincoln, NE 68508, USA 

 

 

https://doi.org/10.1002/adom.201801180
https://doi.org/10.1002/adom.201801180
https://doi.org/10.1002/adom.201801180
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadom.201801180&domain=pdf&date_stamp=2018-12-03


 

  

 

This article is protected by copyright. All rights reserved. 

2 

 

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

Abstract 

Key challenges limiting the adoption of metallic plasmonic nanostructures for practical devices 

include structural stability and the ease of large scale fabrication. Overcoming these issues may 

require novel metamaterial fabrication with potentials for improved durability under extreme 

conditions. In this work, we report a self-assembled growth of a hybrid plasmonic metamaterial in 

thin-film form, with epitaxial Ag nanopillars embedded in TiN, a mechanically strong and chemically 

inert matrix. One of the key achievements lies in the successful control of the tilt angle of the Ag 

nanopillars (from 0° to 50°), which is attributed to the interplay between the growth kinetics and 

thermodynamics during deposition. Such an anisotropic nature offered by the tilted Ag nanopillars in 

TiN matrix is crucial for achieving broadband, asymmetric optical selectivity. Optical spectra coupled 

with numerical simulations demonstrate strong plasmonic resonance, as well as angular selectivity in 

a broad UV-visible to near-infrared regime. The nanostructured metamaterials in this work, which 

consist of highly-conductive metallic nanopillars in a durable nitride matrix, have the potential to 

serve as a novel hybrid material platform for highly-tailorable nanoscale metamaterial designs, 

suitable for high temperature optical applications.  

 

Key words: hybrid plasmonic, tilted Ag nanopillars, angular selectivity, optical anisotropy, thermal 

stability. 
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Introduction 

Metamaterials as plasmonic nano-resonators with novel functionalities are attractive for various 

device applications including nano-photonic circuits, bio-medical sensing, plasmon-enhanced 

photocatalysis and photovoltaics.[1-14] Through tailoring material or/and geometrical parameters of 

such nanostructured building blocks, light-matter interactions can be manipulated for selective 

responses. From geometrical perspective, nanopillar or nanowire become favorable candidates 

owing to their three-dimensional tunability and optical anisotropy, which functions as 

“nanoantenna” for highly sensitive energy harvesting, photodetection, or light selectivity in terms of 

angular, frequency, or polarization.[15-18] From the material perspective, metal-based plasmonic and 

optical nanostructures (gold (Au), silver (Ag), aluminum (Al) and copper (Cu)) have drawn a great 

deal of attention because of their strong surface-enhanced Raman scattering (SERS) and surface 

plasmon modes (SPs) which range from visible to near-infrared (Vis-NIR) [11, 19-22] Variable patterned 

nano-resonators (e.g. nanoprisms, nanorods, nanohole arrays and single nanoparticle) have been 

demonstrated for improved resolution and signal-to-noise ratios for localized surface plasmon 

resonance (LSPR) spectroscopy.[23-28]  

 

In parallel, challenges remain in the plasmonic metamaterials, namely long-term durability and ease 

of fabrication. On one hand, metals such as Ag, Al and Cu experience poor thermal stability and fast 

chemical reactions upon thermal fluctuations. Furthermore, potential inter-diffusion at metal-matrix 

(i.e. oxides, semiconductor) interface deteriorates device sensitivity at high temperatures.[24, 29-30] 

One effective approach is the design of hybrid plasmonic nanostructures such that the unstable 
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phase can be embedded or covered with a durable material. Examples such as Ag/Au core-shell 

nanoparticles, Ag/AgS2 nanoprisms or Ag/graphene fishnet hybrids have been designed to enhance 

the overall stability and signal-to-noise ratios of SERS signals.[24, 29, 31-33] On the other hand, existing 

metamaterial fabrication techniques such as e-beam lithography (EBL) or focused ion-beam (FIB) 

techniques are time consuming for nanoscale geometries. Beam damage and limited patterning 

scale are also concerns to the fabrication of high quality and large-scale photonic devices. 

Alternative methods such as anodized alumina template and seeded growth are capable of 

producing epitaxial nanopillars/nanoparticles, but have limitations in material and morphology 

selections.[2, 34-36] Recent demonstrations on the two-phase nanocomposite growth using physical 

vapor deposition techniques open up more possibilities in fabricating high quality, large scale 

metamaterials.[37] 

 

In this work, we report a novel nanoscale metamaterial system that composes of tilted Ag 

nanopillars in a titanium nitride (TiN) matrix, grown as hybrid thin film form. The three-dimensional 

Ag-TiN framework is illustrated in Figure 1. Here, we highlight the structural tunability in terms of 

pillar tilting angle, which can be tailored by precise growth control. Different from oblique angle 

deposition which produces mostly single-phase tilted nanorods,[3, 38-39] this one-step deposition 

method achieves the self-assembly of two-phase hybrid materials with high epitaxial quality and 

high density nanopillar assemblies approaching deep subwavelength scale (<10 nm), which is very 

challenging for the current fabrication techniques. Such tilted geometry presents enormous 

opportunities in achieving optical anisotropy and angular selectivity. In addition, compare to 

patterned metallic nanostructure or metasurfaces,[3, 30, 36] the robust TiN matrix serves as a barrier 

against diffusion and surface chemical reaction for Ag, and provides overall mechanical integrity. 



 

  

 

This article is protected by copyright. All rights reserved. 

5 

 

Detailed studies of the physical properties have been performed, which include specular reflectance 

and dielectric measurements from ultra-violet (UV) to infrared (IR) region, thermal and mechanical 

tests, along with a complete microstructural analysis to correlate the optical responses with the tiled 

Ag nanopillar geometries.  

 

Results and Discussion 

A set of Ag-TiN hybrid thin films were deposited following the structure designs as illustrated in 

Figure 1, where the embedded Ag nanopillars are tilted (I) 0°, (II) 25° and (III) 50°, respectively. Such 

tilting is achieved by precision growth control discussed below. To confirm the tilting pillars and the 

overall film morphology, plan-view TEM study was conducted and the images are presented in 

Figure 2 (a-c) for all three samples. Upon increasing the tilt angle from 0° to 50°, the top projections 

of Ag nanopillar assemblies change from round to elongated shapes. With comparable Ag densities 

controlled for all samples, the metasurface affected by Ag tilting geometries could effectively change 

the surface plasmonic resonances (SPRs), to be discussed in later sections. The corresponding cross-

sectional STEM images of different tilting configurations are shown in Figure 2 (d-f), in which distinct 

Ag nanopillars are clearly identified with a uniform distribution and tilt angle for each case. Selected 

Area Electron Diffraction (SAED) patterns taken from the <100> zone axis (inset images) confirm 

high-quality epitaxy, as well as a cube-on-cube matching of (002) atomic planes of Ag and TiN on 

magnesium oxide (MgO) substrates. Energy-dispersive X-ray spectroscopy (EDS) mappings of Ti 

(green) and Ag (red) are shown as insets in Figure 2 (d, f), which clearly confirm the growth of Ag 

nanopillars in a TiN matrix with very clean interfaces and without obvious intermixing. Based on the 

(S)TEM results, detailed quantifications including nanopillar dimensions and tilting angles are 
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summarized in supplementary document, correlated to three deposition rates. Results indicate that 

lower deposition rate increases the tilting angle and broadens the nanopillar dimension slightly, 

meanwhile the nanopillar lengths remain comparable even though the overall film thickness is 

reduced. 

 

In parallel, X-ray diffraction (XRD) was collected to confirm the film crystallinity from a large area. 

The θ-2θ scans of three hybrid films and a pure TiN film are shown in Figure S1 (see supplementary 

information). The growth orientation is identified as (002) Ag || (002) TiN || (002) MgO for the Ag-

TiN hybrid films. Peak positions are identified as 2θTiN = 42.60°, 2θAg = 44.283°, 2θMgO = 42.916°, 

which match well with all the peak positions of the bulk counterparts. Close lattice matching 

between MgO (aMgO = 0.421 nm) substrate and TiN (aTiN = 0.424 nm) provides a desired epitaxial 

template for the growth of Ag nanopillars, evidenced by the dominated Ag (00l) peaks without any 

other orientations. Compare to pure TiN, the two phase heteroepitaxial Ag-TiN results in a slightly 

broadened (002) TiN peak, which could be related to the vertical coupling at Ag/TiN interface or 

minor variations on TiN stoichiometry at the interfaces. Overall, the films maintain high quality and 

very smooth surface as seen from the satellite peaks of (002) TiN. A phi (ϕ) scan of Ag-TiN hybrid 

film (Figure S1b) demonstrates a four-fold symmetry of the film, and excellent in-plane alignment, 

with cube- on-cube matching for all the phases. Successful tilted growth of Ag-TiN hybrid film is also 

achieved on c-cut sapphire substrate, with the growth orientation as (111) Ag || (111) TiN || (0001) 

sapphire based on XRD (Figure S1c). The corresponding STEM images (Figure S1d) demonstrate well-

ordered nanopillar assembly achieved on sapphire as compared to films grown on MgO substrate.  
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Both (S)TEM and XRD results confirm the preferred growth orientation of (002) Ag nanopillars. To 

explore the growth mechanism for the tilted nanopillars, high resolution STEM was performed on 

the 50° tilted Ag-TiN/MgO hybrid film from three dimensions, as illustrated in Figure 3 (top center). 

Cross-sectional STEM images taken from the <100> zone axis are shown in Figure 3 (a-b). The Ag 

nanopillars growth experiences two steps: the initial nucleation (marked in the yellow box in Figure 

3a) and the subsequent tilted growth. For the first few atomic layers, Ag adatoms stack vertically on 

top of each other. After the initial nucleation, the Ag adatoms continuously shift to the left while 

maintaining the (002) atomic stacking along the c-direction, resulting in the tilted nanopillar 

morphology. Inversed Fourier Transformed images (IFFT) (Figure 3 c-d) of Ag/TiN phase boundary 

indicate strained interface with few misfit dislocations along in-plane and out-of-plane directions, 

which is also proven by the atomic resolution Ag/TiN from the top projection (Figure 3e). When 

viewed from the orthogonal <010> zone axis (Figure 3f), the nanopillars appear to be mostly 

vertically aligned. Minor contrast variations across the length of the Ag nanopillar indicate the 

“vertical pillar” is tilted inward, which is in the projection of [010] as illustrated. Therefore, the self-

assembled 50° Ag nanopillar assembly has been demonstrated from a three-dimensional 

perspective. 

 

The underlying mechanism of this self-assembled tilting geometry is attributed to the competition 

between growth kinetics and thermodynamics. On one hand, high kinetic energy of PLD method 

allows fast thin-film deposition and facilitates the Ag nanopillars to grow vertically along the primary 

growth direction. With a nearly-perfect lattice matching between TiN and MgO, Ag prefers to grow 

as epitaxial (00l). Such pillar-in-matrix nanostructures are realized by the difference in surface 

energies, i.e., Ag has higher surface energy and thus nucleates in the Volmer-Weber (VW) island 
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growth mode, and TiN nucleates as Stranski-Krastanov (2D + 3D) mode, both on oxides.[40] Under a 

high growth rate (upper pane of Figure S2), the Ag and TiN adatoms grow and nucleate effectively as 

vertical columns with limited time for adatoms diffusion on the substrate surface, leading to 

vertically aligned nanopillars. Thus Ag nucleus appears fine and densely packed as observed from 

Figure 2 (a). On the other hand, when the growth rate reduces (lower pane of Figure S2), the 

adatoms diffusion along the lateral direction is enabled by a longer resting time, searching for a 

thermodynamically favorable state of growth; thus, larger nuclei and lateral tilting of the pillars 

become possible. Here, the growth of the hybrid Ag-TiN film starts from a thin layer of TiN to 

minimize the lattice mismatch strain in the initial growth stage, considering the nearly perfect 

matching between TiN and MgO substrate. Thus a very thin layer of TiN (1 ~ 4 nm) is formed at the 

interface. It is noted that the initial TiN layer thickness is affected by overall growth rate as well, i.e., 

under a low rate, this layer tends to grow thicker before the Ag adatoms diffuse and form stable 

nucleus. After the initial nucleation process, the TiN growth is suppressed by the tilted growth of Ag 

nanopillars, leading to an overall thinner film as compared to the higher deposition rate ones. 

Comparing the surface energies of different Ag crystallographic planes, (111) is the lowest among 

(100), (110) and (111).[41] This low-energy plane has the tendency to be exposed to minimize surface 

energy for low growth rates, which in turn results in tilted growth that remains the [001] stacking 

orientation. While the overall kinetic energy is largely determined by the laser energy, the degree of 

tilting is primarily controlled by fine tuning of the parameters affecting deposition rate. Compared 

with 0° and 25° tilting geometry shown in Figure 2, the 50° tilting reaches to a relative 

thermodynamic stable state. Note that the inhomogeneity in the hybrid materials (i.e. nanopillar 

diameter, nucleus density) is inevitable when tailoring the tilting angle parameters. In this study, the 
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optical property is mainly focused on the angular dependent (anisotropic) light-matter interactions 

such that the dimension effect can be minimized. 

 

Optical measurements on Ag-TiN hybrid thin films demonstrate a variable spectrum response by 

tailoring the Ag nanopillar geometry. Optical reflectance and transmittance spectra of pure TiN, 0° 

tilted and 50° tilted Ag-TiN thin films samples were collected under a normal incident depolarized 

light. The absorptance spectrum is retrieved from reflectance as A(λ) = 1 - R(λ), since transmittance 

is negligible, and a Lorentz function is applied to split the peaks. The results are shown in Figure 4 

(a). Pure TiN film (85 nm) (in grey curve) exhibits plasmonic behavior, with an absorptance peak 

located at 374 nm. For Ag-TiN hybrid structures (blue and orange curves), two separate peaks are 

noted. To correlate the peak positions of the two phases, COMSOL Multiphysics Wave Optics Module 

was applied to simulate the optical spectra and the corresponding electric field map. Parameters 

such as film thickness, pillar dimension as well as the inter-pillar distance are comparable to (S)TEM 

results. In order to identify peak positions, pure Ag and TiN spectra were simulated individually, from 

which it is confirmed that the left (~ 350 nm) and right (~ 374 nm) resonance peak (Figure 4a) 

belongs to Ag and TiN phase, respectively. A careful comparison on peak positions reveals a red shift 

(40 nm) of TiN resonance peak, which is related to a minor change in TiN stoichiometry or defects 

states at Ag/TiN interface. Variations of Ag resonance peaks position (330 ~ 350 nm) is attributed to 

the change of nanopillar aspect ratio, while intensity variation is caused by light propagation 

direction with respect to nanopillar tilting direction. It can be explained by stronger electron 

oscillations at the resonant frequency when the incident light propagates into the vertically aligned 

nanopillar, or LSPR at the Ag/TiN interfaces. Compare to pure TiN, Ag-TiN hybrid film presents a 

broadened absorptance (Figure 4a), such increase of linewidths lies in the superposition of two-
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phase plasmonic resonances, which implies enhanced electron oscillation and stronger near-field 

coupling upon electromagnetic field excitation. It also could be attributed to the possible variations 

in material composition, interfacial strains and degree of ordering of nanopillars. A general 

enhancement of the baseline intensity results from scattering at interfaces or defects. Next, the field 

enhancement maps are retrieved close to the resonant frequencies of two phases and displayed in 

Figure 4 (b). At 350 nm, electrical field of y-polarization (Ey) is dominated by Ag nanopillars, while 

the TiN excitation is maximized at 420 nm. Additionally, the 0° tilted Ag nanopillar reveals more 

centrosymmetric electric field distribution, while it becomes more anisotropic when the nanopillar is 

tilted. Such field distribution inside tilted geometries indicates potential angular selectivity when the 

light is propagating along different directions. The non-centrosymmetric or anisotropic nature of this 

nanostructure is further proved by the second harmonic generation (SHG) (Figure 4c). The polar plot 

indicates a transition from a two-fold rotational symmetry at p-out (0°) to a four-fold symmetry at s-

out (90°) with decreased SHG intensity. Such non-centrosymmetric nature of the sample could be 

attributed to the anisotropic tilted Ag nanopillars, the lattice strain coupling between TiN and Ag 

nanopillars, and the strain between the film and substrate. Based on XRD data (Figure S1), it is 

obvious that TiN and Ag are under compressive and tensile strain out-of-plane, respectively, due to 

the strong interface coupling between TiN and the Ag pillars. Such strain induces lattice distortion of 

both phases during thin film growth, which breaks the centrosymmetry from their bulk counterparts 

and contributes to SHG signals. Such SHG signals have been previously reported in metallic thin 

films. [42] 

 

To demonstrate potential angular selectivity (anisotropy) over a wide spectral range, detailed 

ellipsometry and Fourier Transform Infrared (FTIR) spectroscopy measurements have been 
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performed. Non-polarized angular reflectance at 210 ~ 2500 nm range of 0° Ag-TiN and 50° tilted Ag-

TiN thin films with thickness of 45 nm, are retrieved from ellipsometry data and summarized in 

Figure 5. Since the tilt of Ag nanopillars breaks the symmetry along the normal incidence, it is 

important to differentiate incident beams with respect to the direction of nanopillars. For the sake 

of convenience, we use the following convention: (1) When the light propagates along tilted 

nanopillars (or [010] direction), as shown in Figure 5 (a), the incident angles are positive (30° ~ 70°); 

(2) when light propagates in the opposite direction ([  ̅ ] direction), as shown in Figure 5 (b), the 

incident angles are negative (-30° ~ -70°). For positive angles of incidence, the overall reflectance 

drops with increased incident angles due to the enhanced localized plasmonic resonance along the 

nanopillar interface, reaching a more pronounced dip (~ 10 %) at 400 nm. For negative angles of 

incidence, however, the reflection is stronger throughout the spectrum range, while the dropped 

reflectance at higher angles (α ≤ -60°) could be caused by internal reflection as light propagates 

inside the film. The above explanation is supported by the simulated Ey maps (Figure 5e), where 

obvious interface resonance is observed at positive angle excitations (along nanopillar), while 

enhanced reflectance from Ag nanopillar and metasurface is observed at negative angle excitations. 

As a comparison, the reflectance from two propagating directions show similar trend in 0° Ag-TiN 

film (Figure 5 c-d) with centrosymmetric distribution of electric field (see supplementary information 

Figure S3), it is certified that the 50° Ag-TiN hybrid film exhibits strong optical anisotropy that is 

sensitive to the direction of incoming light. In addition, the effective refractive index and permittivity 

of the 50° tilted Ag-TiN and a pure TiN are fitted using a B-Spline model, shown in Figure S4. The 

slight decrease in the extinction coefficient indicates lower losses in this wavelength range for the 

Ag-TiN hybrid sample. Besides, the hybrid films show a pronounced dielectric tuning towards the 

infrared regime, i.e., plasma frequency shift, and change of conductivity, which is evidenced from 
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the temperature dependent resistivity (R-T) via the electrical transport property measurement 

(Figure S5).  

 

In the longer wavelength regime (2 μm to 10 μm), specular reflectance of the 50° Ag-TiN film was 

measured by FTIR. Here, the propagation directions of light follow the convention of the sign of 

angles as described above, where incident angles are set to be α = 30° ~ 70° and α = -30° ~ -70° with 

respect to the pillar geometry. To visualize the angular dependent reflectance, spectra along y-z 

plane are plotted together with polar plots of reflectance at four arbitrary wavelengths (λ = 2, 3, 5, 8 

μm), as shown in Figure 6 (c). It is noted that the asymmetry of the polar plot becomes more 

pronounced towards short-wavelength IR. The reflectance reaches its maximum around α = -30° 

throughout the spectrum (red arrows). Such trend is observed at the visible range as well (Figure 

5b). Combining the illustration, the angular selectivity or anisotropic behavior of the hybrid film is 

dominated by tilted nanopillar especially at lower incident angles and shorter wavelengths (2 ~ 5 

μm). It is noted that the angular selectivity in this work is modest, but much higher selectivity is 

expected with improved periodicity and ordering of the nanopillars which are currently under 

investigation. Highly angular-selective hybrid films are expected to find promising applications as 

functional nanoantennas, sensors, and related applications. 

 

Metamaterial stability is critical for device applications. Here, a highly stable hybrid nanostructure is 

achieved by applying TiN as the matrix to encapsulate Ag nanopillars. To test the thermal stability, 

an as-deposited Ag-TiN sample (grown on MgO) was annealed at 500   for one hour under vacuum, 

followed by ex-situ optical and XRD measurements as shown in Figure S6 (a-b).  Neither peak-shifting 
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nor broadening has been observed, which indicates excellent phase stability after heat treatment. 

Furthermore, thermal emissivity measurements provide more evidence of high-temperature stability 

at the infrared range. The measurement was performed in a high-vacuum chamber coupled with an 

FTIR spectrometer[43]. Three spectra collected at the sample (50° Ag-TiN grown on sapphire) 

temperatures of 432  , 471   and 519   are shown in Figure S6 (c). Results demonstrate very 

stable emissivity within the temperature range, while the spectrum differs from that of the room-

temperature one caused by the incident angles (within ± 32°). The nanopillars maintain their 

sharpness at sub- micron sized interfaces without any interdiffusion or damage after the high-

temperature measurements, as indicated in cross-sectional STEM images shown in Figure S6 (d). To 

test the mechanical stability, a set of nanoindentation experiments was performed on thick TiN (1 

μm) and Ag-TiN (600 nm) hybrid films grown on MgO. TiN is known as a refractory coating material 

with superior hardness (HTiN = 23 ~ 25 GPa) compares to relatively soft noble metals (HAu = 188 ~ 216 

MPa, HAg = 250 MPa). Figure S7 displays the typical loading-unloading plots on indent distance (hc) 

versus hardness (H) and Elastic Modulus (Er). Surprisingly, the averaged H and    values for Ag-TiN 

hybrid film (H = 32 GPa, Er = 337 GPa) are comparable to pure TiN film (H = 34 GPa, Er = 335 GPa) 

without obvious softening induced by the Ag nanopillars. As a comparison to other metallic 

nanostructures or metasurfaces, [1, 22, 29] this hybrid Ag-nitride thin film metamaterial is durable 

under thermal vibration, chemical reaction or mechanical deformation. Such new hybrid material 

could play an important role in maintaining device performance in terms of signal-to-noise ratio or 

specular sensitivity. More interestingly, this metal-nitride hybrid platform provides enormous 

opportunities for realizing other nanoscale metal plasmonic structures in which thermal stability and 

long-term durability could be enhanced significantly.  
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Conclusion 

In this work, self-assembled Ag-TiN nanoscale hybrid plasmonic thin films are demonstrated with 

tailorable Ag nanopillar tilting geometries and anisotropic optical properties. Distinguished 

nanopillars with high epitaxial quality are confirmed by XRD and (S)TEM studies. Tilting of Ag 

nanopillars is effectively controlled by film growth rate (or adatom flux), i.e., decreased deposition 

rate facilitates in-plane adatoms diffusion and leads to thermodynamically favored tilted nanopillar 

growth. The Ag-TiN hybrid material shows strong absorption in the visible regime, with contributions 

from both Ag and TiN SPRs phases and can be tuned by varying the tilting geometry. Tilted Ag 

nanopillars offer advantages such as enhanced electromagnetic (EM) interactions at nanopillar 

interfaces, strong anisotropic interactions with light and tunable dielectric constants, and obvious 

asymmetric angular selectivity based on the broadband reflectance data in the UV to mid-infrared 

regime. Combined with high thermal stability and enhanced mechanical integrity, such plasmonic 

metal-nitride hybrid nanostructures with structural and optical tunability present a promising and 

unique platform for novel nanoscale metamaterial design incorporating tailored angular and spectral 

selectivity, along with superior long-term structural durability. 

 

Experimental 

Sample fabrication. Self-assembled hybrid Ag-TiN thin films were grown on single crystalline MgO 

(001) and c-cut sapphire (α-Al2O3) substrates. Deposition was carried on a pulsed laser deposition 

(PLD) system with KrF excimer laser (Lambda Physik Compex Pro 205, λ = 248 nm, 5 Hz). The laser 

beam was focused onto the target with an incident angle of 45° and an energy density of around 3.0 

J/cm2. Ag foil piece was pasted with TiN target for two-phase deposition. The chamber was pumped 

to lower than 1.0   10-6 mbar to provide a desired vacuum deposition condition. Substrate 

temperature was maintained at 500 ~ 600  . Deposition rate was controlled by substrate to target 
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distance. After the deposition, the chamber was cooled to room temperature at 15  /min under 

vacuum.  

Microstructure characterization. The microstructures of the films were characterized by X-ray 

diffraction (XRD) and transmission electron microscopy (TEM), and scanning transmission electron 

microscope (STEM). XRD θ-2θ scans were performed using a Panalytical X’Pert X-ray diffractometer 

with Cu Kα radiation. Bright field TEM images, selected area electron diffraction (SAED) patterns and 

energy-dispersive X-ray spectroscopy (EDS) chemical mapping were acquired by the FEI Talos F200X 

TEM. High resolution STEM was carried on a modified FEI Titan microscope with an hexapole-type 

illumination aberration corrector. The TEM samples were prepared using a standard cross-section 

sample preparation procedure, including manual grinding, polishing, dimpling and an ion milling step 

(PIPS 691 precision ion polishing system, 4.0 keV). 

Optical properties. Normal incident depolarized transmittance (T%) and reflectivity (R%) spectra 

were measured using an optical spectrophotometer (Lambda 1050 UV/Vis Spectrophotometer) with 

integrated sphere detector and total absolute measurement system (TAMS). Ellipsometry 

experiments were carried on a RC2 spectroscopic ellipsometer (J.A. Woollam Company). Three 

angles 30°, 45° and 60° and a spectrum range from 210 ~ 2500 nm were covered for the 

measurements. Second harmonic generations (SHGs) were measured on an amplified Ti : sapphire 

laser system at room temperature with central wavelength of 780 nm, laser impinging power of 10 

mW and pulse duration of ~ 70 fs. The polarization of the incident light was controlled by a half-

wave plate and the SHG signal in the reflection from the sample with an angle of incidence at 45° 

was measured while with output polarization is fixed at either 0° (p-out) or 90° (s-out). Specular 

reflectance (2 ~ 10 μm) at various angles of incidence were measured using Thermo Fisher Nexus 

670 Fourier Transform Infrared (FTIR) spectrometer and a specular reflectance accessory (VeeMax II, 
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PIKE Technologies, Inc.). The reference for specular reflectance measurement is a 200 nm Au 

evaporated on glass slide with Ti adhesion layer. High-temperature emissivity is measured by a high 

vacuum chamber coupled with an FTIR spectrometer with a liquid nitrogen cooled mercury cadmium 

telluride (MCT) detector and an XT-KBr beam splitter (Thermo Fisher Nexus 670). Details of high-

temperature emissivity measurement can be found elsewhere.[43] 

Electrical properties. The electrical resistivity of as-deposited films was measured by a standard four 

probe method with temperature varied from 5 K to 390 K in a physical property measurement 

system (PPMS, Quantum Design). 

Mechanical test. Nano-indentation experiment was performed on a Bruker Hysitron TI Premier 

instrument. A set of loading-unloading cycles were applied with changes on indent distance, which is 

controlled within 12% of film thickness to avoid substrate effect.   

Simulation. COMSOL Multiphysics Wave Optics Module with frequency domain is applied for optical 

simulation. Optical constant for Ag is taken from Rakic,[44] while refractive index for TiN retrieved 

from ellipsometry measurements. The simulated geometry is based on the cross-sectional STEM 

images, including the film thickness, Ag tilting angles, nanopillar dimension and the inter-pillar 

distance. The unit cell of hybrid film is set as one pillar in matrix with periodic boundaries, resulting 

in a perfect ordering of pillar-in-matrix geometry. A plane wave source with depolarized light of the 

electric field was applied. Angular dependent reflectivity (R%) is simulated with changed incident 

angle (α) from 30° to 60°. Optical parameters (i.e. real and imaginary part of permittivity) are 

retrieved using the CompleteEase Software Package with film considered as a B-Spline layer 

(absorbing). The averaged mean square error (MSE) of data fitting is 1.529, indicating a desired 

match between measurements and simulations. 
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Figure 1| Schematic illustration of Ag-nitride (TiN) hybrid plasmonic metamaterial thin film. Ag 

nanopillars with subwavelength scale are tailored in terms of their tilting angles (lower pane). The 

hybrid plasmonic configuration brings new functionalities such as optical anisotropy and angular 

selectivity. 
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Figure 2| Three dimensional morphology of epitaxial Ag-TiN hybrid thin films with different 

nanopillar tilting geometries. (a)-(c) Plan view TEM images of 0° tilted, 25° tilted and 50° tilted Ag. 

(d)-(f) Cross-sectional STEM images corresponding to each geometry. Insets are selected area 

electron diffraction (SAED) patterns taken at <100> zone axis, as well as EDS mapping of two 

extreme angles. Ag is mapped in red and Ti is mapped in green. 
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Figure 3| STEM images of 50  Ag-TiN hybrid thin film. Schematic illustration is shown at top center 

showing three faces (100), (010) and (001). (a) Cross-sectional STEM and its high magnification 

image (b) taken at <100> zone axis, (100) face. (c-d) Inversed Fourier transform image both out-of-

plane and in-plane with misfit dislocations marked at Ag/TiN interface. (e) HRSTEM image of plan 

view ((001) face) nanopillar. (f) Cross-sectional HRSTEM image taken from <010> zone axis, showing 

projection of one tilted nanopillar from [010] direction. 
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Figure 4| Optical properties in the UV-visible range. (a) Absorptance spectra of pure TiN, 0° tilted 

Ag-TiN and 50° tilted Ag-TiN hybrid thin films. Two peaks observed at 330 ~ 350 nm and 374 nm 

correspond to Ag SPR and TiN signals. (b) Two-dimensional electric field (Ey) distribution on 0° tilted 

Ag-TiN and 50° tilted Ag-TiN hybrid films close to resonant frequencies (350 nm and 420 nm). 

Models are built based on the corresponding geometries, normal incident depolarized beam is 

applied. Details on simulation are described in Methods. (c) Second harmonic (SH) signals of 50° 

tilted Ag-TiN hybrid film, collected from p- and s- output polarizations, inset is the polar plot of SH 

intensity.  
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Figure 5| Angular dependent specular reflectance of two Ag-TiN hybrid films with 0° and 50° tilt. 

Five incidence angles (30 ~ 70°) and wavelength of 210 ~ 2500 nm were covered. Two sets of data 

with 180° apart were measured as illustrated in the inset images. (a-b) Specular reflectance from 50° 

Ag-TiN film. (c-d) Specular reflectance from 0° Ag-TiN film. (e) Electrical field maps at 420 nm of the 

50° Ag-TiN film. Results demonstrate pronounced angular selectivity from the 50  tilted Ag 

nanopillar geometry when light propagating from opposite orientations.  
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Figure 6| Room temperature specular reflectance of 50° tilted Ag-TiN hybrid film. FTIR reflectance 

spectra grouped by incident light propagating (a) along nanopillar tilting direction ([010]) and (b) 

backside of nanopillar ([  ̅ ]), inset images show incident light direction from the cross-sectional 

view of unit cell. (c) Polar plot showing reflectance intensities versus incident angles at four 

wavelengths: 2 μm (orange), 3 μm (green), 5 μm (blue) and 8 μm (red). 
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In this work, self-assembled Ag-TiN nanoscale hybrid plasmonic thin films are demonstrated with 

tailorable tilting angles of Ag nanopillar geometries. This hybrid platform possesses epitaxial quality 

and enhanced thermal stability. Tilted Ag nanopillar assembly enables strong anisotropy with 

asymmetric angular selectivity in the broadband regime, promising for novel functional metamaterial 

design towards optical selectivity and long-term durability. 

 

 


