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ABSTRACT

TiN and ZrN are emerging as important alternative plasmonic materials. In 

addition to their well-known assets, they can incorporate point defects that break the 

centrosymmetry of their cubic crystal structure, making them promising candidates as 

non-linear optical materials and especially for second harmonic generation (SHG). Their 

refractory character and chemical stability were obstacles for the bottom-up fabrication of 

TiN and ZrN nanostructures so far. In this work, it is shown that highly directional 

dichroic nanostructures of TiN and ZrN may be indeed grown by self-assembly using 

glancing angle deposition on periodic rippled dielectric surfaces. The produced nitride 

nanostructures exhibit point defects and exceptional photothermal durability. These 

nanostructures exhibit strong SHG response when probed by a near-infrared laser. It is 

shown that SHG is strongly associated with the near-field enhancement due to the 

localized surface plasmon resonance of the nanostructures. Given that such 

nanostructures can endure extremely high electric fields, they are expected to be able to 

emit massive SHG signals. 

I. INTRODUCTION

Transition metal nitrides (TMNs), predominantly TiN and ZrN, are well-known 

optical conductors. Concomitantly, surface plasmon polaritons at TiN surfaces and 

localized surface plasmon resonance (LSPR) at TiN nanoparticles were observed as early 

as 2004 by Patsalas et al. [1] and Reinholdt et al. [2], respectively. In 2011, TMNs were 

proposed for the first time as realistic alternative materials for plasmonic devices by Naik 

et al. [3] due to the extraordinary combination of their properties that include refractory 
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character [4], chemical and mechanical stability [5-8], and durability to high electric 

fields [9]; the latter also opens substantial opportunities for non-linear optics [9-11]. 

Since then, the relevant scientific interest, as attested by the number of published papers, 

shows a geometrical growth with an annual increase over 60%. However, most of these 

works do not report the realization of TMN nanostructures in microelectronic 

architectures, instead they are dealing with continuous TMN layers (e.g. Ref. 12-16), 

computational works (e.g. Ref. 17-21), works evaluating the plasmonic potential of 

certain continuous films via their dielectric permittivity (e.g. Ref. 4, 20-24) and 

implementing specific figures of merit [25, 26], or colloidal nanoparticles [27-29] and 

powders [30, 31]. This is mostly due to the difficulty of the bottom-up fabrication of 

nitride nanostructures due to their refractory character and to the covalent metal-nitrogen 

bonding [32] that prevent the melting and resolidification in realistic temperatures, as 

well as the differing optical properties of ultrathin TiN films compared to their opaque 

counterparts [1, 33]. As a result, only a few experimental works can be found reporting 

the top-down fabrication of plasmonic devices [34-41]. In particular, the patterning 

methods employed so far for the fabrication of TiN and ZrN nanostructures include direct 

focused ion beam patterning [34], the combination of electron beam lithography [35-38] 

or nanoimprint lithography [39, 40] with reactive ion etching, and laser interferometry 

patterning with wet chemical etching [9, 41].

The quality of TMN films can vary significantly depending on the particular 

choice of one of the many available growth techniques. There is, unfortunately, a feature 

that is present in all manufacturing schemes: TMNs typically contain a considerable 

amount of point defects that are known to affect the properties of the host crystal [42, 43]. 
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4

Such difficulty in producing defect-free, ultra-thin TMNs, due to their refractory 

character, may turn from a curse into a blessing in the field of non-linear optics. The 

included point defects break locally the centrosymmety of the cubic structure, as attested 

by the Raman spectra of TMNs [44, 45]; the symmetry breaking is an essential 

prerequisite for the manifestation of second harmonic generation (SHG) [46, 47].  

In this work, a large-scale, bottom-up, maskless, and etchless fabrication process 

of strongly dichroic and plasmonic TiN and ZrN nanostructures is presented. It is based 

on glancing angle deposition (GLAD) [48, 49] and reactive magnetron sputtering on 

prepatterned substrates [50]. The produced TiN and ZrN nanostructures have the form of 

aligned nanowires (NWs) with a more-or-less granular morphology, and they exhibit 

strong dichroism in the visible and near-infrared (NIR) ranges, as well as exceptional 

photothermal durability. The coherency of the nanostructures may be compromised in the 

case of multi-stack deposition that results in strong scattering of light. Thus, strong SHG 

may be present in such systems. Its occurrence is closely coupled with the plasmon 

resonance while its directionality is associated with the coherence of the nanostructures.

II. RESULTS AND DISCUSSION

a. Fabrication Concept and Morphology of Nanostructures

The steps of the reported self-assembly process are summarized in Fig. 1a. The 

selection of substrate is not critical as long as it is atomically flat. In this work, two 

substrates were implemented: fused silica for optical transmission measurements and 
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5

SHG experiments, and conductive n-type Si(100) wafers (covered with a 2-nm thick 

native oxide layer) for Raman spectroscopy experiments, as well as for morphology 

characterizations via Atomic Force Microscopy (AFM) measurements. 

Amorphous alumina layers, 170 nm thick, were deposited on top of the various 

substrates by dual ion beam sputtering (DIBS) as described in more detail in Ref. 50. The 

second step of the process is the patterning of the amorphous alumina thin film by 1 keV-

Xe+ ion bombardment at oblique incidence (55o) to form periodic nanoripples [50]. The 

third step is the GLAD of TiN and ZrN on the rippled alumina surface via reactive 

magnetron sputtering. This step is particularly challenging for TiN and ZrN due to the 

combination of the reactive process associated with GLAD geometry, the high melting 

points of TiN and ZrN [21], the cohesive energies of Ti and Zr [51], the low work 

function [52], and the ionization potential [53] of TiN and ZrN compared to Ag and Au. 

As a result, the TiN and ZrN reactive sputtering growth lies into the Zone 1 of limited 

diffusion and of high density of structural defects, according to the updated structural 

zone model of Anders [54], in contrast to Au and Ag that lie in Zone 3 of high 

crystallinity due to diffusion of adatoms [54]. In order to overcome these obstacles, the 

GLAD deposition (5o angle of incidence) of TiN and ZrN was performed by reactive 

magnetron sputtering in the metallic cathode mode (i.e. strictly preventing poisoning of 

the target). The reactive gas (N2) flow was delivered exclusively close to the substrate by 

a dedicated gas line monitored by a real-time mass spectrometer, and the ion 

bombardment conditions were kept mild and below the subplantation threshold [55] by 

applying a bias of -60 V to the substrate during growth. The substrate temperature was 

tuned to 500 oC, in order to maximize the surface diffusion of the deposited adatoms [54, 
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55], while preventing the oxidation of the deposited nanostructures via diffusion of 

oxygen from the underlying alumina into the nitride (a process that might occur at 600 oC 

[7]). The deposition conditions used for this step are summarized in Table 1. The 

geometry of this step enables the growth of self-assembled and well-aligned 

nanostructures along the ripples, as we will show below, all over a macroscopic area, 

which is comparable to USD and Euro coins (shown in Fig. 1b). 

Then, a selection of samples proceeded to step 4, which is the in situ capping by 

an ultra-thin (5 nm) amorphous SiNx layer, grown by RF magnetron sputtering from a 

Si3N4 ceramic target, in order to prevent oxidation and provide long-term stability to the 

nanostructures [30]. SiNx was selected due to its dielectric character as well as the 

thermal stability of the conductive nitride/Si3N4 nanostructures [56]. For selected 

samples, steps 3 and 4 were repeated in situ to form multi-stacks of TiN or ZrN 

nanostructures to enhance their far-field plasmonic features. 

The formation of periodic ripple patterns on amorphous alumina surfaces 

subjected to 1 keV-Xe+ ion bombardment at oblique incidence is well-documented and 

robustly reproducible [48-50]. The process results in near-parallel and slightly wavy 

ripples perpendicular to the ion-beam projection, as shown in the AFM images in the 

upper side of Fig. 2, all over the area of a macroscopic sample as shown in Fig. 1b. The 

AFM images can be quantified by considering the height variations along line scans in 

directions parallel or perpendicular to the ripples, as shown in Fig. S1 of on-line 

supplemental information. The height variations along the bare ripples are negligible, 

while the height variations across the ripples indicate a period � of 26.0±1.1 nm, and an 
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7

average peak-to-valley height of 2.6±0.2 nm (note that the reported height and period 

values might be slightly affected by the radius of curvature of the tip, which is ~10 nm).

After the GLAD of TiN at 500 oC (Fig. 2, intermediate panels, and Fig. S1, green 

lines), the ripples retain their morphology and only some faint grainy structures appear at 

the highest resolution, which indicate the formation of continuous, yet rough, TiN NWs 

along the ripples. The difference of the determined period of the ripples after TiN 

deposition (� = 28.6±1.5 nm) from the bare ripples is within the experimental error, 

while the peak-to-valley height across the ripples increases after TiN deposition to 

3.3±0.4 nm. Along the ripples, the root mean square roughness increases after TiN 

deposition, but no individual TiN nanoparticles can be identified. 

The GLAD of ZrN results in a quite different morphology (Fig. 2, lower panels, 

and Fig. S1, magenta/purple lines). Again, the period of the nanostructures across the 

ripples (� = 29.6±2.2 nm) is not substantially different from that of the bare ripples. 

However, the average peak-to-valley height becomes 4.5±0.7 nm, indicating significant 

growth of ZrN on the alumina ripples. More striking differences are observed along the 

ripples after ZrN deposition. Indeed, clear features, characteristic of granular ZrN 

nanostructures, are identified along the ripples; their period and average peak-to-valley 

height are 19.1±3.4 nm and 1.5±0.1 nm, respectively. Based on the observed 

morphologies and the quantitative data, it can be safely concluded that ZrN after GLAD 

forms highly oriented arrays of densely-packed nanoparticles resulting in granular-like 

NWs along the underlying ripples. The difference in the morphology of the produced TiN 

and ZrN nanostructures, i.e. quite smooth NWs vs arrays of granular NWs, respectively, 
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may be assigned to a variety of reasons, such as differences in angular and energy 

distribution of sputtered atoms reaching the substrate at glancing angle, and the reduced 

mobility of Zr adatoms on the active growing surface [57, 58]. The reported 

morphological features do not change after the deposition of the homogeneous 5 nm 

ultrathin SiNx capping layer over the TiN or ZrN nanostructures (Fig. 1a, step 4). When 

the GLAD of TiN or ZrN and the sputter deposition of the homogenous SiNx capping 

layer are repeated three times, in order to produce triple arrays of nanostructures and 

increase their linear as well as non-linear plasmonic response, the surface morphology of 

the top array of nanostructures is less organized and coherent as it is shown in the on-line 

supplemental information (Fig. S2). A possible explanation for this difference in 

morphology is most likely due to the roughness and morphology of the underlying layers 

of nanostructures that alter the shadowing and surface diffusion conditions during GLAD. 

Such loss of coherency sets the limit of repetitions in this process and defines the 

maximum interaction volume with the incident light; it also affects the linear and non-

linear optical properties of the TMN nanostructures, as it will be discussed later. 

It is worth noting that the proposed process is generic and might be very efficient 

for the production of nanostructures of a wide variety of alternative non-metallic 

conductors, which are usually grown by sputter deposition, such as molybdenum nitride 

(MoN) [59], tantalum nitride (TaN) [20, 22 60], niobium nitride (NbN) [61], In-doped tin 

oxide (ITO) [22, 62, 63], aluminum- or gallium-doped zinc oxide (AZO, GZO) [22, 62, 

64, 65], niobium-doped titanium oxide (NTO) [66], partly reduced molybdenum oxides 

MoOx (x<3) [67, 68], and vanadium dioxide (VO2), which exhibits a metal-insulator 

transition [69, 70]. All these conductors have been proposed as alternative plasmonic 
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materials, whose plasmonic activity spans the far ultraviolet to medium infrared range [1, 

20, 22, 59, 61, 71-79].  

b. Vibrational Properties and Photothermal Stability

In addition to the morphological features, it is important to clarify whether the 

formed TMN nanostructures adopt the B1 rocksalt crystal structure, which is the phase 

that exhibits strong plasmonic performance [21, 45], or not. The Raman spectra of ZrN 

and TiN are characterized by distinct features [44, 45, 80-84], which are associated with 

the first order transverse acoustic (TA) and longitudinal acoustic (LA) modes. These 

peaks are normally forbidden because of the Oh symmetry of the rocksalt structure, and 

they emerge only in the presence of defects that break the local symmetry. Therefore, the 

usefulness of the Raman spectra is twofold; it serves the non-destructive identification of 

the B1 rocksalt phases of ZrN and TiN, as well as the detection of point defects that break 

the symmetry of the cubic, centrosymmetric ZrN and TiN.

Figure 3 shows the polarized Raman spectra of the ZrN and TiN nanostructures 

(both single- and triple-arrays) with the electric field of the probe laser beam being 

linearly polarized across (denoted � for perpendicular) or along (denoted || for parallel) 

the ripples. For the Raman experiments, silicon replaced silica as the substrate for the 

process presented in Fig. 1, in order to eliminate the broad Raman signal from silica [73] 

that overlaps with the spectra of TiN and ZrN. The corresponding Raman spectra from 

opaque epitaxial films from Ref. 81 are also shown for comparison. All the spectra 

exhibit a doublet at low frequencies (below 350 cm-1), which is assigned to the first order 

TA and LA modes. As mentioned previously, this doublet is exclusively due to the 
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10

presence of point defects that break the Oh symmetry of the rocksalt (B1) structure. The 

Raman features at higher frequencies originate from the overlapping of the first order 

optical (O) and the second order acoustic modes (2A), according to Spengler et al. [44]. 

The comparison of the Raman spectra of the nanostructures with those of the epitaxial 

films firmly identifies the B1 rocksalt crystal structure. This was further confirmed by X-

ray and electron diffraction studies (not reported here). The epitaxial films exhibit sharper 

features than the reported nanostructures due to the improved crystallinity. It is important 

to note that for all samples, there is no significant change of the broadening of the Raman 

features between the spectra of the two beam polarizations (along and across the ripples), 

indicating that there is no preferable axis of improved crystallinity despite of the linear 

ordering of the nanostructures along the ripples.

Spengler et al. also associated the intensity ratio of the first order acoustic modes 

and the broad envelope of O and 2A modes with the density of point defects that break 

locally the Oh symmetry. Indeed, it has been very recently demonstrated that this ratio is 

well-scaled with the formation energy of vacancies in all the conductive TMNs [81]. The 

frequencies RTA, RLA, RO&2A of the TA, LA modes and of the O&2A envelope, 

respectively, as well as the intensity ratio ITA/IO&2A of the TA peak over the O&2A 

envelope are summarized in Tables S1 and S2 of the on-line supplemental information 

for ZrN and TiN, respectively. Several aspects have been revealed from the quantitative 

results. Firstly, the frequencies of the TA and LA modes and the O&2A envelope of the 

epitaxial films are in remarkable agreement with previous studies on stoichiometric 

nitrides [44, 82, 83]. Secondly, the TA and LA modes of both TiN and ZrN 

nanostructures are shifted compared to the corresponding epitaxial films; this is more 
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pronounced for the TA mode that exhibits shifts higher than 17 cm-1 and 5 cm-1 for TiN 

and ZrN, respectively. Such shifts were assigned to deviations from stoichiometry both 

for TiN [44, 83] and ZrN [84]. Therefore, the produced TMN nanostructures may not be 

stoichiometric. Importantly, for the SHG applications, the ITA/IO&2A ratio is increased by 

66% and 18% in TiN and ZrN nanostructures, respectively, compared to the epitaxial 

samples. This ratio was associated with the point defects [81] and the results show that 

the TiN nanostructures incorporate more defects than the ZrN nanostructures. Indeed, it 

was shown that at the very initial stages of growth, for thickness less than 6 nm, TiN is 

not stoichiometric and exhibits a high concentration of defects [1]. Last but not least, this 

ratio does not vary significantly along and across the ripples indicating that there is no 

preferred directionality for the accumulation of defects.

The Raman experiments may also be used to test the photothermal stability of the 

produced nanostructures. To check and demonstrate the photothermal stability, especially 

across the ripples where the size of the nanostructures is just few nanometers, Raman 

spectra were acquired from the single-array ZrN nanostructures with polarization across 

the ripples, varying the power of the probe laser beam. The relevant spectra for 1, 5, and 

20 mW continuous wave laser probe are shown in the upper panel of Fig. 3 with different 

shades of grey; all the spectra are identical with no traces of oxidation or formation of 

additional defects in the ZrN nanostructures. Given that the spot size of the probe laser 

beam is ~1 �m on sample, the maximum power density used is 2.5 MW/cm2, which is 

one order of magnitude higher than the power density used for the sintering of colloidal 

Ag inks [85] and comparable with the pulsed laser power used for the melting of Ag 

layers [86] and the diffusion of melted Ag out of yttria scaffolds [87]. Therefore, the ZrN 
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12

nanostructures exhibit remarkable and extraordinary photothermal stability that easily 

outperforms plasmonic Ag nanostructures. 

c. Linear and Non-Linear Optical Properties

The far-field optical properties of the formed TMN nanostructures are 

characterized by strong dichroism and plasmonic effects. This is clearly demonstrated in 

the polarized optical absorbance spectra of Fig. 4 (calculated from raw optical 

transmission spectra). The left and center panels show the optical absorbance spectra for 

two bare and two SiNx-capped TiN and ZrN arrays of nanostructures, respectively, with 

electric field across (�, solid lines) and along (||, dotted lines) the ripples. For both cases, 

the dichroism is not prominent for short wavelengths (shorter than 400 nm or 3.1 eV and 

350 nm or 3.5 eV for TiN and ZrN, respectively); the increased absorbance in this range 

is due to the interband transitions of TiN and ZrN and it is consistent with the interband 

absorption reported for continuous opaque TiN and ZrN films [1, 20, 21, 45]. 

In the case of the bare TiN nanostructures, there is a strong dichroism mostly in 

the NIR range, with a prominent localized absorbance peak centered around 1200 nm 

(1.03 eV) for the electric field in the perpendicular direction, i.e. across the ripples and 

nanostructures. This peak is assigned to LSPR due to the infinitesimal size of the TiN 

nanostructures across the alumina ripples. The plasmonic hypothesis is confirmed by the 

comparison of the optical absorbance spectra of bare (Fig. 4, red solid line) and SiNx-

capped nanostructures (Fig. 4, orange solid line). The absorbance peak of the SiNx-

capped nanostructures is substantially redshifted to 1860 nm (0.67 eV) due to the higher 

refractive index of the surrounding SiNx (n~2) compared to air (n~1), as indicated by the 
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black arrows. This proves unequivocally the plasmonic nature of this optical feature. The 

LSPR of the bare TiN nanostructures lies into the NIR range and not in the visible as it 

would be anticipated for spherical nanoparticles [21]. This can be explained by the high 

concentration of defects, as indicated by the Raman spectra, as well as the flatness of the 

TiN NWs and the short edge-to-edge distance between NWs. LSPR can be also 

substantially redshifted and weakened in ultrathin TiN due to stoichiometry variations 

[88] and the incorporation of surface oxygen species [89], which are both depleting the 

conduction electrons. In addition, it was previously shown that for ultra-thin TiN deposits 

(<6 nm) the nitride is inherently defective even if the deposition conditions are 

appropriate for the growth of stoichiometric TiN at higher thicknesses [1]. In the parallel 

direction of the electric field (along the ripples and nanostructures), no such peaks are 

observed in the experimental spectral window, and therefore the optical response of TiN 

nanostructures is more consistent with an infinite 1D conductor.

The case of the ZrN nanostructures is more complex and interesting. The 

dichroism and the plasmonic features are manifested not only in the NIR, but also extend 

into the visible range (Fig. 4, center panel). In the perpendicular direction of the electric 

field (across the ripples), the LSPR of bare ZrN nanostructures is vaguely manifested 

through a shoulder around 500 nm (2.48 eV) (Fig. 4, blue solid line), a value consistent 

with what would be expected for ZrN spherical nanoparticles [21, 45]. This LSPR is 

redshifted, like in the case of TiN, to 580 nm (2.14 eV) for the SiNx-capped ZrN 

nanostructures (Fig. 4, cyan solid line). However, as opposed to the case of TiN NWs, for 

the parallel field (along the ripples) both bare and SiNx-capped ZrN nanostructures 

exhibit another plasmonic absorption band in the NIR around 1130 and 1200 nm (1.10-
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1.03 eV), respectively. In contrast to TiN, where dichroism originates from the existence 

or not of a plasmonic absorption band, in ZrN nanostructures the dichroism is due to the 

existence of two distinct plasmonic features at the two polarizations of the incident light. 

While the LSPR in the visible range and for the perpendicular field is very well 

understood and resembles the optical response of the TiN nanostructures, the nature of 

the plasmonic feature in the NIR for the parallel field may originate from the granular 

structure of the ZrN nanostructures. Indeed, the particle-particle near field interaction of 

the ZrN dense granular nanostructure may result in the observed substantial redshift [90-

92]. Finally, the ZrN and TiN multi-stacks retain the plasmonic features of their capped 

single-array counterparts, albeit with stronger far-field optical absorption due to the 

cumulative interactions of each array of nanostructures with the incoming light (Fig. 4, 

right panel).

In order to shed some light on the plasmonic performance of the ZrN and TiN 

nanostructures interacting with the perpendicular electric field (�), Finite-Difference 

Time-Domain (FDTD) calculations were carried out. An in-house 3D FDTD simulator 

[93, 94] was used in all calculations. Arrays of one-dimensional rods with infinite length 

and semi-elliptic cross section at a constant center-to-center distance of � = 30 nm 

(roughly the period of ripples on the substrate) were considered for the calculations, as 

shown in Fig. 5a. The calculations were carried out for a range of aspect ratios H/D 

(where H and D are the height and diameter of the rods, respectively) in adequacy with 

the AFM experimental observations and with the aim of reproducing the experimental 

position of the absorbance maxima. We used dielectric functions retrieved from 

ellipsometric measurements of continuous opaque ZrN and TiN films deposited at near-
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normal incidence in the same conditions as the TMN nanostructures. The incoming 

electric field was set perpendicular (�) to the infinite axes of the rods. The far-field 

optical absorbance (see on-line supplemental information, Fig. S3), as well as the 

distributions of the electric near-field enhancement (NFE) for the excitation wavelength 

(1030 nm) of the laser used for the SHG experiments, were calculated. The FDTD results 

unequivocally show that the far-field properties (Fig. S3) are substantially affected by the 

morphology of the nanostructures, as it is shown in the contour plots of the wavelength of 

the absorbance maximum for varying D and H values for ZrN (Fig. 5b) and TiN (Fig. 

5c). In Fig. 5c (upper panel), the thick green line corresponds to the experimental position 

of the LSPR maximum for the bare TiN nanostructures (i.e., 1200 nm). Our calculations 

confirm that the LSPR redshift compared to the expected position for spherical TiN 

nanoparticles in air (520 nm [1]) originates from flat and coupled TiN NWs. Several 

(H,D) couples lead to consistency between the experimental and calculated spectral 

positions of  LSPR maximum. Nevertheless, considering the nominal equivalent 

thickness of TiN (3.7 nm, Table 1), the best (H,D) couple that could explain the 

experimental position is D = 28 nm and H = 2.4 nm, corresponding to very flat (H/D < 

0.1) and highly coupled (x = � - D = 2 nm < D/10) TiN nanostructures. The existence of 

nanogaps between plasmonic nanostructures associated with LSPR coupling were 

reported to result in strong redshift of the far-field absorbance and reflectance as well as 

exceptional NFE at the formed hot spots [95]. As shown in Fig. 5c (lower panel), the 

corresponding calculated positions of the LSPR for SiNx-capped TiN nanostructures are 

even more redshifted in the NIR in agreement with the experimental observations. In the 

case of ZrN nanostructures, considering a nominal equivalent thickness of 7.6 nm (Table 
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1), the best (H,D) couple that explains the experimental position of LSPR maximum for 

the SiNx-capped sample, which is clearly identified at 580 nm in Fig. 4, center panel (see 

thick green line in the contour plot of Fig. 5b, lower panel), is H = 17 nm and D = 18 nm. 

Therefore, for the ZrN nanostructures, the out-of-plane aspect ratio H/D is close to 1 (0.9) 

with an edge-to-edge distance x = 12 nm (higher than D/2). The corresponding calculated 

position of the LSPR maximum for the bare ZrN nanostructures is obtained at 515 nm 

(Fig. 5b, upper panel) in line with the experimental shoulder around 500 nm (Fig. 4, 

center panel). In that case, FDTD calculations show that the deviation from what is 

expected for spherical nanoparticles in air in terms of LSPR spectral position is less 

prominent. The distributions of NFE at 1030 nm (the excitation wavelength which was 

used for the SHG experiments) for simulated bare nanostructures with appropriate (H,D) 

values are shown in Fig. 5d,e. In both cases, the maximum NFE is located at the bases 

and edges of the nanostructures. The NFE in the case of ‘isolated’ ZrN nanostructures is 

moderate (~30) and it is remarkably enhanced for the case of the coupled TiN 

nanostructures (~100) due to the formation of hot spots.

By comparing the Raman with the optical absorbance spectra, we reveal an 

extraordinary feature of conductive albeit defective nitride nanostructures: TMNs exhibit 

a unique combination of broken centrosymmetry (due to defects and refractory character) 

and plasmonic activity with great potential for SHG. This is in contrast to the traditional 

plasmonic metals (Au, Ag), which exhibit zero second-order susceptibility due to their 

centrosymmetric fcc crystal structure [96-98]. Continuous stoichiometric TiN films 

exhibit very weak SHG [99], possibly due to the low concentration of defects in such TiN 

structures. Although the crystal symmetry may be broken at metallic surfaces [96], for 
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centrosymmetric nanostructures (as those presented in this work) the contribution of two 

opposing surface elements cancels out in the far-field in the dipole approximation [97, 

98]. Consequently, plasmonic nanostructures consisting of Au or Ag that are capable of 

SHG are based on metamaterials with non-centrosymmetric shapes [98, 100-102]. In the 

same context, TiN was implemented as a conventional metal component of non-

centrosymmetric metamaterials, such as split-ring resonators [103] and chiral core-shells 

[104] for SHG, regardless of its own intrinsic broken centrosymmetry. So far, there is no 

report on optical non-linearities of ZrN whatsoever.

Figure 6 shows the polar diagrams of polarized SHG (PSHG) with a pump beam 

of 1030 nm (1.204 eV) using the same gain for all cases; in this diagram zero degree is 

for the electric field of the pump beam being aligned along the ripple direction. An 

exceptionally interesting observation is that the SHG is emitted along (|| field) the ripples 

for ZrN and across (� field) the ripples for TiN. This strikingly different behavior of the 

two sets of TMN nanostructures may be well explained if we consider their optical 

properties presented in Fig. 4. Indeed, ZrN exhibits a broad LSPR band around 1200 nm 

(1.03 eV) when the electric field of the light is parallel to the ripples, while TiN exhibits a 

similar LSPR band around 1200 nm (1.03 eV) when the electric field is perpendicular to 

the ripples; in both cases the 1030 nm probe beam lies within the bandwidth of the LSPR, 

while it lies far beyond the strong LSPR of ZrN across the ripples (< 600 nm). So, the 

TMN nanostructures act simultaneously as the probe (defects and broken 

centrosymmetry) and pump (LSPR field enhancement) medium for SHG. Note that this 

plasmon-pumped generation of second harmonic is contrastingly different to the work of 

Huang et al [105], where the SHG from the defective tantalum nitride (TaN) is pumped 
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by the enhanced near field due to the LSPR in adjacent gold nanopillars, i.e. the pumping 

plasmon is not due to the nitride conductor itself.

The SHG is apparently stronger for ZrN, although TiN seems more defective both 

in the Raman (Fig. 3) and absorbance (Fig. 4) spectra. This might be attributed to the 

stronger LSPR in NIR for ZrN nanostructures, as well as the better overlap of ZrN LSPR 

with the probe beam. For optimal plasmon-pumped SHG in such defective TMN 

nanostructures there is a sensitive interplay between two competing mechanisms; a lot of 

defects increase the density of sites of broken symmetry, potentially enhancing the SHG, 

but at the same time they deteriorate the LSPR and the near-field enhancement, which is 

necessary for the SHG. In addition, the granular nature of the ZrN nanostructures may 

promote the creation of a high linear density of hot spots with great NFE along the 

ripples; this is supported by the redshifted LSPR along the ripples.  

It is also interesting to follow the variations of directionality of PSHG polar 

diagrams; this is better illustrated in the cartesian SHG diagram presented in the on-line 

supplemental information (Fig. S4). The bare nanostructures, both ZrN and TiN, produce 

highly directional PSHG polar diagrams. This is well understood by considering that the 

non-linear dipoles, which define the directionality of SHG [106], are strictly directional 

due to the geometry of the pumping LSPR. The SiNx-capping does not alter substantially 

the directionality. Finally, the multi-stacks clearly exhibit a partial loss of directionality, 

possibly due to the scattering of the SHG from the incoherent top arrays of nanostructures 

(see Fig. S2). Such variations of directionality along or across the ripples, or their 

reduction due to loss of coherence of the nanostructures, provide exceptional versatility 

for optical devices and applications.
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III. CONCLUSIONS

An etchless, cost-effective and novel bottom-up fabrication route to produce 

nanostructures of the refractory and alternative plasmonic materials TiN and ZrN was 

presented. It is based on glancing angle deposition by reactive magnetron sputtering on 

prepatterned (nanorippled) alumina substrates. The process is generic and could be 

applied to a wide range of alternative plasmonic materials that are traditionally grown by 

reactive magnetron sputtering, such as the entirety of TMNs and transparent conductive 

oxides.

The produced nanostructures are nearly one dimensional, and they are strongly 

dichroic due to the different LSPR features along or across their axis. TiN and ZrN are 

refractory and so the produced nanostructures exhibit exceptional photothermal stability 

as demonstrated by Raman spectroscopy. Raman spectra also revealed the existence of a 

higher density of point defects than that of the corresponding continuous epitaxial films. 

Remarkably, these defects break the centrosymmetry of the cubic crystal structure of TiN 

and ZrN, while the plasmonic performance of the nitrides is retained. The combination of 

broken centrosymmetry with the plasmonic activity results in strong SHG. The 

directionality of the SHG depends on the type of plasmonic interaction (along the 

nanostructures for ZrN and across the nanostructures for TiN) and the coherence of the 

individual linear nanostructures. 
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IV. METHODS

Experiments:

The surface morphology of the nanostructures was analyzed immediately after 

deposition by AFM using a multimode Digital Instrument microscope operating in 

tapping mode at ambient conditions. 

Raman spectroscopy measurements were conducted with a Horiba LabRAM HR 

instrument with a 515 nm excitation laser; the excitation laser was selected such that its 

energy is spectrally located beyond the reflectivity edge of TiN and ZrN and, therefore, to 

minimize the skin effect. A linearly polarized excitation beam was used to identify 

potential variations of the Raman spectra with beam polarization parallel (||) or 

perpendicular (�) to the TiN and ZrN nanostructures. 

The far-field optical response of the self-assembled nanostructures was 

investigated by means of transmission spectroscopy using a Cary 5000 spectrophotometer 

from Agilent Technologies equipped with a rotating polarizer. Transmittance 

measurements were performed at normal incidence (beam diameter �3 mm) in the 

spectral range 250-2200 nm (4.96-0.56 eV) with a 1 nm step using parallel (||) or 

perpendicular (�) polarization with respect to the alumina ripple direction. 

Polarization-resolved SHG measurements were carried out using a custom-built 

laser scanning microscope as described in detail in Ref. 47, using the beam from a diode-

pumped Yb:KGW fs oscillator (1.2 W, 1030nm, 70–90 fs, 76 MHz, Pharos-SP, Light 

Conversion) and an inverted microscope (Axio Observer X�  Carl Zeiss).
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Computational Method:

The calculations of the optical response of the TiN and ZrN nanostructures were 

performed by time-integrating Maxwell’s equations on a computational grid utilizing the 

Finite-Difference Time-Domain (FDTD) method, using an in-house built 3D simulator 

provided by E. Lidorikis [93, 94]; key features of the results were confirmed by FDTD 

calculations using LumericalTM. 

In the computational process, the material dispersion is introduced in the form of 

polarization equations coupled and solved concurrently with Maxwell's equations. To 

accurately reproduce the optical constants of B1-TiN and B1-ZrN, within the FDTD 

framework, we performed a Drude-Lorentz fit [21, 45] to the experimental dielectric 

functions of opaque stoichiometric ZrN and TiN films obtained in the same conditions 

and measured by spectroscopic ellipsometry.
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Table 1: Conditions of the GLAD growth of TiN and ZrN

TiN ZrN

DC Cathode Power (W) 300 300

Angle of Incidence (o) 5 5

N2 flow at the substrate (sccm) 0.3 0.5

Ar flow at the cathode (sccm) 12 15

Partial pressure of N2 (mbar ×10-5) 5-7 5-7

Working pressure (mbar ×10-3) 2.3 2.6

Base Pressure (mbar ×10-8) <5 <5

Substrate Temperature (oC) 500 500

DC Negative Bias Voltage (V)  60 60

Deposition Time (s) 80 120 single

80 multi*

Nominal equivalent thickness (nm) 3.7 7.6

*The deposition time used for ZrN multistacks was shorter than that for single arrays of 

nanostructures in order to minimize the loss of organization of the upper layer due to the 

granular morphology of the underlayers.
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Fig. 3: Polarized Raman spectra of the single- and triple- (multi) arrays of ZrN and TiN 

nanostructures with the laser beam polarized along (||) and across (�) the ripples; the 

spectra of the corresponding epitaxial opaque films from Ref. 81 are also shown for 

comparison. The light grey shaded area indicates the spectral range of the overlapping 

2TA, 2LA and O modes (denoted as 2A&O), while the dark grey shaded area indicates 

the spectral location of the very narrow and strong Raman peak of the Si substrate that is 

removed from the nitride spectra for clarity.
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