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Abstract  

Enhancing the nonlinear frequency conversion efficiency at the nanoscale is important 

for on-chip communication, information processing and sensing. Plasmonic 

nanostructures can significantly enhance the nonlinear signal due to localized surface 

plasmon (LSP) resonances, i.e., localized electric field enhancements. Ideally, a double 

resonance occurs, in which both the excitation and the harmonic wavelengths are 

enhanced, but this is restricted by the available modes. It has been recently shown that 

thin films of epsilon-near-zero (ENZ) materials can also enhance optical nonlinear 

effects if excited at the ENZ wavelength.  Here, we report the first demonstration of a 

new mechanism to enhance the second harmonic generation (SHG), combining a 

structural LSP resonance at the fundamental frequency, and the material ENZ 

resonance at the second harmonic frequency. We show that when both resonances are 

present, the SHG is substantially enhanced. With its refractory nature and CMOS 

compatibility, our results show considerable promise for TiN micro and nanostructures 

in integrated on-chip nonlinear optical devices.  

Keywords: Second harmonic generation, epsilon-near-zero (ENZ) materials, titanium 

nitride, magnetic resonance, doubly enhanced SHG  
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Introduction 

Enhancing the harmonic generation conversion efficiency at the nanoscale is a critical 

challenge in nonlinear optics. Nonlinear nanophotonics is particularly promising, since 

nanoscale structures do not require phase-matching1 due to their sub-wavelength 

dimensions, which further make it possible to utilize the resonant field enhancement to 

enhance nonlinear effects. Several systems have been proposed and reported in the 

literature. These include nonlinear optical signal generation from metallic 

nanostructures1-4, hybrid metal-dielectric systems5-7, resonators8, 9 and so on. In all these 

platforms the electric field at either the fundamental or the harmonic wavelength is 

enhanced1. This efficiency can be further increased if the fields at both the fundamental 

and the harmonic wavelengths resonate simultaneously10-12, like, for instance, in multi-

resonant plasmonic nanoantennae in the work of Celebrano et al10. However, one of the 

two modes was an electric quadrupole mode, which exhibits low field confinement and 

therefore leads to modest nonlinear optical enhancement.  

Recently, epsilon-near-zero (ENZ) engineered materials have attracted 

tremendous attention because there is no phase accumulation when light propagates 

through such a medium, which enables waveform tailoring13, light tunnelling14 and 

light trapping15. The ENZ condition can either be achieved in artificial metamaterials16-

18, or by controlling the growth conditions, in films made of materials such as indium 

tin oxide19, 20 21(ITO) and titanium nitride19 (TiN). Simulations show that the electric 

field can be strongly confined inside the film when the excitation wavelength matches 

the ENZ wavelength (termed the "ENZ mode")22-24. As theoretically predicted and 

experimentally demonstrated23-26, the ENZ resonance in these films thus provides an 

alternative avenue for SHG enhancement.  
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Though both second-order19 and third-order20 nonlinearities can be enhanced in 

ITO films when excited at the ENZ wavelength, this resonance cannot be combined 

with LSP resonance enhancement because ITO has very poor plasmonic behaviour. 

Hence, we propose TiN as a good candidate to demonstrate a double resonance effect, 

where the excitation and the SHG wavelength are enhanced, respectively, by the LSP 

and the ENZ resonances. TiN has its ENZ wavelength in the visible (VIS), while it has 

pronounced plasmonic behaviour in the near-infrared (NIR)27-29. Consequently, a TiN 

nanostructure can be tailored to exhibit a plasmonic resonance in the NIR (excitation 

wavelength), while its ENZ wavelength simultaneously lays in the VIS (SHG 

wavelength), as illustrated in Fig. 1a and 1b. We note that TiN has been investigated as 

an alternative plasmonic material to noble metals30-34, that provides advantages such as: 

tunable optical properties due to the stoichiometry28, 33; it is refractory with high melting 

point (~2900 C)35, 36; exhibiting plasmonic response in visible to near-infrared 

regime37; and large second and third-order nonlinearity19, 36, 38. TiN plasmonic 

structures are therefore well-suited for nonlinear optical applications since they can 

sustain high-power excitation and they exhibit strong nonlinearities36. More 

importantly, the growth of TiN film is compatible with CMOS technology to make an 

integrated nonlinear optics system.  

While TiN nanoantennae can enhance SHG via their electric resonance36,  

magnetic resonance enhancement of nonlinear effects has recently attracted interest.  

This enhancement, which has quite different properties compared with electric dipole 

resonance enhancement39-41, has been attributed to the Lorentz force acting on the 

oscillating electrons in the resonator39, and has been demonstrated in metallic split ring 

resonators39, metasurface42 and a high index dielectric materials43-45.  
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In this report, we first investigate the TiN split ring resonators fabricated starting 

from the as-grown thin film, and show that both the electric and magnetic resonances 

can be resolved. Secondly, we validate SHG enhancement at the ENZ wavelength in 

homogeneous TiN thin films. Thirdly, we investigate the ENZ and plasmonic double 

resonance, and show that it substantially enhances the SHG. Our results show that when 

the magnetic resonance of the resonators and the ENZ wavelength of the material 

coincide, respectively, with the excitation wavelength and the harmonic wavelength, 

then the strongest nonlinear signal is observed.  

Results and Discussion 

A 50 nm TiN thin film was grown on a sapphire substrate by pulsed laser deposition 

(PLD) under a nitrogen gas atmosphere (see details in methods). The crystal structure 

of the as-grown film was then characterized by X-ray diffraction as shown in Fig. 2a; 

the (111) and (222) peaks indicate that the as-grown TiN film crystallize in the cubic 

phase. The surface roughness is determined to be ~1.3 Å by atomic force microscopy 

(Fig. 2b). Electron beam lithography (EBL) was utilized to pattern a conventional 

negative resist - hydrogen silsesquioxane (HSQ) - coated on a TiN substrate, to 

fabricate TiN nanostructures. Subsequently, the HSQ pattern was transferred to TiN 

thin film by a reactive ion etching (RIE) process. The shape and dimensions of the 

resonators are defined in Fig. 2c. The typical split ring resonator array with a bar width 

of 30 nm (labelled as U30) in Fig. 2d (the actual area is 50  50 m2), shows the quality 

and uniformity of our fabricated samples. The linear optical properties were 

characterized by conventional transmission measurements using a micro-

spectrophotometer (CRAIC 20). When the excitation polarization is parallel to the ring 

gap, both an electric mode (high energy, indicated by black dashed line) and a magnetic 
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mode (low energy, indicated by yellow dashed line) are observed (Fig. 2e). It is well 

known that the electric mode arises from the electric dipole of the two vertical bar of 

the resonator, while the magnetic mode emerges from the circulating current along the 

ring46-51. By increasing the resonator size, both the electric and magnetic modes are red 

shifted. Transmission spectra, calculated with the finite-difference time-domain (FDTD) 

method, by using the measured dielectric constant of the TiN film, are in good 

agreement with the experimental measurements (Fig. 2f).  

The dielectric constant of the TiN was retrieved from ellipsometry reflectance 

measurements by a Drude mode fit as shown in Fig. 3a. The real part of the permittivity 

vanishes at wavelengths around 520 nm, which corresponds to the ENZ wavelength. 

For wavelengths longer than 520 nm, the real part of the permittivity is negative and 

TiN supports plasmonic behaviour.  

The SHG of the uniform TiN thin film was measured by an optical microscope 

in reflection mode, coupled to an imaging spectrometer and a VIS CCD camera. The 

results for excitation wavelengths between 850 and 1080 nm (Ti:Sapphire femtosecond 

laser) are shown in Fig. 3b. The average excitation power at each wavelength was kept 

constant at ~6 mW. Each black spectrum corresponds to the measured SHG emission 

at a fixed excitation wavelength. Integrating each of these curves gives the blue dots, 

which thus indicate the integrated SHG intensity at each wavelength. Finally, the red 

curve is a polynomial fit. It is evident that the SHG intensity is largest at the ENZ 

wavelength of 520 nm; here the SHG intensity is enhanced by about a factor of 5 

compared to the SHG intensity at 425 nm. We attribute this enhancement, which is 

somewhat higher than that reported in the literature19, to the ENZ resonance of the TiN 

film. Because no SHG signal can be detected from the sapphire substrate under the 

same excitation condition, we thus confirm that all the SHG signal comes from the TiN. 
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It is important to note that in all the reported observations of enhanced nonlinearities in 

ENZ materials20, 25, 26, the excitation wavelength coincides with the ENZ wavelength 

and oblique incidence is required20, 25, 26. In contrast, here ENZ resonance coincides 

with the harmonic wavelength, and the SHG is emitted at an angle of ~27, which is 

easily collected by our microscope objective (0.85 numerical aperture). It should further 

be noted that the SHG from the TiN thin film does not depend on the polarization of 

the excitation field. 

As shown in Fig. 2e, our TiN resonators exhibit magnetic resonances in the NIR, 

which can be tailored by fabrication to be twice the ENZ wavelength, enabling double 

resonance enhancement of the SHG (see Fig. 1b). We fabricated resonator arrays with 

different sizes to tune the magnetic resonance. Resonators with a bar width of 20 nm 

(U20) exhibit a magnetic resonance at 1040 nm under parallel excitation (Fig. 2e), 

which is double the ENZ wavelength of the TiN (520 nm). Therefore, we expect the 

U20 to be the structure to show the double resonance effect. 

 The SHG of U20 was measured by sweeping the excitation wavelength over the 

magnetic resonance line shape (850-1080 nm) under parallel excitation. The resulting 

SHG spectra are shown in Fig. 4a (blue curves). SHG spectra were also measured under 

the same conditions, but with vertical polarization, as shown in Fig. 4a (magenta 

curves). It is evident that the SHG from the U20 nanoantennae is enhanced compared 

to that from the bare TiN thin film (Fig. 3b), under parallel polarization, whereas the 

SH enhancement under vertical polarized excitation is negligible. 

Fig. 4b shows the transmission spectra (left axis) and SHG enhancement factor 

(right axis) in the same plot. The SHG enhancement factor is obtained by normalizing 

the SHG of the resonator to the SHG of TiN film at each wavelength. The upper and 

lower panels in Fig. 4b represent the observed SHG respectively under parallel and 
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vertical excitation. For parallel excitation (upper panel of Fig. 4b), the SHG 

enhancement (blue dots) follows the magnetic mode curve and reaches a maximum (16 

times) at the magnetic resonance wavelength (1040 nm, black transmission curve). For 

the same structure (U20) the electric dipole resonance is at 850 nm under vertically 

polarized excitation (lower panel of Fig. 4b). It shows weakly enhanced SHG (2 times) 

since the SHG wavelength is away from the ENZ resonance. Fig. 4c compares the SHG 

enhancement at parallel and vertical polarization. The green area indicates the ENZ 

regime, and the plasmonic magnetic and electric resonances under parallel and vertical 

excitation are indicated respectively by black and yellow arrows. We attribute the 

different SHG enhancement under different polarizations to the plasmonic and ENZ 

resonances matching. Double excitation, where we excite the magnetic resonance at the 

fundamental frequency, and we also exploit the ENZ resonance at the SH, leads to 

strong SHG enhancement, is only achieved for parallel excitation.  

Figure 5a show typical SHG signals from the sapphire substrate, the TiN thin film 

and the U20 resonators, with an excitation wavelength of 1020 nm under parallel 

excitation. It confirms the lack of SHG from the sapphire substrate, and that the SHG 

signal from resonator is much stronger than that of the film. The dependence of the 

SHG on the excitation power is shown in Fig. 5b. The fitted slope of around 2, indicates 

a quadratic relation. It can be seen that the actual slope (1.89) is slightly smaller than 

the theoretic value of 2, which was also observed in the SHG of TiN nanoantennas36. 

The polarization dependent SHG at 1020 nm excitation of U20 resonator is shown in 

Fig. 5c. The observed dipolar behaviour occurs because for polarization parallel to the 

resonator gap (0 and 180), the magnetic resonance is coincides with the excitation 

wavelength and the SHG is enhanced. In contrast, under the vertical polarization (90 
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and 270), the plasmonic electric mode resonance (850 nm) is far away from the 

excitation wavelength and the double resonance does not occur.  

Conclusion 

In conclusion, high quality TiN thin film was grown by PLD and SHG 

enhancement of the TiN thin film was observed at the ENZ wavelength. Well-defined 

TiN split ring resonator arrays were fabricated by electron beam lithography. 

Experimental measurement and theoretical calculation of the linear property of TiN 

nanostructure show good plasmonic response in the visible and the near infrared 

spectrum region. Using these arrays we demonstrated a double resonance effect in 

which the SHG is enhanced simultaneously by the presence of a magnetic resonance at 

the excitation frequency, and an ENZ resonance at the second harmonic frequency. This 

represent the first demonstration of a new strategy to enhance optical nonlinearities in 

nanoscale size structures, which may enable the application in light source generation, 

material analysis and optical sensors.   

 

Methods 
 

TiN film growth. The TiN thin film was deposited on commercial sapphire substrate 

by pulsed laser deposition (PLD) method. A nominally stoichiometric polycrystalline 

TiN target of 99.9% purity was used and was placed parallel to the substrate at a 

distance of 70 mm. Before loading it into the chamber, the substrate was ultrasonically 

cleaned for 3 minutes in acetone, alcohol, deionized water, and then blown by pure N2 

gas. After loading the substrate into the chamber, the chamber was evacuated to 5.0 × 

10−6 Pa by a turbo molecular pump. A KrF excimer laser beam (λ= 248 nm, τ= 25 ns) 

was focused on the rotated TiN target at an incidence angle of 45°. In order to remove 

the contaminated surface layer of the target, it was pre-sputtered for about 10 minutes. 
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During deposition, the laser beam energy was set at 350 mJ with a pulse repetition of 2 

Hz. The substrate temperature was fixed at 650 °C. The deposition of the TiN thin film 

was carried out in high-purity nitrogen (99.999%) ambient with pressure at 1Pa. 

TiN nanostructure fabrication. Negative electron beam resist hydrogen 

silsesquioxane (HSQ) (Dow Corning XR-1541) was spin-coated on TiN with the spin 

rate of 4000 RPM and then baked at 80C for 4 minutes. We then used a scanning 

electron microscope (JEOL 7001F) equipped with the nanometer pattern generation 

system (NPGS) to pattern the HSQ. The exposed HSQ was developed in 25% TMAH 

for 30 seconds at 80C and rinsed by water and dried by N2 gas. The HSQ pattern was 

then transferred to TiN by a reactive ion etching (RIE) process.  

Optical measurement. For the transmission measurements, we used a 

microspectrophotometer (Craic 20) which can measure sample as small as 10 µm. The 

measurement range spans from 300 to 2100 nm. SHG measurements were performed 

on an imaging spectrometer (Princeton Instruments model SCT-320 and Horiba-JY 

HR800) in a reflective configured optical microscope using femtosecond laser pulses 

as excitation. These 200 fs pulses were produced by a conventional Ti:Sapphire 

oscillator (Chameleon Ultra II of Coherent, Inc.) with wavelength range of 850-1080 

nm and 80 MHz repetition rate. Before the backscattered light entering CCD, a 700 nm 

short-pass filter was added to eliminate the laser beam and let the SHG pass through. 
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Figures and captions 

 

 

 

 

Figure 1. Principle of double resonance enhanced SHG in TiN resonators. (a) 

Schematic of SHG in TiN resonators, which exhibit LSPR and an ENZ mode. (b) 

Illustration of the mode matching: when the LSPR at the excitation wavelength matches 

the ENZ resonance at SH, the SHG is enhanced strongly.  
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Figure 2. Linear optical properties of TiN resonators. (a) XRD of grown TiN film. 

(b) Roughness of the TiN surface measured by AFM. (c) Dimension of the resonator. 

w is the bar width, Lx=Ly=4w, h=1.6w. (d) SEM image of TiN split ring resonators with 

a bar width of 30 nm. (e) Measured transmission of split ring resonators with increasing 

bar width, showing both electric and magnetic modes. Red-shift trends are indicated by 

black and yellow dashed line, respectively. (f) Calculated transmission of the same 

structures as in (e). 
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Figure 3. Epsilon-near-zero (ENZ) phenomenon and ENZ enhanced SHG in TiN 

film. (a) Ellipsometric permittivity of TiN film. The real part (black curve) is near zero 

at wavelengths around 520 nm. (b) Black curves: typical SH spectra of the TiN film for 

different excitation wavelengths (right axis). Blue dots: the integrated SHG spectra (left 

axis). Red curve: fit of the blue dots. 

  

(b)

425 450 475 500 525 550

 

In
te

g
ra

te
d

 S
H

G
 (

a
.u

.)

SHG wavelength (nm)

0

1k

2k

3k

4k

S
H

G
 (

c
o

u
n

ts
)

200 400 600 800 1000 1200 1400 1600

-40

-30

-20

-10

0

10

Im
 


 

R
e

 


Wavelength (nm)

0

5

10

15

20

25

30

 

(a)



19 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Double resonance enhanced SHG by matching ENZ and magnetic modes 

in U20 resonators. (a) Measured SHG under parallel (blue) and vertical (magenta) 

polarization. The former were vertically shifted for clarity. (b) Upper panel. Blue dots: 

normalized SHG for parallel excitation. The red curve is a fit. Black curve: linear 

transmission. Lower panel: same as upper panel, but for vertical polarization. (c) 

Extracted SHG enhancement of the two different polarizations from (b), blue and 

magenta dots refer to parallel and vertical polarization, respectively. Green area 

indicates the ENZ region. Black and yellow arrows indicate the magnetic and electric 

mode resonant wavelengths under parallel and vertical excitation, respectively.  
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Figure 5. Additional details of the measurements (a) Comparison of the SHG of the 

sapphire substrate (black curve), the uniform TiN film (red curve), and double 

resonance (ENZ + magnetic resonance) enhanced SHG of TiN U20 resonators.  (b) 

Power-dependent SHG of U20 resonator at 1020 nm under parallel excitation (upper 

case in Fig. 4b). (c) Polarization-dependent SHG of U20 resonator when pumped at 

1020 nm.  
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