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ABSTRACT: We perform a comparative study of second-harmonic
generation (SHG) from indium tin oxide (ITO) and from titanium
nitride (TiN) nanolayers excited in the near-infrared spectrum. Both
materials are compatible with Si technology and are candidate platforms
for integrated nonlinear optics. In this work, we fabricate ITO samples
with an ε-near-zero (ENZ) condition, which can be continuously tailored
in the 1150−1670 nm spectral range, and TiN samples with a metallic
behavior in the same spectral range. For the ITO nanolayers, we observe
tunability and enhancement of the SHG intensity when the samples are
excited at their respective ENZ condition, in agreement with the electromagnetic modeling and analogous to its third-harmonic
generation studied earlier. On the other hand, we show that the SHG efficiency of TiN nanolayers is lower by a factor of 50. We
determine experimentally that the dominant component of the second-order susceptibility for our best ITO nanolayer is χzzz

(2ω) =
0.18 pm V−1, and we theoretically predict that the SHG process is enhanced up to 4 orders of magnitude when resonantly
pumping the nanolayer at the ENZ wavelength with respect to a wavelength at 2000 nm. Remarkably, the resulting SHG
efficiency is comparable with a crystalline quartz plate with thickness 0.5 mm used as a reference in our experiments in reflection
configuration. Our study clearly indicates that ITO nanolayers with engineered ENZ conditions are a promising material platform
for surface nonlinearities, with possible applications to nonlinear metasurfaces, Si-based flat optics, and sensing.
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The recent advancements in the fields of plasmonics and
metamaterials have stimulated the engineering of novel

structures for relevant applications in optics.1−3 Metamaterial
analog signal processing has been introduced, based on
multilayered slabs or subwavelength structured screens.4

Ultrathin optical components, based on tailored modifications
of phase to directly control light beams, have been
demonstrated by means of flat metasurfaces.5 Metamaterials
made of digital units have been proposed as a general and
powerful route to obtain desired electromagnetic properties.6−8

Moreover, metal nanostructures have allowed the enhancement
and the miniaturization of nonlinear optical processes by means
of plasmonic resonances.9,10 Chip-integrated electro-optic
modulators have been obtained based on subwavelength
localized plasmonic modes.11,12 In brief, the proper combina-
tion of metal and dielectric constituents allows unique optical
material properties and device performances. However, tradi-
tional noble metals, such as Au and Ag, suffer from high
extinction losses in the optical and near-infrared spectrum13

due to both interband electronic transitions and conduction

losses. Consequently, metal nanostructures show structural and
thermal instabilities under strongly confined electromagnetic
fields. This is especially critical for nonlinear optical
applications, where ultrafast light pulses are used as the
excitation light.14−16 Moreover, noble metals suffer from very
limited processing compatibility with respect to the widespread
Si microfabrication technology.
In order to solve these problems, conductive oxides and

nitride-based materials have been explored in recent years as
alternative tunable platforms for the engineering of plasmonic
resonances and for the design of metamaterials in the near-
infrared spectral range.17−22 Such materials have a higher
melting point than noble metals, they are chemically stable at
high temperatures,23,24 and consequently, they can withstand
more intense electromagnetic fields. Specifically, indium tin
oxide (ITO) is a conductive oxide largely utilized as a
transparent contact, while titanium nitride (TiN) is utilized as
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a coating material and as a conductive barrier.25,26 Both
materials are compatible with the fabrication standards of the Si
microelectronic industry.
Among the wide range of investigated metamaterials, optical

media exhibiting the ε-near-zero (ENZ) condition are strongly
pursued due to their unique properties.27 They have been
proposed to control the propagation and localization of
electromagnetic fields with applications to energy squeez-
ing,28,29 imaging,30 light trapping,31 and scattering.32,33 More-
over, the enhancement of the normal component of the electric
field inside ENZ media was theoretically predicted and
proposed as a convenient strategy to enhance nonlinear
harmonic generation,34−36 to boost optical bistability in Kerr
nonlinear devices,37 and to realize better optoelectronic
switchers.38 More recently, the nonlinear optical properties of
ENZ media have been experimentally investigated and phase
mismatch-free propagation has been demonstrated.39 Typically,
ENZ media are obtained at optical frequencies by means of
three-dimensional nanomanufacturing, utilizing metal compo-
nents.40−42 Lately, our group investigated the optical properties
of Si-compatible ITO nanolayers and utilized the tunable ENZ
condition in the near-infrared to experimentally demonstrated
strong enhancement of third harmonic generation (THG).43 In
particular, we showed that by resonantly pumping ITO
nanolayers at their ENZ condition, a third-harmonic efficiency
∼600× higher than crystalline Si can be achieved.

■ RESULTS AND DISCUSSION
ITO and TiN are currently being extensively investigated as
alternative components for metamaterials.17−20,23,24 In the
present work, we investigate the potential of both ITO and TiN
materials as platforms for second-order optical nonlinearities.
Specifically, we fabricate ITO nanolayers featuring a tailorable
ENZ condition in the near-infrared, and we experimentally
demonstrate enhanced second-harmonic generation (SHG)
due to their ENZ response. Moreover, we investigate the SHG
properties of TiN nanolayers with a metallic behavior in the
same spectral range. The results of our comparative study show
that the SHG from the ITO nanolayers is 50× more efficient
than TiN, with an intensity comparable to that of a crystalline
quartz plate of thickness 0.5 mm, used as a reference.
Eventually, we quantify the second-order susceptibility of the
fabricated samples by using the rigorous Green-function
formalism for surface optics.
Sample Deposition and Annealing Processes. We use

RF magnetron sputtering to deposit ITO thin films on Si
substrate from an ITO target in Ar atmosphere, as detailed in
refs 43 and 44. Similarly, we deposit TiN thin films using DC
reactive sputtering, from a Ti target in N2 atmosphere, with a
gas flow at 10 sccm. The thickness of the fabricated samples is
fixed at approximately 37 ± 5 nm for ITO and 40 ± 5 nm for
TiN. In order to tailor the optical properties of the fabricated
samples, we perform postdeposition thermal annealing
processes, with increasing annealing time and temperature, as
detailed in Table 1 for ITO and in Table 2 for TiN. We
measure the electric permittivity ε(ω) of all the fabricated
samples by using variable angle spectroscopic ellipsometry. The
postdeposition annealing processes results in a large tunability
of the optical dispersions for both materials.
Ellipsometric Characterization. The ellipsometric data

for all the ITO and TiN nanolayers are fitted with a very good
accuracy using the standard Drude-Sommerfeld model for the
free charge carriers:

ε ω ε ω ε ω ε
ω

ω ω
= ′ + ″ = −

+ Γ∞i
i

( ) ( ) ( ) p
2

2 (1)

where ωp is the plasma angular frequency and Γ is the collision
rate of the carriers. Here, ε∞ represents the background
permittivity, which accounts for the effects of the electron
transitions occurring at higher frequencies. In the Drude-
Sommerfeld model, the zero of the real permittivity ε′ = 0 is
generally referred as screened plasma wavelength λps, which is
given by the relation (2πc/λps)

2 = ωp
2/ε∞ − Γ2. In the following,

we also define an ENZ condition as the minimum of the
absolute permittivity |ε(ω)| = |ε′(ω) + iε″(ω)|, with the
necessary requirement that |ε(ω)| < 1. Differently from the
screened plasma wavelength, this condition guarantees the
enhancement of the normal component of the internal electric
field, which drives the unique properties of the ENZ media. For
the simple model in eq 1, the ENZ condition corresponds with
the screened plasma wavelength λps, only if the imaginary
permittivity is less than unity (|ε(ω)| = ε″ < 1).
The experimental complex permittivity ε(ω) is shown in

Figure 1, with the real part ε′ on the left column and the
imaginary part ε″ on the right column. The permittivity of the
ITO nanolayers is shown in Figure 1a,b. These samples feature
a λENZ in the range between 1150 and 1670 nm, demonstrating
that the ENZ condition can be largely tailored with the
postdeposition annealing process. At the ENZ wavelength, the
absolute permittivity |ε(ω)| = ε″ is in the range 0.48−0.61,
which is much smaller than noble metals in the targeted
infrared spectrum.45 The permittivity of the TiN nanolayers is
shown in Figure 1c,d. The fabricated TiN samples show a
screened plasma wavelength that is tailored in the visible
spectrum between 510 and 645 nm. The absolute permittivity
|ε(ω)| = ε″ at the ENZ wavelength is larger than unity for all
samples.

Calculated Internal Electric Field. We performed
accurate electromagnetic calculations in order to quantify the
electric field inside the fabricated nanolayers at the excitation
wavelength, which drives the optical nonlinearities investigated
in this article.46 Specifically, we considered a free-space (m =
0)/nanolayer (m = 1)/substrate (m = 2) geometry illuminated
by an incident plane wave with wavevector k0 lying in the xOz
plane. We adopt the same spatial coordinates as in ref 46 with
the z-̂axis perpendicular to the layer surface (the interface

Table 1. Fabrication Parameters for ITO Nanolayers

λENZ
(nm) |ε| = ε″@ λENZ

anneal. temp.
(°C)

anneal. time
(min)

ramp-up time
(s)

1150 0.53 750 60 15
1270 0.52 750 30 15
1390 0.48 550 30 15
1550 0.61 350 60 15
1670 0.54 350 30 15

Table 2. Fabrication Parameters for TiN Nanolayers

λps
(nm) |ε| = ε″@ λps

anneal. temp.
(°C)

anneal. time
(min)

ramp-up time
(min)

510 3.10 900 60 1
545 3.55 800 60 1
565 3.65 700 60 1
615 5.07 500 60 1
640 6.51 300 60 1
645 8.12 as deposited
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between the free-space and the nanolayers is at z = −d1 = 0,
while the interface between the nanolayer and the substrate is at
z = −d2 = −D). Similarly to what we did in ref 43, here we
express the electric field in the generic medium m as

= + ̃ ̂+
+ −x y z A R e eE y( , , ) [1 ]m m m m
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where eq 2 is for the case of s-polarized incident plane wave,
and eq 3 for the case of p-polarization. The generic medium m
is characterized by its wavenumber km and impedance ζm. The
spatial components of the wavevector km in medium m
(indicated by the x,y,z subscripts) are determined by the Snell’s
law. The complete expressions for the coefficients Am and
R̃m,m+1 are well-known for both s- and p-polarizations.46 In this
work, the fields are normalized with respect to the amplitude of
the incident electric field |Einc| (i.e., we assume A0

TE = 1 and A0
TM

= ζ0
−1). We used the experimental values of the permittivity

obtained from our ellipsometric data to calculate the amplitude
of the electric field E1 inside the fabricated nanolayers, when
the incident wave is p-polarized (for simplicity we will drop the
subscript 1). The results are displayed in Figure 2a,b for ITO
and in Figure 2c,d for TiN. The field amplitude and phase are,
with good approximation, constant along the nanolayer
thickness, due to their subwavelength extent. Here, the normal
(Ez) and the tangent (Ex) components of the field calculated at
the interface with free space (z = 0).
We already showed in ref 43 that the normal component Ez

inside the ITO nanolayers has a maximum in correspondence
with the ENZ wavelength, at incident angles in the range 45−
55° with respect to the surface normal. This angle corresponds

to the quasi-Brewster mode,47 whose dispersion is described by
the upper polariton branch of the investigated layered material.
All the calculations in Figure 2 are performed at an incident
angle of 45°. The normal component Ez inside the ITO
nanolayers is shown in Figure 2a and it is maximized at the
ENZ wavelength for each investigated sample. For the ITO
nanolayers the amplitude of Ez is larger than the incident
electric field by a factor between 1.5 and 1.8. In Figure 2b, we
show the amplitude of the tangent component Ex that, contrary
to the normal component, is considerably reduced with respect
of the incident field by a factor ∼0.5. The Ez and Ex
components of the electric field inside the TiN samples are
shown in Figure 2c,d, respectively. For all the fabricated
samples, both components are reduced with respect of the
incident field. The Ex component dominates over the Ez
component by a factor ∼2, due to the metallic behavior of
the TiN samples in the investigated spectral range. For each
TiN sample, the electric field in the TiN samples slightly
increases in proximity of the screened plasma wavelength λps.
However, both field components remains lower than the
incident field, due to the high material losses (see Table 2).

Second-Harmonic Generation Spectroscopy. The
calculations of the internal electric field in the previous section
pointed out the different behavior of the ITO and of the TiN
nanolayers in the investigated near-infrared regime. In the
following we experimentally characterize the nonlinear optical
responses of the fabricated samples using SHG spectroscopy.
Figure 3a shows a schematic of the experimental setup, which
utilizes an Optical Parametric Oscillator (OPO, Inspire Auto
100, Spectra-Physics) pumped by a Ti:sapphire laser (Mai Tai,
Spectra-Physics), delivering ultrafast pulses of 150 fs duration at
a 81 MHz repetition rate. We use as the excitation beam the
OPO idler output, scanning the 1000−1700 nm spectral range.
A 1000 nm long-pass filter (LPF) removes any spurious signal
from the excitation beam, which is modulated by a mechanical
chopper (C) and has an average power of 10 mW. A 20×

Figure 1. Real part ε′ (a) and imaginary part ε″ (b) of the electric
permittivity for the ITO nanolayers with λENZ = 1150 (red), 1270
(blue), 1390 (green), 1550 (cyan), and 1670 nm (magenta). Real part
ε′ (c) and imaginary part ε″ (d) of the electric permittivity for the TiN
nanolayers with λps = 510 (red), 545 (blue), 565 (green), 615 (cyan),
640 (magenta) and 645 nm (orange).

Figure 2. Amplitude of the internal electric field components Ez (a)
and Ex (b) as a function of the incident wavelength, for the ITO
nanolayers with λENZ = 1150 (red), 1270 (blue), 1390 (green), 1550
(cyan), and 1670 nm (magenta); Ez (c) and Ex (d) for the TiN
nanolayers with λps = 510 (red), 545 (blue), 565 (green), 615 (cyan),
640 (magenta), and 645 nm (orange).

ACS Photonics Article

DOI: 10.1021/acsphotonics.5b00355
ACS Photonics 2015, 2, 1584−1591

1586

http://dx.doi.org/10.1021/acsphotonics.5b00355


microscope objective (OBJ) focuses the beam onto the sample
under investigation, resulting in a peak intensity in the focused
beam spot of approximately Ipeak

(ω) = 42 MW/cm2. The incident
angle is 45° for all the acquisitions, and the SHG signal is
collected in reflection configuration through a 30 mm lens
(L1). The collected light is then coupled into a mono-
chromator (Cornerstone 260, Newport) through a 180 mm
lens (L2). A 1000 nm short-pass filter (SPF) is placed in front
of the monochromator slits to reject the excitation wavelength.
The SHG spectra have been detected with a lock-in amplifier
(M-70100, Oriel Merlin) coupled to a low-light photomultiplier
tube (PMT, 77348 Oriel Instrumentation). Figure 3b shows a
schematic of the polarization configuration for both the
excitation (red) and the collected SHG signal (blue). The
excitation beam is linearly polarized, and the polarization is
defined by the angle β, such that β = 0° determines an incident
p-polarization and β = 90° an incident s-polarization.
With the experimental setup described above, the ITO

nanolayers are excited in the spectral range of their λENZ. On
the contrary, the TiN samples are excited in a spectral range
where their response is metallic, and the SHG signal is
generated in proximity of their screened plasma wavelength λps.
For these reasons, the fabricated ITO and TiN materials
represent a complementary choice to investigate the SHG
processes while scanning the incident wavelength in the near-
infrared. In Figure 4a we show representative SHG spectra
collected under p-polarized incidence (β = 0°) for the ITO
sample with λENZ = 1390 nm. Analogously to our THG case
reported in ref 43, the intensity exhibits a maximum at the
incident wavelength around λENZ. In Figure 4b we show
representative SHG spectra collected under p-polarized

incidence for the TiN sample with λps = 545 nm. In this
case, the SHG signal is very low and it is close to the noise
background of our experimental configuration. The SHG
intensity grows monotonically when the incident wavelength
is reduced from 1200 to 1000 nm. As a normal practice, we
substitute the investigated samples with their substrate, in order
to show that the SHG signals are indeed generated inside the
fabricated ITO and TiN nanolayers. No SHG signal is detected
under the same excitation conditions in the substrate.
The SHG intensities are summarized in Figure 5 for all the

investigated samples. Figure 5a displays the case of the ITO
nanolayers, showing a characteristic trend that approximately
peaks at the corresponding λENZ for each sample, similarly to
what we previously reported for the third-harmonic gener-
ation.43 The small discrepancy between the λENZ and the peak
of the SHG signal is attributed to the finite scanning accuracy
(25 nm) that we used to tune the pump wavelength in the SHG
experiments. This data confirms that the control of the ENZ
condition in homogeneous ITO nanolayers allows reliable
tuning of their second-order nonlinear optical properties in a
wide spectral range, which is interesting for telecommunication
applications. The behavior of the SHG intensity with respect to
the incident wavelength has been investigated for all the TiN
nanolayers. The samples annealed at temperatures lower than
700 °C show no detectable SHG signal. For all the remaining
samples, the SHG intensity increases as the incident wavelength
decreases, as summarized in Figure 5b. Remarkably, the
maximum achieved SHG efficiency for the TiN nanolayers is
a factor of 50 lower than the best ITO nanolayer. The trends of

Figure 3. (a) SHG experimental setup. (b) Polarization configuration
for both the excitation beam and the reflected SHG.

Figure 4. (a) SHG signals of the ITO nanolayer with λENZ = 1390 nm
at incident wavelength λ = 1200 (black), 1250 (magenta), 1300
(green), 1350 (red), 1400 (blue), and 1450 nm (pink). (b) SHG
signals of the TiN nanolayer with λps = 545 nm at incident wavelength
λ = 1025 (black), 1050 (red), 1075 (green), 1100 (blue), 1125 (cyan),
1150 (magenta), 1175 (yellow), and 1200 nm (dark yellow).
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the SHG intensity are consistent with the electric field
calculations previously discussed, for both ITO and TiN
materials.
Second-Order Susceptibility. The components of the

second-order susceptibility can be determined by measuring the
dependence of the SHG intensity on the polarization of the
incident beam. Specifically, we performed SHG measurements
for both s- and p- detection configurations as a function of the
angle of polarization β of the incident beam. In this experiment,
the incident beam polarization is rotated by using a λ/4
waveplate followed by a Glan-Laser polarizer. The incident
polarization is defined by the angle β, such that β = 0°
determines a p-polarization and β = 90° a s-polarization. The
collected SHG signal is analyzed in its p- and s-components by
a polarizer. In Figure 6a,b, the collected SHG p-and s-
components are shown versus β for the representative ITO
sample excited at its ENZ wavelength λENZ = 1150 nm. We
notice that the intensity of the SHG s-component is zero for
both p (β = 0°) and s (β = 90°) incident polarizations. This
follows from the fact that the fabricated films possess in-plane
isotropy (C∞ν symmetry group). Consequently, there are three
allowed and independent components for the second-order
susceptibility: namely χzzz

(2ω), χzxx
(2ω) = χzyy

(2ω), and χxzx
(2ω) = χxxz

(2ω) =
χyzy
(2ω) = χyyz

(2ω). Moreover, the SHG p-component is zero for the s
(β = 90°) incident polarization, and the χzxx

(2ω) = χzyy
(2ω)

component is negligible. Here, the maximum intensity of the
SHG p-component (at β = 0°) is approximately 20× more
intense than the s-component (at β = 45°). In conclusion, the

two relevant components of the second-order susceptibility are
χzzz
(2ω) and χxzx

(2ω) for both materials. This result confirm that the
SHG signal is mainly driven by the normal component Ez of the
electric field. It has not been possible to conduct a similar
analysis for the TiN samples with the same experimental
apparatus, due to their low SHG intensity.
In order to further confirm the effect of the ENZ-

enhancement of the electric field over the SHG process, we
calculate the SHG intensity as a function of the excitation
wavelength for all the fabricated samples. We fix the incident
polarization at β = 0° (p-polarization) and the incident angle at
45°, as in the experimental section discussed previously. We
consider the same multilayer planar geometry as before, where
an incident plane wave illuminates the structure from free-
space, inducing a second-order nonlinear bulk polarization
P(2ω) inside the nanolayer:

ε χ= ⃡ω ω EEP :(2 )
0

(2 )
(4)

where χ(⃡2ω) is the bulk second-order susceptibility and E is the
electric field inside the nanolayer (we dropped the subscript 1)
calculated at the excitation wavelength from eqs 2 and 3. The
SHG field reflected back to free space can be expressed by
using the rigorous Green-function formalism for surface
optics:48,49
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where the subscripts m = 0, 1, and 2 are the same as in the
previous sections, and all the quantities with the (2ω)
superscript are related to the second-harmonic fields: k0

(2ω) is
the free-space wavenumber, k1,z

(2ω) is the z-component of the
wavevector inside the nanolayer, tij

(2ω) and rij
(2ω) are the Fresnel

transmission and reflection coefficients for the electric field at
the interface between two media i and j (the appropriate
coefficient have to be selected for p- and s-polarizations), q̂1±

(2ω)

describes the polarization state of the generated light (as
defined in ref 48). The integration variable z′ goes from −D
(corresponding to the interface between the nanolayer and the
substrate) to 0 (corresponding to the interface between the
free-space and the nanolayer) in the coordinate system adopted
throughout this manuscript. Given the subwavelength thickness

Figure 5. (a) SHG intensity as a function of the incident wavelength
for the ITO nanolayers with λENZ = 1150 (red), 1270 (blue), 1390
(green), 1550 (cyan), and 1670 nm (magenta). The vertical lines mark
the λENZ for each sample. The widths of the stripes indicate the
scanning accuracy of the pump wavelength. (b) SHG intensities as a
function of the incident wavelength for the TiN nanolayer with λps =
510 (blue), 545 (green), and 565 nm (red).

Figure 6. Intensity of the SHG p- (a) and s- (b) components as a
function of the polarization angle of the incident beam β for the ITO
nanolayer with λENZ = 1150 nm at incident wavelength λ = λENZ.
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of the investigated nanolayers, we assume that k1,z
(2ω) ≪ 1 and

that the E field is constant along the z direction. Consequently,
the second-order bulk polarization P(2ω) is constant across the
nanolayers thickness, and eq 5 can be approximated as

ε
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where P(2ω) is calculated inside the nanolayer, at the interface
with free-space.
The calculated SHG intensity is shown in Figure 7 for the

ITO nanolayers, as a function of the incident wavelength. This
calculation is performed for each of the allowed second-order
susceptibility components separately from the others. In Figure
7a, we used the set of parameters (χzzz

(2ω) ≠ 0, χxzx
(2ω) = 0, χzxx

(2ω) =
0). Analogously, we used the set of parameters (χzzz

(2ω) = 0, χxzx
(2ω)

≠ 0, χzxx
(2ω) = 0) for Figure 7b and (χzzz

(2ω) = 0, χxzx
(2ω) = 0, χzxx

(2ω) ≠ 0)

for Figure 7c. Each of the allowed components of χ(⃡2ω) exhibit
maximum SHG generation when the samples are pumped at
the λENZ, in agreement with the experimental results showed in
Figure 5. However, the width of the SHG peak is shorter for the
χzzz
(2ω) component in Figure 7a, and it increases for χxzx

(2ω) in
Figure 7b. The bandwidth further increases for the χzxx

(2ω), which
also features a much shorter SHG intensity. These results are
easily explained by considering the amplitude of the Ez and Ex
components shown in Figure 2. We notice that for the χzzz

(2ω)

component shown in Figure 7a, our calculations predict a SHG
intensity enhanced by approximately 4 orders of magnitude,
compared to wavelengths detuned from the ENZ condition. It
is also important to note that the SHG from the fabricated ITO
nanolayers benefits from both from the enhanced electric field
of the excitation and from the improved extraction of the SHG
light. As a matter of fact, the fabricated ITO samples are
transparent in the visible spectrum.
We performed a similar analysis for the TiN nanolayers.

Figure 8 shows the calculated SHG intensity as a function of
the incident wavelength. In Figure 8a, we used the set of
parameters (χzzz

(2ω) ≠ 0, χxzx
(2ω) = 0, χzxx

(2ω) = 0). Analogously, we
used the set of parameters (χzzz

(2ω) = 0, χxzx
(2ω) ≠ 0, χzxx

(2ω) = 0) for

Figure 7. Calculated SHG intensity as a function of the incident
wavelength for the ITO nanolayers with λENZ = 1150 (red), 1270
(blue), 1390 (green), 1550 (cyan), and 1670 nm (magenta). The
second-order susceptibility components are (χzzz

(2ω) ≠ 0, χxzx
(2ω) = 0, χzxx

(2ω)

= 0) (a), (χzzz
(2ω) = 0, χxzx

(2ω) ≠ 0, χzxx
(2ω) = 0) (b), and (χzzz

(2ω) = 0, χxzx
(2ω) = 0,

χzxx
(2ω) ≠ 0) (c).

Figure 8. Similar to Figure 7, but for the TiN nanolayers with λps =
510 (red), 545 (blue), and 565 nm (green).
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Figure 8b and (χzzz
(2ω) = 0, χxzx

(2ω) = 0, χzxx
(2ω) ≠ 0) for Figure 8c. The

TiN nanolayers display a metallic behavior in the investigated
spectral range. For this reason, the SHG intensity monotoni-
cally decreases as the incident wavelength increases for all the
investigated components of the second-order susceptibility. It is
interesting to note that, assuming equal amplitude for χzzz

(2ω),
χxzx
(2ω), and χxzx

(2ω), the SHG intensity due to the χzzz
(2ω) component

is 3 orders of magnitude lower than the others. This is due to
the metallic behavior of the TiN nanolayers in the near-
infrared, which negatively affects the extraction of SHG light.
Moreover, the second-order polarization induced by χzzz

(2ω)

depends on the normal component Ez of the electric field at
the incident wavelength, which is strongly reduced inside the
TiN nanolayers, as already shown in Figure 2c.
In order to quantify the second-order susceptibility of the

investigated nanolayers, we performed relative measurements
with a reference material, as detailed in Chapter 4 of ref 50.
Specifically, we considered the reflected SHG intensity from a
Y-cut quartz plate of thickness 0.5 mm. We measured the SHG
s-component Iquartz

(2ω) generated by an s-polarized incident beam,
when the quartz standard axis 1 is parallel to the s-direction. We
assumed the value χ111 = 0.6 pm V−1 for the second-order
susceptibility of quartz, where the subscripts refer to the
standard crystallographic axes.51 We obtained that the SHG
intensity IITO

(2ω) of the best ITO nanolayer (with λENZ = 1150
nm) is comparable with the quartz plate (our experimental
measurements indicated that IITO

(2ω)/Iquartz
(2ω ≈ 1/3.5), when both

are pumped at λ = 1100 nm. This is a remarkable performance
for the ITO nanolayers, considering that the quartz plate
thickness is as large as 0.5 mm. As a comparison, in ref 52 the
SHG from arrays of silver nanoparticles and islands excited at λ
= 1060 nm resulted to be ∼2 × 10−3 lower than a quartz
sample (with unspecified orientation).52 By comparing the
calculated and the experimental values of the SHG intensity, we
estimated that the second-order susceptibility components are
χzzz
(ω) = 0.18 pm V−1 and χxzx

(ω) = 0.05 pm V−1 (in good agreement
with previous studies53) and that the SHG efficiency is ηSHG =
I(2ω)/I(ω) = 3 × 10−13 at Ipeak

(ω) = 42 MW/cm2. Since the SHG is a
second-order nonlinear process, ηSHG increases linearly with the
incident intensity and the slope has a constant value ηSHG/Ipeak

(ω)

= 7 × 10−21 cm2/W. As a comparison, the arrays of nanowires
investigated in ref 54 have a maximum ηSHG/Ipeak

(ω) = 3.5 × 10−21

cm2/W with the excitation at λ = 800 nm, whereas the
nanoantenna recently reported in ref 55 has a maximum ηSHG/
Ipeak
(ω) = 2.1 × 10−21 cm2/W in the same 940−1480 nm spectral
range targeted here (although enhanced values are reported for
longer wavelengths). The comparison with the results obtained
by other groups is affected by the different experimental
conditions, especially the spectral and temporal properties of
the excitation beam. However, it is clear from our results that
ITO nanolayers provide an excellent nonlinear optical perform-
ance even without utilizing surface nanostructuring. This is a
direct consequence of the enhanced internal electric field at the
ENZ wavelength. For the TiN samples, the SHG efficiency is
ηSHG = I(ω)/I(ω) = 6 × 10−15 at Ipeak

(ω) = 42 MW/cm2, with a slope
ηSHG/Ipeak

(ω) = 1.4 × 10−22 cm2/W. Crystalline TiN is a
centrosymmetric medium, and therefore, the bulk second-
order susceptibility is zero in the dipolar approximation. The
SHG from centrosymmetric conductors is generally attributed
to surface effects and to nonlocal bulk effects. The samples
investigated here are polycrystalline, and the grain boundaries
also play important effects in optical nonlinearities. We
attribute the low second-order optical nonlinearity of the

fabricated TiN nanolayers to the grain centrosymmetry and to
the significant optical losses associated with the large imaginary
part of the permittivity.

■ CONCLUSIONS
In this work, we experimentally showed that both ITO and TiN
nanolayers can be fabricated to have tailorable optical
dispersion in the near-infrared. We also theoretically predicted
that the SHG process in ITO is enhanced by approximately 4
orders of magnitude if the excitation wavelength matches the
ENZ condition of the material. Remarkably, the ITO
nanolayers generate an SHG signal of comparable intensity
with that of a crystalline quartz plate of thickness 0.5 mm, while
TiN show a much lower SHG intensity. In conclusion, ITO is
an efficient platform for surface optical nonlinearities, which is
compatible with Si fabrication technology and it is applicable
for scalable and planar-integrated metamaterial structures.
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