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The effects of enhancement of stimulated Raman scattering in titanium oxynitride (TiON) nanofilms are
considered. The mechanism of giant amplification of a Stokes wave is based on, first, localized plasmon res-
onance in titanium nitride (TiN) nanoparticles and, second, a spectrally degenerate behavior of the real part
of the dielectric constant of the nanocomposite film. The enhancement of stimulated Raman scattering in the
TiON film by means of a plasmonic nanoantenna and a nanostructured surface of the TiON film is demon-

strated experimentally.
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Stimulated Raman scattering (SRS) is a third order
nonlinear optical effect when low-frequency vibra-
tions of molecules can be coherently excited in a
medium owing to the nonlinear interaction of the laser
pump wave at the frequency , with the scattered

Stokes wave at the frequency ®, = ®, — sQ (where Q
is the phonon frequency and s = 1, 2, ...; see Fig. 1b).
Because of such four-wave mixing, the energy from
the pump wave is transferred into the Stokes wave until
their amplitudes become equal. In the continuous
pump wave approximation (/, = const), the intensity
of the Stokes wave has the form [1]

I(L) = I,(0)exp[yr oLl (1)

where L is the interaction length and 7y is the
enhancement factor of Raman scattering, which is
defined as follows [1]:
3w
r = ————Im[x"]. ()
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Here, X(3) is the cubic susceptibility of the medium,
€, is the permittivity of free space, c is the speed of light
in the vacuum, and n, and n, are the real refractive
indices of the medium for the pump and Stokes waves
(it is assumed that the medium is non-absorbing),
respectively. For most natural materials, the inequali-

ties " > x? > ¢ are valid (e.g., ¥ ~ 1, x® ~
10-3-10-° m/V, and x® ~ 10-3—10~"% m?/V?). This

means that nonlinear effects are weak and their obser-
vation requires increasing the interaction length L
(e.g., using optical fibers) and/or the laser pump
power [, (using high-power pulsed lasers). As a result,
it is impossible to generate SRS in spatially limited
materials (nanostructures) or on single molecules illu-
minated by low-intensity laser light (1, < 1 MW/cm?).
However, coherent anti-Stokes Raman scattering
(CARS) [2] and SRS [3] were experimentally observed
by placing a single molecule near a metallic (plas-
monic) nanoantenna or in a 3D nanocavity. Enhance-
ment of nonlinear optical effects is due to giant local
electric fields and changes in the properties of the
radiating/absorbing system (see Fig. 1a).

In the approximation w, = ®,, the local enhance-
ment factor of Raman scattering can be represented as

G(r,0) = g, (r,0)g; (r, ®)g> (r, ®). 3)

The fourth power indicates that the effect of laser light
localization on the enhancement of nonlinear optical
effects is described by the product of the average local
enhancement factors of the optical fields involved in
light scattering. The first factor corresponds to the
local enhancement of the optical field due to the
action of the nanoantenna (green arrows in Fig. 1a)
and is defined as

|E(r, )
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Fig. 1. (Color online) (a) Diagram of the interaction of a molecule with a locally enhanced optical field created by a plasmonic
nanoantenna and a metal substrate. (b) Energy diagram for the demonstration of Raman scattering; the parabola indicates the

absence of anharmonicity.

where Ey(r,®) and E(r,) are the intensities of the
incident and amplified optical fields at the point r,
respectively, and o is the frequency of the incident
wave. The second multiplier describes the effect of
multiple self-action of the scattered optical field (red
arrows in Fig. 1a) per molecule and has the form [4]

g(r,®) = 1/3Tr{{ - BG,(r,r, )| '}, 5)

where Tr{...} denotes the trace of the matrix, I is the
identity matrix, [ is the polarizability of the molecule,

and (?}s (r,r, ®) is the dyadic Green’s function for mul-

tiple scattering. The third multiplier g,(r, ) is respon-
sible for the resonant exchange interaction between
the vibrational mode of the molecule and the optical
mode of the nanocavity and corresponds to the strong
coupling mode [5]. This contribution allows the gen-
eration of SRS from a single molecule.

In our work, a 50-nm titanium nitride (TiN) film
was chosen as a spatially limited nonlinear medium,
for which the cubic nonlinearity can reach

¥ = ~5.3+0.20)x10™"* m%/V2 [6]. The film was
synthesized on a SiO,/Si substrate by magnetron sput-
tering in an Ar : N, (50 : 50) atmosphere at a tempera-
ture of 350°C. Oxidation of the film in air leads to the
formation of crystalline and amorphous TiO,N, phases.
Figure 2a shows an atomic force microscopy image of
the film surface. As shown in [7, 8], the chemical struc-
ture of the film can be approximated as a binary mixture
of TiN metal nanoparticles and dielectric nanoparticles
(TiO,): TiON = fTiN + (1 — f)TiO, (where f is the
volume filling factor, 0 < < 1). Figure 2b shows a log-
scale map of the conductivity of the TiON film, which
shows a percolation behavior: the bright regions corre-
spond to the presence of continuous conducting
chains in the medium. A unique property of such a
nanocomposite film is an unusual behavior of the real
part of the dielectric constant of TiON, which twice
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becomes zero in the visible and near-infrared regions
at the epsilon-near-zero (ENZ) frequencies, as shown
in Fig. 2c. As seen in Fig. 2c, the TiN film exhibits a
metallic behavior with large optical losses (the imagi-
nary part of the dielectric constant) compared to
TiON.

The effective cubic nonlinear susceptibility of
metal—dielectric nanocomposite films can be repre-
sented by averaging the contributions from metal and
dielectric inclusions [9]:

A = s + (11— GGl (6)

3)

m

and xﬁf )

Here, % are the cubic nonlinearities for TiN
and TiO,, respectively;, g, = g(®w;) and é, = é(mi)
(i = (0,5)) are the complex local enhancement factors

of the optical field given by the formulas

Eerr (W) + 2€4(0)

g, (0) + 2e4(0)

Eerr (W) + 2€4(®)
3e4(w)

g(w) =
A (7)
G(w) =

where €(w) is the effective dielectric constant of the
nanocomposite, which can be found from the theory

of the effective medium [10]. Since e€.4(®w) — 0

(Eerr = Eupp + i€, Where € and €,y are the real and
imaginary parts of the dielectric constant, respec-

tively), é(co) = 1 and, thus, the plasmon contribution
£(w) becomes dominant in the nonlinear enhance-
ment of the optical signal. On the other hand, when

€. =0, the real m, and n, imaginary parts of the
refractive index of the medium for the Stokes wave sat-

isfy the relation n, = n, = +/e,;/2. Thus, an additional



768

LY

\

7/ ”/ .

22 1
/’ - 10
L 1.1 Jo
900 1100 1300 1500

Wavelength (nm)

Fig. 2. (Color online) (a) Atomic force microscopy topog-
raphy of a 50-nm TiON film. (b) Conductivity map of the
TiON film on a logarithmic scale. (¢) Real and imaginary
parts of the dielectric constants of TiN and TiON.
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mechanism for nonlinear enhancement of the optical
field appears at the ENZ frequencies [9]:
ny€oC ?

3)
Im Keff —
e
" (3)

'3
300 et — Xefr
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Mo€oC \/28:ff
This means that the creation of a nanocomposite with

vanishingly small optical losses €, — 0 will lead to an
amplification of the Stokes wave. Unlike Eq. (2), SRS
is determined by both the imaginary and real compo-
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nents of the cubic nonlinearity . The latter is
responsible for changing the phase of the Stokes wave
and, as a result, there is a nonlinear contribution to the
refractive index of the medium (analogous to the Kerr
effect).

Figure 3a shows the Raman spectra from a 50-nm
TiON film with and without plasmonic (gold) nano-
antenna. The Raman spectrum (blue line) indicates
the appearance of a wide band in the region of
600—700 cm~!, which belongs to the polymorphic
modifications of TiO,. The tip-enhanced Raman scat-
tering (TERS) spectroscopy (red line) allowed resolv-
ing strongly overlapped spectral components and
attributing them to rutile (600 and 630 cm™!) and ana-
tase (655 and 680 cm™") [8]. Thus, spectroscopic data
confirm the binary structure of the TiON film [7].

An important observation is the appearance of the
480 cm~' line, which can be attributed to the SRS line,
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Fig. 3. (Color online) (a) Raman spectra of a 50-nm TiON film with and without the plasmonic antenna. (b) Map of TERS from

a 50-nm TiON film.
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Fig. 4. (Color online) (a) Raman spectra from 200 X 200 nm square nanoantennas created using an ion beam on (blue line) TiN
and (red line) TiON films 50 nm thick. The inset shows scanning electron microscopy images of the nanoantennas. (b) Intensity

of the Stokes wave versus the intensity of incident light.

since the second TiN overtone is observed near
460 cm~. In [11], this effect was first observed on a
500 X 500-nm square nanoantenna. The appearance
of the SRS effect on the TiON film in the presence of
an optical nanoantenna can be explained by the
enhanced cubic nonlinearity caused by the excitation
of the plasmon gap mode. Figure 3b shows the TERS
map for the TiON film. This map correlates with the
results for the conductivity (see Fig. 2b). On both
maps, the TiN nanoparticle sizes are estimated in the
range of 10—20 nm. In particular, the TERS map
allows a high spatial resolution better than 10 nm.

Figure 4a shows the Raman spectra from 200 %
200-nm square nanoantennas for (blue line) TiN and
(red line) TiON, which were cut by a focused ion beam
on the corresponding films. Scanning electron
microscopy images of the antennas are shown in the
inset of Fig. 4a. The Raman spectra from TiON also
show a wide band in the region of 600—700 cm™!
which allows the unambiguous identification of the
source material. Owing to the nanostructuring of the
film, it is possible to observe the SRS band at 480 cm™!
without using the TERS method. In this case, the ana-
lyzed structure itself acts as an amplifying antenna.
One of the signatures of SRS is the absence of the anti-
Stokes bands. In Fig. 4a, only the second TiN over-
tone at —460 cm~! is observed in the anti-Stokes
region. In contrast to TiN, the intensity of the SRS
band at 480 cm~' for TiON decreases because of a
smaller number of TiN metal nanoparticles. The usual
feature of SRS is the nonlinear dependence of the
Stokes wave intensity on the pump wave intensity (see
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Fig. 4b). For clarity, these experimental data were
approximated by the function

3
[kE[((Dk)~61[p+63[p’ (9)
where G, and o, are the coefficients proportional to
the cross sections for spontaneous and induced light
scattering. This separation is conditional and depends
on the sensitivity of the recording system.

The cross sections for spontaneous Raman scatter-
ing for the two samples are 271 (TiN) and 91 (TiON),
whereas the cross sections for SRS are 3.79 (TiN) and
4.32 (TiON). This means that, despite a smaller num-
ber of nonlinear oscillators in TiON, the observed
enhancement exceeds the nonlinear contribution for
TiN. This effect can be explained by the appearance of
the Anderson localization in the metal—dielectric
medium, which acts as an additional optical pump.
This hypothesis requires additional theoretical and
experimental research.

In conclusion, we note that the experimentally
observed effects of SRS in titanium oxynitride (TiON)
nanofilms is due to the strengthening of the effective
cubic nonlinearity of the medium by means of the
mechanism of excitation of localized plasmon reso-
nances in titanium nitride (TiN) nanoparticles and the
quasi-zero refractive index of the effective medium for
the Stokes wave. Nanocomposite metal—dielectric
films having several ENZ frequencies in the visible
and infrared regions are applied to create broadband
metalenses that provide subdiffraction resolution [8],
as well as high-efficiency broadband solar light
absorbers for thermophotovoltaics.
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