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ABSTRACT: We consider a nonlinear mechanism of localized light - Stimulated Sa_man Scattering

inelastic scattering within nanopatterned plasmonic and Raman-active s —l o
titanium nitride (TiN) thin films exposed to continuous-wave (cw) / 8 480 cm”
modest-power laser light. Owing to the strong third-order nonlinear 2 64

interaction between optically excited broadband surface plasmons and 2 Spontaneous
localized Stokes and anti-Stokes waves, both stimulated and inverse / o 4 Raman signal
Raman effects can be observed. We provide experimental evidence for &S sisN“ 21 20 o’
coherent amplification of the localized Raman signals using a planar ik e crln

square-shaped refractory antenna. 012345678
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nhancement and localization of nonlinear optical effects contact plane. To improve the performance of optical signal

due to surface plasmon-polariton (SPP) excitation in amplification (or attenuation) due to a bulk effect, the planar
confined metallic nanostructures routes toward the develop- antenna should possess simultaneously plasmonic and optical
ment of ultracompact coherent light sources™” and single- gain (or loss) properties. Well-established noble metals, such as
molecule-sensitive detectors.” Strong electric fields of 10’10’ gold and silver, are not Raman-active media. However, these
V/m can be produced in nanostructures exposed to cw modest- materials experience a sufficient photoinduced thermal damage
power laser pump and, as a corollary, the second- and third- at high electrical fields that are required for observation of
order optical nonlinearities become substantial.’ This means nonlinear effects.'® Recently, Shalaev’s group proposed the use
that nonlinear phenomena such as the stimulated Raman effect, of a refractory plasmonic material, titanium nitride (TiN),
inverse Raman effect, and coherent anti-Stokes Raman which has a high melting point of 2930 °C."” Epitaxially grown
scattering could potentially appear in these nanostructures, TiN thin films show a high value of figure-of-merit (FOM) to
which is in analogy to bulk matter exposed to high-power laser excite the SPPs which is comparable to the FOM for gold."®
pulses.”"'% In contrast to the spontaneous Raman scattering, Moreover, this material has tunable optical properties and high
which is used as an analytical tool for molecular recognition, hardness.' ™" Unlike noble metals, TiN can sustain high
SPP-enhanced coherent nonlinear Raman processes can be temperatures and exhibits large optical nonlinearities.'® As of
used for an amplification of confined optical signals. today, the third-order susceptibility )((3) of a crystalline TiN thin

Despite considerable progress towards nonlinear plasmonics film reaches up to ¥ = —(53 + 0.2i) X 107" [m*/V*], as

over the past decade,'""? mitigating the huge ohmic losses in experimentally demonstrated by Boltasseva’s grou%)-zo Among
plasmonic nanostructures is still a principle challenge."’ other nonlinear materials,”" the high value of y ¥ for TiN
Normally, nanostructures such as stripes and waveguides are makes this material attractive for nonlinear optical interactions.
supported with gain media to compensate these losses.'"'®
Such sandwich-like planar interfaces cannot provide an efficient Received: May 28, 2017
plasmon—phonon coupling because of the exponential Revised:  August 10, 2017
attenuation of SPPs toward the direction perpendicular to the Published: August 16, 2017
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Figure 1. (a) Schematic circuit of a square grooved TiN thin film, (b) demonstration of the SRS effect within the TiN antenna, (c) illustration of

SRS and IRS effects.

A specific feature of TiN is its Raman activity. Although the
first-order Raman scattering is forbidden due to the symmetry
of a NaCl-type cubic lattice, the presence of structural defects,
even in stoichiometric TiN substances, provides access to the
first-order acoustic and optical modes.”*™**

In this Letter, we experimentally demonstrate SPP-enhanced
stimulated Raman (gain) emission and indirect signatures of
(loss) absorption effects (referred to as stimulated Raman
scattering (SRS) and inverse Raman scattering (IRS),
respectively®””) using a square shaped nonresonant antenna
engraved on a TiN thin film. Our study provides the
understanding of enhancement effects of localized Raman
light due to the nonlinear interaction of plasmon—phonon
modes through the 7 coupling mechanism.

Figure la shows a schematic circuit of a square-shaped TiN
antenna fabricated on a 50 nm TiN thin film by focused ion
beam milling. The planar antenna sizes were 100, 200, 300, 400,
and 500 nm. The TiN thin film was deposited on a 300 nm
thick Si;N, film by direct current (dc) reactive magnetron
sputtering in an argon—nitrogen environment at elevated
temperature of 380 °C.

The optical properties of the TiN thin films prepared at
different ratios of Ar/N, were characterized with spectroscopic
ellipsometry (UVISEL 2 Horiba, Japan). Figure 2 demonstrates
real and imaginary parts of dielectric permittivity of the TiN
films that were fitted with the Drude-Lorentz model. As seen
from the figure, all films can potentially be plasmonic at
wavelengths above 480 nm. In our experiments, we used the
TiN film sputtered at Ar/N, = 50:50.

All optical and spectroscopic measurements were performed
with a multipurpose analytical system NTEGRA SPECTRA
(NT-MDT, Russia). The raster scanned antennas were exposed
to a 632.8 nm linearly polarized fundamental Gaussian beam
that was focused with a 100X objective (N.A. = 0.7) in
epiconfiguration. The laser power was about 1 mW
corresponding to the intensity of about 1 MW/cm?® Raman
maps of 128 X 128 pixel were captured with an electron
multiplying charge coupled device detector (Andor, UK.)
cooled down to —100 °C. The exposure time was 10 ms per a
pixel. The laser beam was coupled to a cone-shaped gold tip to
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Figure 2. Real and imaginary parts of the dielectric permittivity of the

TiN thin film sputtered at different ratio of Ar/N, as functions of the
wavelength.

perform tip-enhanced Raman scattering (TERS) measure-
ments. This tip was designed using the dc-pulsed electro-
chemical etching with the self-tuned duty cycle.” Its curvature
radius was estimated to be about 28 nm. A tip—sample distance
was controlled by the normal force mechanism because a
tuning fork sensor equipped with the gold tip was oriented
almost parallel to the antenna plane. Because the tip was
positioned between the objective and the sample, the tip shaft
was manually bent to an angle of 52° that allowed the light to
get focused onto the tip apex.

A planar square-shaped TiN antenna can be considered as a
system consisting of two edge-like optical nanoantennas
coupled by a subwavelength waveguide. The antenna edges
are fused due to the ion beam milling and their curvature radii
reach about 25 nm. The edge-nanoantennas convert TM-
polarized far-field optical waves to localized surface plasmons.
For short enough waveguides, the optical near-fields excite
counter-propagating coherent SPPs forming TM-polarized
standing-wave resonances at specific widths of the antenna.
The incident electromagnetic wave can be enhanced by feeding
it with the edge plasmonic nanoantenna and a constructive
interference of the 7pump with their reflections in the Fabry-
Pérot resonator.”
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We assume that all plasmon waves propagate in the x-
direction. The associated electric fields have the following form

E(x, z, t) = A(x, 2)e'®™ ) 4 . €))

where k = 27rc/w0\/8(a))se/(£(w) + ¢&,) is an x-projection of
the complex wavevector k, ¢ is the light speed in vacuum, @ is a
frequency of the light wave, A(x,z) is the field amplitude, and
e(w) and e, are the permittivity of the antenna and an
environment, respectively. Because the wavevector k is complex
in the metallic resonator, the electromagnetic wave, defined by
eq 1, is damped and localized. Thus, we distinguish local optical
fields E or internal intensities I inside the antenna from their
counterparts E, and I outside. They relate as E = gE; and I =
&1y, where g is a field-enhancement factor, I, = cegn lEql* (&, is
the dielectric permittivity in vacuum).

The enhancement of the pump field Ep = Apeie* = @) ot
different frequencies can be performed using Raman-gain
media. Spontaneous Raman scattering generates red-shifted
Stokes Eg = Age'™* = @9 and blue-shifted anti-Stokes E, =
A,gelks* ~ @) \waves in the TiN film.**** In a cubic nonlinear
medium, the two waves with frequencies @p and g interact
with each other provided that wp, — wg & Q or wp — w,g & —Q
(Q is a phonon frequency) and their amplitudes Ap and Ag are
comparable. The coupling of the two localized plasmonic waves
through modulating the third-order Raman susceptibility 7
creates an ensemble of coherently driven vibrational modes.
The real and the imaginary parts of %) describe a Raman phase
shift and a Raman gain, respectively. Figure 1b depicts
schematically a stimulated Raman scattering mechanism in
the TiN antenna. A nonlinear interaction of the fast-damping
plasmonic pump and spontaneous Stokes wave yields a
stimulated Raman response, which can be converted into the
far-field with the edge-like nanoantenna.

In the SRS regime, the pump intensity decreases due to the
energy transfer to the Stokes wave. About half of the total
energy can potentially be converted to one of the strongest
Stokes waves, for example, the first-order Raman band. As a
result, this band serves as a secondary source to excite the
second, the third and so on overtones wp — 2Q, wp — 3L, as
shown in Figure lc. Importantly, the energy is transferred into
vibrational modes at multiple frequencies, in other words, no
anharmonicity of vibrations are observed.”” SRS weakens when
a background vibrational level is depleted and eventually this
effect disappears. Moreover, it leads to the inverse population
and thus the up-conversion efliciency increases. The P
nonlinear interaction between the broadband plasmon pump
and the anti-Stokes wave can result in the depletion of anti-
Stokes photons due to inverse Raman scattering (IRS).S’9
Figure 1c schematically shows both the “induced” emission and
the “induced” absorption mechanisms. A cascade energy
transfer from the anti-Stokes region to the Stokes region, as
shown in Figure 1c with arrows, amplifies the pump intensity.
In reality, the total intensity at the pump frequency is
determined by a balance of the competitive contributions,
SRS and IRS.

The Stokes wave amplitude Ag is driven by the nonlinear
propagation equation6
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where n_g is a refractive index for the Stokes wave at a specific
frequency ws. As seen from eq 2, the phase matching condition
for the SRS effect is automatically fulfilled, since Ak = kg — kg =
0. Eq 2 describes changes in the amplitude due to the
modulation of ¥ rather than the damping of the plasmon
pump. In the nondepleted pump approximation, when lApl* ~
const, eq 2 demonstrates the exponential growth of the Stokes
wave amplitude. In the SRS regime we have IA,I* + IAJ* =
const. With that, a solution of eq 2 can be readily derived:

Ag(x) = Ag(0)(1 + e >/ 172 o

where d = —ingc/ (3gweyy) is an exponential decay length. By
introducing the Raman gain yR and the attenuation of the
Stokes plasmon @, defined as yp(wg) = —3wsg Im[y{]/
(nsnpegc”) and a = 2ngeey/l, (where L = (2 Im[k])™" is the
energy attenuation length), we can write a differential equation
for the internal intensity of the Stokes wave as follows

al,

Ox 4)

Extra enhancement can be achieved using the Fabry-Pérot
resonator where the pump and the Stokes waves are
resonant.'*'¥*’7** This means that they propagate many
times back and forth within the antenna. The contribution into
the field enhancement due to the resonant Raman-active
medium is described by the total phase shift Ag,,, accumulated
during the roundtrip of the plasmon wave, eq 5

= [)(RISIP - als]e_x/lpl

2r
Aqbtc»t = NTEL = Ad{zxc + A¢%eﬂ + 2'A¢R

©)

where N is an integer number, L is a linear size of the antenna,
Aot = 1 + pa[A/4,] is the effective wavelength, where 4, is the
plasma wavelength of the metal, and p, and p, are constants
depending on the geometry and the dielectric permittivity of
the resonator.”” The Raman phase shift A¢y for the Stokes
wave is defined as A¢hp(x) ~ Re[y]Ipx. The phase shift upon
the excitation of a localized plasmon at the edges reads as Ag,,,
= arctan[2['w/ (a)gl — ®?)], where I is a damping constant and
@, is a plasmon resonance frequency.”” Thus, the resonator
itself can enhance the internal intensities I;, and I by a factor

M=(1-R)1+R)/1 - JRR)?* (R and R} are
reflectivity for the two sides, [ = P or S). However, the
prolongation of the optical path with a high-finesse doubly
resonator fails for both the SPP pump and the SPP Stokes
waves because of a strong mismatch of spatial frequencies kp
and ks.’' Depending upon the excitation wavelength, the
enhancement factor, M;, may vary within the range of 2—4.
Numerical simulations of the optical reflection R(A)
normalized per antenna area S as a function of an excitation
wavelength and the antenna size are shown in Figure 3.
Calculations of R(4) = /Re[P(1)]nds/2W(4) (where P(2) is
the Poynting vector, n is a normal unit vector corresponding to
the orientation of an elementary area do, W(4) is a total power
of the incident irradiation) were performed using the finite
difference time domain method (Lumerical FDTD software
package). From Figure 3a, we see that the 500 X 500 nm”
planar antenna is able to effectively scatter the incident light
due to the localized plasmon resonances that occur within the
spectral range of 600—900 nm. However, this structure allows
us to minimize a contribution from the Fabry-Pérot resonances
into the field enhancement and, thus, focus on the nonlinear
Raman enhancement only. As follows from Figure 3b, a 632.8
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Figure 3. Calculated optical reflection R normalized per antenna area S
versus excitation wavelength (a) and antenna size (b) for the 500 X
500 nm’ planar antenna and 632.8 nm excitation wavelength,
respectively. Inset in (b) shows SEM images of the planar TiN
antennas of different sizes L.

nm laser field excites standing SPP waves in planar antennas
with L; = 110 nm and L, = 310 nm only.

Figure 4a,b demonstrates a SEM image of a 500 X 500 nm®
planar antenna and far-field Raman spectra taken at spots
marked with a circle and a square in Figure 4c, respectively. In
the vicinity of the edges, we observe the extraordinary
amplification of a Raman peak at 480 cm™ (a circle). Whereas,
far from the antenna the Raman peaks become weak because of
high reflectivity R (for example, R = 0.412 at 780 nm”’) for TiN
and film thickness of tens of nanometers. The edgelike optical
nanoantennas feed the incident illumination and convert it to a
localized plasmonic mode to further excite coherent SPPs on
both sides of the antenna. At the central part of the structure,
we observe a relatively small enhancement due to the
diffraction-limited Raman signals from the edges. The line
width of the 480 cm™! band, which equals about 50 cem™) s
caused by a short lifetime of SPPs, that is, on the order of tens
of femtoseconds, and as a consequence the SPP propagation

We claim that this field enhancement is directly related to the
SPP excitation. To verify this hypothesis, we measured Raman
maps of the antenna for two linear polarizations that are
mutually transverse (Figure 4c,d). An observable polarization
dependence gives convincing evidence for SPP excitation on
the resonator edges. The edge-enhanced Raman spectrum is
accompanied by fluorescence of TiN that ranges from 2.1 to 3.4
eV.” Structural defects of the crystal lattice, including donor
states of the nitrogen vacancies, lead to radiative transitions
from localized states within the forbidden band. Localized
plasmon gap-modes can be easily visualized with the polarized
TERS method. Figure 4e,f demonstrate the TERS maps
captured at 480 cm™' that were recorded by raster scanning
the planar antenna beneath the gold tip illuminated with the
focused laser beam. Nonsymmetric spectroscopic responses for
the two linear polarizations are caused by the high surface
roughness of the antenna and a nanoantenna tilt of 52° with
respect to the surface normal. The near-field polarization
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Figure 4. (a) SEM image of a square grooved TiN thin film, (b) Raman spectra captured at two spots marked as a circle and a square in (c); far-field
(c,d) and near-field Raman (e,f) maps taken at 480 cm™ for two linear polarizations.
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Figure S. (a) Far-field Raman spectra from the antenna edges at different pumping powers, (b) dependence of the Raman intensity on the pumping

power for various spectral peaks.

direction was estimated to be about 47° using the polarization-
dependent analysis.”> On one side of the planar antenna, the
gold tip and the edge-nanoantenna form a hot-spot gap in
which the field enhancement is maximal. Whereas on the other
side, the gap modes are not excited. It is worth to note that the
interpretation of the considered TERS maps are ambiguous,
because the gold tip acts as both a scattering-type antenna and a
plasmonic-type antenna.’® In addition, the gold tip can be
coupled to the edge nanoantenna and, as a consequence, gap
modes are excited. In our opinion, the latter contribution
dominates the first two when the p-polarization of the incident
light and the symmetry axis of the tip lie in the same plane
(Figure 4e). In the case of the s-polarization a dominant
contribution to the observable enhancement comes from the
SPPs which are elastically scattered with the pointed gold tip
(Figure 4f).

Figure Sa shows far-field Raman spectra taken at the edge of
the antenna exposed to the focused laser beam with the
wavelength of 632.8 nm and different powers of 0.3, 1.2, and
2.1 mW, respectively. The first- and second-order Raman bands
with peaks at 240 and 440 cm ™' are assigned to a transverse
acoustic mode for heavy Ti atoms.””** As follows from the
spectrum, the second overtone (2TA) is blue-shifted due to
anharmonicity. With the increasing power, we observe an
anomalous growth of the Raman peak at 480 cm™' that
corresponds to a double wavenumber for the first-order Raman
scattering. In Figure Sb, we plot Raman intensity versus the
pump power for different vibrational modes of TiN including
the excitation wavelength (0 cm™) and the vibrational mode
for Si (2TA) at 305 cm™" as a reference. The scattered intensity
at 0 cm™ is attenuated by six orders using two edge-filters. All
peaks in Figure Sa are given to scale. A derivative spectrometry
technique was used to reveal the net intensities of the studied
vibrational modes.*® Indeed, a linear behavior of the intensity
with the pump power was anticipated, as it holds for the
reference peak and the first-order Raman peak (Figure Sb).
Relative measurement errors for large values of pumping power
are roughly 10%, whereas for small pumping power values the
errors grow significantly and reach up to 50%. As clearly seen
from the latter figure, a nonlinear behavior for the second
overtone takes place. These experimental data are well fitted
with a cubic function Iy = al, + bI that describes linear
spontaneous and third-order SRS processes. A correlation
coefficient, equal to 0.996, confirms the high accuracy of the
fitting. If the dependence of the intensity on the pumping

5537

power is fitted with a linear function, the correlation coefficient
is equal to 0.943. Thus, this is a distinctive signature of the SRS
effect. A ratio of the spontaneous and SRS contributions is
estimated to be a/b = 12. Importantly, the plasmonic Stokes
wave interacting with the SPP pump establishes correct phasing
of coherent phonons within the lattice. The Raman
amplification is produced for any direction of propagation of
the Stokes wave.

The strongest SRS signal appears at 480 cm ™" that is assigned
to the second-order overtone. Because the first-order Raman
peak at 240 cm™! is negligible due to the symmetry of a TiN
lattice, the energy is mostly transformed to the second-order
peak due to the cubic nonlinear mechanism. As known from
the theory of SRS,® 50% of total pumping is converted into one
of the overtones and we observe a giant amplification for one
peak only. Other overtones are enhanced as well, as seen in
Figure 6 but the enhancement factors are much lower.
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Figure 6. Far-field Raman spectra from the TiN antenna edges for air
(red curve) and oil (blue curve) superstrates. Dotted vertical lines
indicate positions of the overtones of different orders.

The enhancement factor is defined as EF = (Isgrs/Nggrs)/
(Izs/Ngs), where Igrs and Ipg are the intensities of the surface-
enhanced Raman scattering (SERS) and spontaneous Raman
scattering, respectively, and Nggrg and Ngg are the number of
molecules contributing to the SERS signal and Raman signal,
respectively. Assuming that Npg ~ S = L X L (L is a size of the
planar antenna) and Ngpgpg ~ Seage = TPL/2 (p is a curvature
radius of the antenna edge), we derive the following estimation
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EF ~ (Igrs/Irs) X (L/p). In our experiment L = S00 nm and p
= 25 nm, and the EF ~ 20(Iggrs/Izs)- From Figure 4b, we can
estimate Iggpg ~ 1000 (counts) and Izg ~ S0, thus the EF ~
400. This means that g = |E,, I/|E;,| = 20, where E,,. and E;
are the localized and incident electrical fields. It is well-
established that the characteristic length for nonlinear optical
effects within the bulk materials is estimated to be ~ AlE I/IE, |
(4 is a wavelength of the incident light and E, ~ 3 X 10°® V/cm
is the internal electric field). For nanoscale systems, this
estimation should be modified for ~ plEJI/IE, ). Upon
illumination of the planar TiN antenna with a focused laser
beam using a power of 10 mW (the intensity of I, ~ 3 X 10°
MW/cm? or the electric field strength E,. ~ 3 X 10* V/cm),
we can readily derive the characteristic length for nanoscale
nonlinear effects to be ~125 nm. Finally, this means that
stimulated Raman scattering can be observed in our 500 X 500
nm? planar TiN antenna.

The presence of higher-order overtones peaked at 720 and
1200 cm™ in the Raman spectra further confirms the SPP-
assisted SRS effect, as shown in Figure 6. The fourth overtone
at 960 cm™' is not available to observe because of overlapping
with the second-order peak of Si. By adding some amount of
immersion oil on the same antenna surface, we change a
refractive index of the environment for n, = 1.516. The well-
established fact is that plasmon resonances are red-shifted for
optically dense superstrates.’’ This means that a Frohlich
criterion fails and SPPs are not excited. Indeed, all overtones
disappear in the Raman spectrum displayed as a blue curve in
Figure 6. Finally, we can state that the giant amplification of the
second-order Raman overtone can be interpreted as the SRS
effect.

Figure Sb shows the nonlinear dependence of the Rayleigh
line (0 cm™) on the laser power. In the SRS regime, the
pumping photons are depleted in favor of the Stokes photons.
This means that the scattered intensity at the pump frequency
has to be reduced. Because we deal with the internal intensities,
a change in the far-field signal at the zero Raman shift remains
in question. We observe a barely perceptible nonlinear growth
of the intensity at 0 cm™". The fitting of the experimental data
with a function I = al, + bI] yields the following ratio a/b =
175. The small value is caused by a contribution from the
Rayleigh scattering. The observable amplification of the
intensity at 0 cm™' can be explained with the “induced”
absorption of anti-Stokes photons which are reemitted at the
pump frequency (Figure 1c). In other words, this phenomenon
can be a signature of the IRS effect.”'” Indeed, the cubic
nonlinearity drives the interaction between the anti-Stokes
wave and the plasmon pump. The latter can be considered as a
broadband continuum that is evidenced with the edge-
stimulated photoluminescence in TiN thin films, as seen in
Figure 5a.%” Because we deal with the internal intensities, IRS is
not straightforward effect to observe.

In summary, we conclude that nonlinear optical phenomena
such as stimulated Raman emission (gain) and absorption
(loss) effects can be observed in TiN plasmonic antennas
exposed to cw laser irradiation with the intensity of 1 MW/cm?.
This antenna is fabricated on the refractory TiN thin film that is
simultaneously plasmonic and Raman-gain medium. The total
amplification of scattered localized light is produced due to
three mechanisms. The first one is related to the edge-like
nanoantenna that feeds the incident irradiation to make it
localized and enhanced. The second mechanism results from a
contribution occurring due to the formation of standing-wave
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resonances, and this is out of scope of this study. Finally, the
third one is provided by the nonlinear Raman-gain medium in
which stimulated SPPs are excited at both Stokes and anti-
Stokes frequencies. One should emphasize that the effect in
question occurs due to the near-field enhancement of
attenuated plasmon polariton modes but not due to the
Fabry-Pérot resonances. The findings presented in this Letter
describe a novel stimulus for the development of ultracompact
Raman lasers and amplifiers and biosensors.
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