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Driven by the escalating demands of advanced technologies, developing integration strategies has
kept pace with the realization of ultrafast components during the past two decades. Ultrafast all-
optical switches enabled by artificial materials are considered at the forefront of the next generation of
photonic integration for communications and high-volume data processing. Encouraged by these
advancements, applications, and interest have increased toward all-optical switches based on
epsilon-near-zero (ENZ) materials. However, some all-optical switches lack CMOS compatibility,
require high energy activation, and are limited in switching speed and working wavelength. Here, we
propose and demonstrate a multilayered ENZ metamaterial utilizing Si-compatible titanium nitride and
indium-tin-oxide materials with two effective working wavelengths in the visible and near-infrared
spectrum. This device enables switching time down to a few hundred femtoseconds utilizing minimal
energy at the corresponding ENZ regions induced by intraband pumping. Our approach can enhance
the adaptability of designing ENZ metamaterials for new hybrid integrated photonic components for

low-power ultrafast all-optical terahertz modulation.

Over the past decade, the rapid advancement of information communica-
tions technology has led us to a significant demand for such efficient devices
that can operate at high speed and large capacity. Today’s data processing
devices, which mainly rely on integrated electronic circuits, suffer from high
power consumption and heat while functioning. Replacing these circuits at
network nodes with ultralow-energy, ultrasmall, and fast switches as all-
optical data-processing elements is the key to future interconnect
technology'. Photonics-based all-optical devices can play a vital role in this
progress, enabling high bit rate data transmissions at low cost, reduced
power consumption, and smaller footprints.

All-optical switches enable the ON/OFF conversion function by
following the concept of light-controlled-by-light. They are highly sig-
nificant due to their potential to overcome speed limitations set by
electrical switches”™. Such an all-optical switching approach is the basis
of the solid foundation for novel applications in optical communication
networks, optical computing systems, quantum information processing
chips, and photonic central processing units’. This switching method
mainly relies on the third-order nonlinearities of optical materials and
their response time, making these materials with optimum nonlinear
properties crucial for ultrafast switching devices. In this regard,

several different approaches based on photonic crystals", plasmonic

metamaterials'"'’, phase change materials”, two-dimensional (2D)
materials’, and hybrid perovskite materials' have been reported for
the realization of ultrafast all-optical switches, yet to provide a good
solution.

Epsilon-near-zero (ENZ) materials'*'® emerge as one of the promising
materials for realizing ultrafast all-optical devices with nonlinear properties.
ENZ materials, whose dielectric permittivity takes extremely low values'”™"
and eventually vanishes at a specific range of wavelengths, are very efficient
at modulating the refractive index at the femtosecond (fs) scale’” . In the
realm of all-optical switching systems, ENZ materials offer several
benefits'®"”. Such materials provide a foundation for efficient optical
switching capabilities at low activation energy due to the enhanced light-
matter interaction in the ENZ region. Moreover, their miniaturization and
integration possibilities usher towards a new era of compact and embedded
optical components. ENZ metamaterials further reduce the phase mismatch
between optical pulses and the ENZ medium, thereby improving non-
linearities. Another relevant benefit is the ENZ medium’s ability to mitigate
group velocity dispersion, ensuring minimal distortion as short pulses
propagate in the ENZ media.
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Therefore, this opens up a new paradigm for photonic applications
taking advantage of the linear and nonlinear properties™’. In particular, Si-
compatible ENZ materials that can be integrated with silicon photonics
circuits significantly reduce the cost and manufacturing complexities. This
would provide more efficient performance and new functionalities in hybrid
integrated photonics devices concepts, i.e., logic analysis™". In this respect,
transparent conducting oxides (TCOs) that are complementary metal oxide
semiconductor (CMOS) compatible, such as indium-tin-oxide (ITO) and
aluminum-doped zinc oxide (AZO), turn out to be relevant homogeneous
ENZ materials operating at the telecom window as ultrafast photonics
components'™'****"*>, However, these materials are limited by their intrinsic
optical properties, and a tailorable ENZ is needed to enable ultrafast
switches, particularly at the wavelengths of interest.

Other than the homogeneous materials, subwavelength multilayer
structures, often called hyperbolic metamaterials (HMMs)***, are suitable
candidates to design ENZ regime even towards visible wavelengths*>*'. Such
layered structures have been envisioned as a potential new avenue for
nonlinear optics because of their high nonlinear effective susceptibility*.
The enhancement of nonlinear properties in the layered structures® and
their nonlinearities have been theoretically analyzed in the framework of
homogenized approximation*. There have been quite extensive works that
mainly focus on the ultrafast nonlinear response in ENZ materials as well as
effective ENZ multilayered structures like HMMs'>'**"*. HMMs have
proven to be excellent media for providing ultrafast optical switching in their
effective ENZ"*. In particular, HMM-based on Ag/SiO, bilayers provides
high nonlinear response with relatively fast (=1ps) response times™.
Recently, a remarkably high third-order nonlinearity on the order of 10~°
cm’/W at the effective ENZ regime in an HMM composed of Au/ALOs3
bilayers was demonstrated'. Encouraged by these developments, to enable
the integration of the ENZ materials into the photonic chips, several
drawbacks of ENZ materials need to be overcome, for instance: (i) tailoring
the effective ENZ at the wavelength of interest to achieve broadband or
multiple wavelength ranges, (ii) the use of quite low-loss materials, and (iii)
Si-compatible materials.

To address these criteria, this work proposes a multilayer metamaterial
designed with two Si-compatible materials, i.e., titanium nitride (TiN) and
ITO. The HMM with four bilayers possesses two-color ENZ, i.e., ENZ in
visible and near-IR ranges (telecom windows spanning from O- to S-band).
Using the pump and probe transient absorption spectroscopy (TAS) tech-
nique, we investigated the ultrafast optical response of the HMM in its
effective ENZ wavelengths, unveiling all-optical switching response times as
short as a few hundred femtoseconds (fs) to surpass the performance of the
ENZ Terahertz modulator counterpart'>'**>*. Figure 1 depicts the concept

of the two-color all-optical ultrafast switching epsilon-near-zero metade-
vice. The absorption responses of the HMM per unit volume in each
building block in the stack are also shown in the inset of the figure for pump
VIS- (700 nm) and NIR-ENZ (1250 nm) wavelengths (see the methods
section for absorption calculations). The HMM can simultaneously support
multiple ultrafast switches capable of all-optically modulating the response
at distinct ENZ wavelengths. Such all-optical modulation renders this
particular metadevice an ideal candidate for unlocking unique functional-
ities and new possibilities in integrated photonic switches.

Results and discussion

As the first step, TiN and ITO layers were separately deposited by magne-
tron sputtering and electron beam evaporation on float glass substrates
(n=145), respectively. The optical constants (refractive index (1) and
extinction coefficient (k)) of these films were retrieved by performing
spectroscopic ellipsometry, as shown in Supplementary Note 1. These data
have been further utilized in Ansys Lumerical software to perform
numerical simulations and design the desired HMM. In this context, four
bilayers of TiN and ITO stacked films theoretically provide an HMM
structure that enables two ENZ resonances. Thus, the final HMM structure
has been realized by alternatively depositing the TiN (11 nm) and ITO
(32nm) up to four bilayers to obtain ENZ at two different wavelength
regions, ie., visible and near-infrared, as shown in the Supplementary
Note 1. Figure 2a shows the effective real and imaginary parts of the per-
mittivities responses of the HMM in the visible and near-IR ranges, which is
calculated in the framework of effective media theory based on experi-
mentally obtained dielectric permittivities et €110 and thicknesses of the
TiN and ITO layers Lty and Liro”. The wavelength region at which the
parallel permittivity € crosses zero (from +1 to —1) falls in the range of
649-810 nm and is referred to as the visible epsilon-near-zero (VIS-ENZ)
region. Additionally, the real part of the perpendicular permittivity €,
vanishes in the range from 1238 to 1500 nm and is named the near-infrared
ENZ (NIR-ENZ) region. Thus, ultrafast switching is expected within these
ENZ regions. Note that the imaginary parts of the permittivities in both ENZ
regions are Im (¢)) = 1.4 and Im (e, ) = 0.4.

The appearance of these two ENZ regions is clearly shown in the
calculated reflection spectrum (see the dashed regions of Fig. 2b). One can
observe that the VIS-ENZ region is present at each incident angle till approx
70°. In contrast, the NIR-ENZ region begins to appear when the HMM is
illuminated with an impinging angle above 40° degree, achieving the
maximum at an angle of 70° degree. Furthermore, Fig. 2¢ shows good
agreement of the HMM transmission and reflection curves between
experimental results and simulations obtained via the Finite-difference

Fig. 1 | Two-color all-optical ultrafast switching in
epsilon-near-zero multilayer metamaterials: con-
cept and simulated absorption. a Schematic con-
cept of the two-color all-optical ultrafast switching
epsilon-near-zero multilayer metamaterials along
with the simulated absorption of the HMM in the
VIS and NIR regions, investigate with pump Intra-
band Excitations of 700 nm and 1250 nm, respec-
tively. b Represents the transient response of several
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Fig. 2 | Linear characterization and analysis of (a) (b) Rp
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HMM, b calculated p-polarized reflection spectrum S 0.8
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time-domain (FDTD) and Transfer-matrix method (TMM), thus ensuring
the experimental validation of the HMM. While Fig. 2d presents the typical
NIR-ENZ regime response with 70° incident angle accordingly with the
p-polarized reflection distribution in Fig. 2b. This response is also typically
observed in ENZ materials films*. In addition, s-polarized transmission and
reflection responses of the investigated HMM are also reported in the
Supplementary Note 1.

Ultrafast switching response

In order to investigate the switching mechanism in VIS-ENZ and NIR-ENZ
regimes, HMM was excited by different intraband pump wavelengths and
probed in the visible and near-infrared regions utilizing transient absorption
spectroscopy (TAS) in transmission mode. A pump beam with less than
100 fs pulse duration excites the system, and probe pulses are delayed with
respect to pump pulses to ascertain the spatial and temporal dynamics of the
two-color HMM in the wavelength region of interest. In particular, we
emphasized transient modulation at intraband excitation in the corre-
sponding ENZ regions as it induces highly non-thermal electrons, i.e., hot
electrons (HEs) at lower energy consumption'®” and enables relaxation
dynamics of HEs at ultrafast sub-picosecond scale. Furthermore, transient
absorption (TA) experiments have also been conducted to investigate
switching responses within one ENZ region upon the excitation of intra-
band excitation of other ENZ regions and vice versa.

To understand the change in switching time response of the VIS-ENZ
region due to the incident angle of the pump beam, we first excited the
HMM at normal incidence and 70° incidence angle by 700 nm (1.7 eV)
pump wavelength with a fluence of 1.40 mJ - cm ™ and probed in visible
(420-800 nm) region. Throughout our study, we maintained quite a low
fluence in comparison to existing works within the realm of ultrafast ENZ at
the THz switching speed®'>'****>***** Figure 3a, b shows the 2D color maps
of transient absorption (AA) as the function of wavelength and time at the
normal incidence and 70° angle of the incident pump pulses, respectively.
Similarly, the TA spectra are reported as a function of wavelength at

different time delays, as shown in Fig. 3¢, d. It is clearly visible from Fig. 3
that oblique (70° angle) incidence of pump pulses enables stronger transient
response in comparison to normal incidence, and the system undergoes a
transition from excessive absorption maxima (positive AA) to negative
transient absorption (bleach) region within sub-picosecond time scale. This
short-lived state (the so-called Bleaching), which generally occurs at the
resonance or at the ENZ of the considered system, is the temporal
attenuation of the absorption caused by the photoinduced transition of the
electrons to unoccupied higher energy states. While in this particular HMM,
the promotion of electrons to higher energy levels has its strongest effect on
the transient ultrafast dynamics where the free-carrier absorption is
dominant at the cross-over frequency (ENZ)™.

Such an ultrafast transition from positive transient absorption to
bleach region in ENZ media indicates the presence of optical switching at a
few hundred femtoseconds time scale.

Three processes can mainly describe the physical phenomena behind
such all-optical intraband ultrafast switching in HMM. (i) In the absence of
pump pulses, electrons of both building blocks are in the conduction band at
their equilibrium state defined by Fermi distribution. (ii) After the pump
pulse impinges the HMM, the electrons in the conduction band are ener-
gized, which quickly equilibrate via electron-electron (e-e) and electron-
phonon (e-p) scattering described by a quasi-Fermi dynamics, leading to the
creation of a highly non-thermal distribution at a well-defined elevated
temperature’®”. (iii) Hot electrons dissipate energy through e-p interac-
tions, increasing the lattice temperature until the system returns to its initial
equilibrium state. This process is associated with the switching off-recovery
time. In general, the ultrafast relaxation time of HEs occurs at a rate mainly
governed by the electron-phonon (e-p) coupling over a timescale of fem-
toseconds to picoseconds and induced charge dynamics in the systems'**>*.

We further studied the temporal dynamics of transient absorption of
HMM in the VIS-ENZ region at normal incidence and 70° angle of inci-
dence of pump and probe lights when excited by VIS-ENZ wavelength
(700 nm pump pulses) under a similar pump fluence (1.40 mJ - cm2). Note
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Fig. 3 | Temporal dynamics and spectral response (a) -

of TiN/ITO-based HMM under intraband exci- R

tation (700 nm). 2D color maps of transient 2.7 |

absorption as the function of wavelength and pump- 24 “
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wavelength with a fluence of 1.40 mJ - cm ™’ (a) at the 8 18 ‘

normal incidence and (b) at 70° angle of the incident ~ ‘

pump pulses. Transient absorption(AA (OD)) GE') 1.5

spectra curves at specific time delays (c) at normal = 121

incidence and (d) at 70° angle of the incidence, 098

extracted from a and b, respectively. e Switching 061

time responses of TiN/ITO-based HMM with exci-

tation of 700 nm with a fluence of 1.40 mJ - cm 2 0.3 N S J i

I(?gfbeld at)650d nm (VISI-EIEIZ) fgr nor(ma; linci)dence 450 500 550 600 650 700 750 800 450 500 550 600 650 700 750 800
ue line) and 70° angle of incidence (red line). Rise

time is 100 + 13 fs and fall time is 220 + 17 fs (blue (cg'ooz o ) \vNe‘lV(?Ievngvth‘(nrm)T o (d) 0.004 —— IWav‘eIength (?m) ' .

line), fall time is 280 + 26 fs (red line). f Switching ‘ Normal incidence 70° Angle of incidence

time responses at 1240 nm (NIR-ENZ) with 70°

angle of incidence. Rise time is 200 + 16 fs, fall time
is 78 £ 6.4 ps (Supplementary Fig. S10, Supplemen-
tary Note 4). Note that in e and f, full lines represent
the kinetics fit of the experimental data illustrated by

100 fs

triangles and circles. ——300fs
——500fs
-0.001+ ?010(;5 ——800fs g
—1.10 ps
——1.10 ps
1.28 ps
1.33 ps
—20ps 200s
-0.002 0004 250
450 500 550 600 650 700 750 800 450 500 550 600 650 700 750 800
Wavelength (nm) Wavelength (nm)
(e) 100 fs (f)
0.0006 ; 1206 L ;
VIS ENZ NIR ENZ

< -0.0006 Tge70- = 380 fs E
-0.0009 ‘ 1
-0.0012F--====-mmm e -
-0.0015 : : ; : : -0.006 : : : : :
00 05 10 15 20 25 30 00 05 10 15 20 25 30
Time (ps) Time (ps)

the fitting equation used for kinetic curves (solid line in the Figures of
temporal dynamics) is mentioned in the methods section. Figure 3e
visualizes the kinetic curves as the function of pump-probe delay time
extracted from Fig. 3a, b at normal and oblique incidence to compare the
switching time responses in both cases. Despite the stronger transient
response under oblique incidence, HMM exhibits a faster switching time
(blue curve) at normal incidence (r,_,o=320fs) in comparison to the
switching time (red curve) at 70° angle of incidence (7,,_, o= 380 fs) for the
transition wavelength of VIS-ENZ region (650 nm), as shown in Fig. 3e. In
the Supplementary Note 2, we report the switching time of Fig. 3e, for
normal incidence, in terms of transmittance change over time (AT/T), as
illustrated in Supplementary Fig S7a.

Furthermore, the temporal dynamics of transient response in the NIR-
ENZ region of HMM were investigated when excited at the intraband
transition of the VIS-ENZ region under similar experimental conditions.
Figure 3f reports a resolution-limited rise time of 200 fs, followed by a long-
lasting tail response indicating more extended relaxation dynamics. Fast
time (200 fs) at sub-ps scale in such a dynamic behavior is attributed to those
HEs which relax through internal non-radiative relaxation processes,
transforming from non-thermal to thermal energy distribution via electron-
electron (e-e) scattering. Whereas the long-tail represents the slow dynamics
due to the heat released from the lattice to the surrounding environment via

phonon-phonon (p-p) scattering within a time scale from hundreds of
picoseconds to nanoseconds™*. Indeed, if we expand the probe temporal
delay time window to 200 ps, the heat of the lattice is mainly released via the
phonon-phonon (p-p) scattering process with a relaxation time of =78 ps, as
shown in Supplementary Fig. S10 of the Supplementary Note 4.

In addition, we investigated the switching performance of HMM in
both ENZ regions when pumped at the intraband excitation wavelength of
the NIR-ENZ region at 70° angle of incidence. In this regard, Fig. 4a shows
the temporal dynamics of transient modulation for 783 nm probe wave-
length at the excitation of 1250 nm NIR pump pulses with a lower fluence of
1.16 m] - cm 2. Note, the switching contrast and time-dependent optical
response with high fluence values become quite irrelevant, particularly in the
context of ultrafast processes involving Nitrides”. This is because Nitrides
exhibit weak sensitivity to pump fluence™.

The metadevice undergoes an ultrafast bleach response time of 160 fs,
followed by a recovery process that takes 390 fs to return to its partially
recovered state as shown in Fig. 4a. After this ultrafast temporal dynamics, a
long-tail feature remains constant for several hundred picoseconds. This
behavior is known as a fast” and “slow” contribution of the relaxation time
typically featured in TiN films in contrast to the gold switching dynamics®.
Hence, the ’fast’ component is dictated by the generated hot electrons. This
process is generally observed within the time scale of 200 fs, during which
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Fig. 4 | Switching responses in VIS and NIR-ENZ

with Intraband Excitation (1250 nm). Switching 16?2%0 fs 6?4%0 fs
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time responses of HMM by intraband excitation of VIS ENZ N NIR ENZ
NIR-ENZ region (1250 nm) with the pump fluence
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Fig. 5 | Switching responses in VIS and NIR-ENZ
with Intraband Excitation (400 nm). Switching

time responses of HMM with excitation of 400 nm
pump pulses with a fluence of 1.40 mJ - cm 2, at 70°
angle of incidence in a VIS-ENZ at 650 nm probe

wavelength, the rise time is 110 + 15 fs and the fall _—-0.0005
time is 330 + 34 fs. b In the NIR-ENZ region at 8
1240 nm probe wavelength, the rise time is :C’—O.OO‘IO 1

240 + 61 fs, and the fall time is 110 + 1.7 ps (Sup-
plementary Fig. S11, Supplementary Note 4). Full
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the hot electrons follow the pump pulses™. Whereas, the ’slow’ component is
influenced by the intrinsic relaxation response of the system, primarily
dictated by the free-electron temperature (Te) due to the electron-phonon
scattering. In particular, the observed slower temporal component suggests
that the relaxation dynamics of the system, occurring at ps time scale, are
also influenced by the phonon-phonon scattering and lattice temperature
(T)). This indicates that the temperature of the lattice affects the temporal
evolution of the system, especially when nitrides are involved**®.

Under the same pump fluence and similar intraband excitation
(1250 nm NIR pump pulses), Fig. 4b shows an optical switching perfor-
mance of the metadevice in the NIR-ENZ region when interrogated with
1325 nm probe wavelength. The bleach response maxima occur within
~60 fs at an ultrafast time scale, followed by a recovery time of 480 fs within
an overall temporal switching window of 540 fs. In the Supplementary
Note 2, Supplementary Fig. S7b illustrates the transmittance change over
time (AT/T) corresponding to Fig. 4b. It is noted that our metadevice
provides a faster switching response in its effective permittivity than that of
homogeneous ENZ thin films and ENZ metasurface counterparts''**>*. In
the Supplementary Note 3, we report the slower response time for a single
layer of TiN (11 nm) and ITO (32 nm) films, respectively.

We also tested the HMM transient switching response, showcased in
Fig. 5, exploring the metadevice behavior under 400 nm pump pulses at
higher energy (3.1eV). Typically, a wavelength range spanning from
325nm to 500 nm (corresponding to energies between approximately
248eV and 3.82eV) is employed as the pumping condition for ENZ
systems***’ Within this spectrum, the wavelength of 400 nm (3.1 eV) stands
for us as a trade-off choice to investigate the ENZ temporal dynamics at a
relatively higher energy for our system. In this context, Fig. 5a presents the
reasonable switching response with a recovery time down to 440 fs at
650 nm probe wavelength in the VIS-ENZ region. While in the NIR-ENZ
region, the device undergoes a change in dynamic response within 240 fs,
followed by a slower recovery time at the order of picoseconds, as shown in
Fig. 5b and in Supplementary Fig. S11 in the Supplementary Note 4. In this

scenario, the system is subjected to high-energy pump photons (3.1 eV),
resulting in more absorption within the metadevice. Thus, there is a rapid
increase in the lattice temperature due to the elevated scattering rate, suc-
ceeded by a prolonged thermal heat relaxation™**,

The absorption responses of the HMM, as presented in the inset of
Fig. la, at pump VIS- (700 nm) and NIR-ENZ (1250 nm) wavelengths,
show that the TiN layers exhibit a higher absorption at the VIS-ENZ region
with respect to NIR-ENZ. However, at NIR-ENZ (Abs @1250 nm), the ITO
layers show stronger absorption. This absorption is significant despite the
presence of considerable absorption from TiN, which appears to be lower
than its absorption in VIS-ENZ.

Hence, at a longer probe temporal window scale and higher pump
energy (3.1 V), the metadevice possesses a slightly longer recovery time
(around = 110 ps), as shown in Supplementary Fig. S11 in the Supple-
mentary Note 4 in comparison to the case when excited by 700 nm (1.7 eV)
pump pulses. The long-lived relaxation time in the NIR regions can be
attributed to the TiN layers that act as an efficient carrier heating®. Thus, we
also investigated switching in HMM at the excitation of 400 nm pump
pulses (far from the NIR-ENZ region) (see Fig. 5b) and 700 nm (1.7 eV) as
shown in Fig. 3f, respectively.

This thermal effect of TiN might result in a higher local temperature in
the metamaterial’s ITO layers, which induces a change in its permittivity.
Therefore, the observed long-tail temporal response in NIR-ENZ, for higher
energy, can be due to the heat dissipation in the entire metadevice where the
TiN layers act as a heat transducer to the ITO layers influencing its temporal
characteristics”. We note that by adjusting the pump activation energy at a
longer pump wavelength, ie, 1250nm (0.9eV) with low fluence
(1.16 m] - cm ) in NIR-ENZ, the metadevice is capable of fully recovering
the transient switching response as shown in Fig. 4b. The latter implies that it
is possible to control the ultrafast temporal response in the NIR-ENZ region
by controlling the pump wavelength without using high energy, such as UV.
The metadevice switching performance in VIS and NIR-ENZ regions for
different excitation wavelengths are summarized in Table 1.
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Table 1| Two-color all-optical switching performance of HMM
with TiN/ITO layers

Pump Probe Switching Angle of Intensity Fluence
A (hm) region time (1) Incident (6) recovery (mJ-cm?)
@ENZ (%)

400 VIS 440fs 70° 80 1.40

400 NIR 110 ps* 70° 72 1.40

700 VIS 320fs 0° ~100 1.40

700 NIR 78 ps® 70° 76 1.40

1250 VIS 390fs 70° 50 1.16

1250 NIR 540fs 70° 90 1.16

“Slow relaxation time depicted in Supplementary Fig. S11 in the Supplementary Note 4.
“Slow relaxation time depicted in Supplementary Fig. S10 in the Supplementary Note 4.

Conclusions

In conclusion, we reported ultrafast switching response in two effective
ENZ regions of an HMM based on Si-CMOS-compatible building blocks
of TiN/ITO. The results show that the hot electrons dynamics effects are
faster in the effective near zero permittivity region of the HMM rather
than its thin homogeneous layer counterpart, i.e., TIN (Nitrides), ITO
(TCOs), metals, and semiconductors. This opens up a new approach
towards realizing tunable and reversible ultrafast all-optical switching at
the femtoseconds scale with hybrid solutions. Taking advantage of the
optical properties of TiN and ITO at studied wavelengths, we observed
fast switching time in VIS as well as NIR-ENZ wavelength regions. This
metadevice can function as a double-wavelength switching device, acti-
vated by low pump energy, featuring an all-optical modulation response
within the 1.8-3.1 THz range.

Our results envision the possibility of particular engineering meta-
materials that can potentially be used as fast modulators operating at optical
wavelengths. Si-compatible metamaterials can also provide an optimal
trade-off between modulation speed and efficient performance in silicon-
based photonic systems. Especially, ENZ metamaterials have the potential to
launch a new paradigm toward hybrid configuration for ultrafast mod-
ulators and photonic-integrated chips.

Methods

Sample preparation

Titanium nitride (TiN) thin films were deposited using the magnetron
sputtering technique using Oxford Instruments Plasmalab System 400. Pure
Titanium (Ti) was sputtered using a mixture of argon and nitrogen. The
addition of nitrogen made the process reactive. The film composition,
controlled by the ratio of the argon to nitrogen gas flow, was chosen to be
stoichiometric since the plasmonic properties, e.g., the plasmonic figure of
merit, are composition-dependent. The process parameters - applied power,
pressure, and gas flows were chosen to provide films with the highest value
of the figure of merit. All layers were deposited at a temperature of 21 °C
with chamber base pressure below 5 x 1077 Torr. The deposition time was
11 seconds to get 11 nm thick films. Indium-tin-oxide (ITO) was prepared
by electron beam evaporation in a custom-made vacuum chamber at the
base pressure of 1x 10 °mbar. Physical vapor deposition processes
obtained ITO layers. For the evaporation of these layers, a vacuum chamber
equipped with a telemark 264 electron gun as an evaporation material
source, quartz weight for controlling layer evaporation rate and thickness, a
heating system for regulating substrates temperature, the system for dosing
of oxygen pressure application during evaporation process were used. The
ITO deposition process was carried out for 200 °C substrate temperature,
under oxygen pressure 7 x 107> mbar. ITO material for evaporation con-
sisted of 10% SnO, to 90% In,O; by weight.

Optical measurements
The reflectance and transmittance measurements were carried out using a
broadband optical source (Energetiq EQ-99XFC LDLS) to excite the samples.

The optical spot is focused on the samples using a Zeiss “Epiplan-Neofluar”
20X objective (NA =0.4) for both reflectance and transmittance measure-
ments. The response of the samples was coupled to an optical fiber connected
to Ocean Optics Flame UV-VIS-NIR spectrometer for the spectral response.

Transient absorption spectroscopy

Ultrafast time-resolved pump-probe spectroscopic measurements were
performed using an amplified Ti: sapphire laser system equipped with an
optical parametric amplifier (OPA). This system produced less than 100 fs
pulses at 1.00 kHz with a center wavelength of 800 nm. Most of the output
power (90%) was sent to OPA to generate tunable pump pulses in the UV-
Visible to near-infrared spectral regions to excite the samples at the desired
wavelength. The remaining 10% of output power travels through a delay
line, enabling a controlled time difference between pump and probe pulses.
It converts into a broadband probe beam to interrogate the sample in
transmission mode. At the same time, the chopper-modulated pump pulse
is spectrally as well as temporally overlapped with the probe beam on the
sample. At the same time, the detector is triggered to detect every probe
pulse and calculate the absorption spectrum. Spectra were collected using a
fast optical Multichannel analyzer (OMA) with a de-chirping algorithm.
Repetition rates of the pump and probe beams are 500 Hz and 1kHz,
respectively. Therefore, the effect of the pump beam will be observed only in
one of the two consecutive probe beams.

Absoption optical power
The optical absorption power per unit volume (Pabs) for the metadevice has
been calculated using the following relation:

P, = —0.50|E|*imag (&) (1)

where w is the angular frequency, |E|* represent the magnitude squared of
the electric field vector E inside the metadevice, imag(e) imaginary part of
the permittivities.

Fitting kinetics
The following function has been used to fit all the Kinetics traces for the
selected wavelengths by using Surface Xplorer (SX) software:

t—tgy

SH=e (T> * ZiAief%

b= IRF )
P 2.In2
where IRF is the width of the instrument response function (full-width half

maximum), f, is time zero, A; and t; are amplitudes and decay times,
respectively.

Data availability
The data that support the findings of this study are available from the
corresponding author upon reasonable request.
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