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All-optical switches control the amplitude, phase, and polarization of light
using optical control pulses. They can operate at ultrafast timescales -
essential for technology-driven applications like optical computing, and fun-
damental studies like time-reflection. Conventional all-optical switches have a
fixed switching time, but this work demonstrates that the response-time can

be controlled by selectively controlling the light-matter-interaction in so-
called fast and slow materials. The bi-material switch has a nanosecond
response when the probe interacts strongly with titanium nitride near its
epsilon-near-zero (ENZ) wavelength. The response-time speeds up over two
orders of magnitude with increasing probe-wavelength, as light’s interaction
with the faster Aluminum-doped zinc oxide (AZO) increases, eventually
reaching the picosecond-scale near AZO’s ENZ-regime. This scheme provides
several additional degrees of freedom for switching time control, such as
probe-polarization and incident angle, and the pump-wavelength. This
approach could lead to new functionalities within key applications in multi-
band transmission, optical computing, and nonlinear optics.

Switchable optical devices enable real-time control over the polariza-
tion, amplitude, or phase of light'”. In all-optical switching, a light
pulse interacts with the device’s constituent material, changing its
optical response. For example, an intraband pump can energize free
electrons in a transparent conducting oxide (TCO), increasing their
effective mass, making the materials less absorptive®™ and thus
increasing overall transmission. Conversely, an interband pump can
generate photocarriers that increase the metallicity and absorption of
TCOs™". This mechanism is often suggested for dynamic photonic
devices capable of modulating the amplitude or phase of light passing
through them. Importantly, all-optical switches can operate without
the resistive-capacitive delays of electronic circuits. Instead, the speed
of optically-induced permittivity modulation is limited by the relaxa-
tion mechanisms of the switching material, which can range from a few
femtoseconds™® to several nanoseconds”. The fast permittivity

change enables several interesting phenomena and applications that
are not achievable by other means of switching. Large and rapid
modulation of the dielectric permittivity in TCOs has led to non-
reciprocal optical devices”, photon acceleration®, and ultrafast opti-
cal switching”?* to name a few examples.

Recently, field-enhanced slow-light effects in epsilon-near-zero
materials, including TCOs, have further enhanced these nonlinear
optical phenomena by several orders of magnitude***. The wave-
length range where the real part of the material dielectric permittivity
changes its sign is known as the Epsilon-Near-Zero regime. Strong
light-matter interaction due to the large field enhancement and the
slow group velocity of light near the ENZ point enables a plethora of
interesting optical phenomena without the need for complex com-
posite structures. Examples of such phenomena include dramatic
reflectance and transmittance modulation”, remarkably strong
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nonlinearity enhancement®, time refraction’”, broadband® and
narrowband® absorption, optical time reversal’’, and high-harmonic
generation®, in addition to on-chip modulators***, When an ENZ
medium is fabricated on a reflective metal, free-space light can couple
into radiative bulk plasmon-polaritons, called Ferrell-Berreman (FB)
modes®*?. Strong light-matter interaction in such multilayer cavities
has been employed to demonstrate broadband absorbers® and
polarization switches’.

Any optical switching device relies on two major functionalities:
the magnitude of the dielectric permittivity change, which governs
the modulation depth, and the overall material response time that
governs the switching speed. There have been numerous studies
on modulating the permittivity of materials in various ways,
including electrical’***, thermal***, and optical methods’"**¢>*,
These studies have focused on the scaling of modulation with
power®**, enhancement with engineered structures®, and modula-
tion limits'>*%,

Thus far, few studies have focused on engineering the switching
speed of tunable and tailorable devices®®, which is generally fixed and/
or defined by the response times of the material constituents. The
challenge in controlling the speed of all-optical switches is that the
relaxation time of the switching material is an intrinsic property. As a
rule, this property can be changed or adjusted at the film growth/
fabrication step but not dynamically during device operation.
Thus, the overall switching response is assumed to be fixed after the
device is fabricated. In one such study, the relaxation time of cadmium
oxide-based switches was decreased by increasing the doping
concentration”. Epsilon-near-zero switches utilizing aluminum-doped
zinc oxide have a picosecond response”® when controlled by an inter-
band pump, but a femtosecond response® when controlled by an
intraband pump. All-optical switches with higher quality factors gen-
erally have a longer response time than those with a lower quality
factor”. The carrier dynamics of gold nanorods can be somewhat
modified by pumping them at varying wavelengths or angles, varying
the switching time to a limited degree®. Overall, the range of switching
times obtained in these prior studies are within the same timescale
order, determined by the carrier dynamics in the single switching
material.

Interestingly, several works studying the carrier dynamics of dif-
ferent materials report wavelength-dependent response times. For
example, in pump-probe studies of gold, longer wavelength probes
exhibit faster relaxation times as they interact with states that relax
faster than those probed by shorter wavelengths®. In black phos-
phorus, for the same pump wavelength, the decay time of sub-
bandgap probes decreases at shorter wavelengths®. In titanium
nitride, a sub-picosecond electron-phonon response is only observed
when the probe wavelength is close to the epsilon-near-zero (ENZ)
wavelength'®. These experiments highlight that the device operational
wavelength has an important role in the observed dynamics of a
structure. Extending this idea, we demonstrate a device-level approach
to controlling all-optical switching speed in a dual-active-material
structure employing the Epsilon Near Zero properties of the materials.

Here, we show the utilization of two technologically relevant,
robust materials with extensively studied relaxation dynamics: plas-
monic titanium nitride (TiN) and aluminum-doped zinc oxide (AZO), in
a single multi-resonant device. Individual transient characterization of
TiN demonstrates an overall relaxation time spanning nanoseconds”,
while that of AZO shows a much faster relaxation time spanning
picoseconds™". Our approach for engineering the temporal dynamics
involves combining these materials, resulting in a double-resonant
device that supports a radiative ENZ mode in the TiN layer and a Ferrell
Berreman mode in the AZO layer**“*, Upon using a 325-nm-wavelength
optical pump, electrons in both TiN and AZO are simultaneously
excited, leading to transient reflectance modulation due to changes in
permittivity. Notably, the reflectance modulation is most pronounced

near the epsilon-near-zero regions of the corresponding materials. The
device switching time is nanosecond-speed in proximity to the ENZ
wavelength of TiN, following its carrier dynamics, and picoseconds,
close to the ENZ of AZO, consistent with AZO dynamics. This highlights
the significant influence of light-matter interaction with distinct
materials in an optically modulated device. Moreover, we establish a
model for the temporal dynamics of devices employing multiple
functional materials. We further demonstrate that the device switching
time can be controlled utilizing a multitude of parameters, including
the angle of incidence and the polarization of probe beam, and the
pump-wavelength configurations. Ultimately, we discuss the experi-
mental findings and their implications for designing more complex all-
optical switches.

Results

We developed a TiN-AZO FB resonator by depositing a 130-nm-thick
layer of TiN on a silicon substrate, followed by the growth of a 250-nm-
thick AZO layer (Fig.1a). Supplementary Information Sections 1-3 ela-
borate on the growth parameters and the optical characterization of
the fabricated films. For our pump-probe experiments, we use a
normal-incidence 325-nm-wavelength pump beam, which is absorbed
in the AZO and the TiN layers. This effect is evident from the absor-
bance plots obtained from finite-element frequency domain (FEFD)
simulations (COMSOL Multiphysics) (Fig. 1b, left). The probe light is
shone at a 50° angle of incidence. At visible wavelengths, the probe
mostly interacts with the TiN, whereas at near-infrared wavelengths, it
interacts strongly with the AZO (Fig. 1b, right). The structure shows
two reflectance dips for p-polarized light near the ENZ points of TiN
and AZO, evident in Fig. 1c.

In the fabricated TiN-AZO resonator, the 325-nm pump excites
electrons in TiN and AZO, red shifting the resonance in the visible',
and blue-shifting the resonance in the near-infrared (NIR) range®
(Fig. 1c). Reflectance modulation occurs at nanosecond timescales for
visible wavelengths and speeds up as the wavelength increases, until it
reaches picosecond timescales at NIR wavelengths (Fig. 1d).

This transition happens because, in the visible regime, the probe
light is mostly localized in and interacts strongly with TiN, thus the
slow carrier dynamics of TiN dominate the dynamics of the switch.
Similarly, near the ENZ point of AZO at near-infrared wavelengths, AZO
dynamics drives the switching speed. The switching speed between
the two material resonances lies somewhere between the TiN and AZO
relaxation times. The speed increases as the probe wavelength gets
closer to the AZO resonance. Thus, by exploiting the nonlinearities of
the two materials, our device can operate at speeds ranging from the
GHz to the THz regime, differing by two orders of magnitude with the
same optical pump.

The next sections describe the design and characterization of the
hybrid device. We start with the steady-state reflectance character-
ization to determine the nature of the observed resonant dips.

Epsilon-near-zero enhanced all-optical switch design and
fabrication

A typical Ferrell-Berreman resonator, which comprises an epsilon-
near-zero medium with a subwavelength thickness on a reflective
backplane®®, is engineered to directly couple free-space p-polarized
light into the medium. Figure 2a shows the device schematic. We
perform reflectance measurements on our TiN-AZO double-layer at
the 50° angle of incidence. The device shows two dips near the TiN and
AZO ENZ points in the reflectance spectrum of p-polarized light
(Fig. 2b). Around 1360 nm p-polarized light near the AZO ENZ couples
into a radiative Berreman mode, resulting in a reflectance dip. TiN is
metallic near the ENZ of AZO, serving as the back reflector required for
the Berreman mode. On the other hand, near the ENZ of TiN, AZO is a
dielectric allowing light to pass into the TiN. The high refractive index
of silicon allows it to act as a reflective backreflector, allowing light to
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couple into the radiative ENZ mode® in the TiN, resulting in the
reflectance dip ~485nm. Thus, our device supports a radiative
ENZ mode in the visible and a Ferrell-Berreman mode in the infrared.
The s-polarized light spectra have multiple Fabry-Perot resonance
dips throughout the wavelength range measured. Spectroscopic
ellipsometry followed by fitting with a Drude-Lorentz model shows
that TiN has an epsilon-near-zero point at 485 nm, and AZO at 1360 nm
(Fig. 2c, d). Supplementary Table S1 has the DL parameters used in
this study.

The planar structure of this dual-resonant device also ensures that
additional nanostructuring-induced recombination channels'**® do
not affect its switching response.

Pump-probe spectroscopy of individual films
To understand the effect of each film’s temporal response on the
overall behavior of the device, we pre-characterized the TiN and AZO
films, individually grown on silicon, close to their respective ENZ
points. Figure 3a shows the experimental setup used to measure the
response of TiN on silicon. An 800 nm, 2 kHz amplified Ti: sapphire
laser is split into two branches a pump branch and a probe branch. The
pump branchis directed into an OPA (Topas) and converted to 325 nm.
The probe branch is delayed using an electronically controlled delay
stage and then focused into a Beta Barium Borate (BBO) crystal to
generate supercontinuum white light. The pump and probe beams are
spatially overlapped on the sample. The pump-fluence was fixed at
1.5 mJ/cm?/pulse.

The temporal response of charge carriers in TiN has been studied
in detail by George et al.” and Diroll et al.'® Upon excitation by an
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Fig. 1| Basic principle for adjustable switching dynamics. a The double-resonant
two-layer device comprises a 130-nm-thick TiN layer grown on silicon, with a 250-
nm-thick AZO layer deposited on top. b Normalized power dissipation density of
probe in the different layers simulated by COMSOL Multiphysics. At normal inci-

dence, the 325-nm wavelength pump is strongly absorbed in the AZO and TiN by
exciting electrons in both materials. The materials interact most strongly with light
near their respective ENZ wavelengths. Thus, at visible wavelengths, most of the

probe interacts with the TiN, whereas the NIR probes interact more with the AZO

optical pump, the reflectance spectrum of the TiN redshifts. The red-
shift results in broadband reflectance modulation, with a positive
reflectance change to the left of the minimum and a negative change to
the right. In our pump-probe measurements, we see a similar TiN
spectral response (Fig. 3b). Supplementary Information S4 has more
details on the dynamic characterization of TiN films, Supplementary
Fig. S1 has the experimentally obtained graphs and Table S2 contains
the fitting parameters. The response can be accurately fitted with a
two-time-constant model (Eq. S2), with the dynamics attributed to
lattice cooling'®. The overall response time of our TiN film is more than
1 nanosecond (Fig. 3¢), which determines the relatively slow switching
speeds of TiN mirrors.

Next, we studied the temporal response of AZO films under the
same pump. We deposited a 300-nm-thick AZO film on silicon for
these studies (see Supplementary Information for the growth
and modeling details). We performed the pump-probe spectroscopy
on the AZO using the setup shown in Fig. 3a, with a sapphire replacing
the BBO crystal to produce the supercontinuum NIR probe
(800-1600 nm). The pump was formed using the same method
described in the previous section.

The interband pump generates free carriers in AZO, increasing the
absorption and decreasing the refractive index by modifying a Drude
dispersion term®. The reflectance spectrum blueshifts, decreasing
the reflectance to the left of the minima and increasing to the right
(Fig. 3d). As electrons recombine, the sample returns to its original
refractive index. Supplementary Information S5 has more details on
the dynamic characterization of AZO films. Supplementary Fig. S2 has
the experimentally obtained graphs and Table S3 contains the fitting
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layer. ¢ The pump causes the reflectance spectrum to redshift at visible wave-
lengths, whereas, at near-infrared wavelengths, the pump blueshifts the reflectance
spectrum. d The mechanism of fast and slow switching: TiN has a nanosecond
response time, and AZO a picosecond response time. When excited by the same
pump, the device has a slower observed response time in the visible probe wave-
lengths, where its behavior is dominated by the TiN response. At increasing
wavelengths, its response speeds up as the relative light-matter interaction of the
probe with the AZO increases.
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Fig. 2 | Resonator schematic and material properties. a Device schematic: The
double-layer TiN-AZO resonator cross-section. b Reflectance spectra for the s- and
p-polarized light with an incidence angle of 50°. Near the ENZ of the respective
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S-polarized light can couple into Fabry-Perot modes, or is reflected. ¢ The real part
of the permittivity of the as-deposited TiN and AZO films; the vertical lines show the
ENZ points of the films. d The imaginary permittivity of the films.

parameters. The transient reflectance can be fitted with a single sub-
picosecond time constant (Eq. S3). This result points to a dominant,
single recombination channel. In prior work, it was identified as the
defect-assisted Shockley-Read-Hall mechanism®. The overall relaxa-
tion time shows little change if the pump fluence is varied. The
reflectance modulation falls to zero in <10 ps (Fig. 3e), allowing for the
very fast switching of AZO switches. We note that the substrate on
which a conducting oxide is grown may affect the defect density or the
switching response®®. To account for this, we also grew a thick AZO film
on fused silica and observed similar picosecond scale switching speeds
(Supplementary Information S5).

Pump-probe spectroscopy of the device

After pre-characterizing the individual TiN and AZO films” dynamic
response, we performed pump-probe measurements on the device in
the reflection mode. The pump-probe setup is the same in Fig. 3a used
for the individual film characterization. We used both visible and NIR
light to probe the device. The pump fluence was kept at 1.5 mj/cm?, the
same as in the previous section. The maximum reflectance modulation
at visible and near-infrared wavelengths occurs proximal to the steady
state-reflectance dips previously measured for individual TiN and AZO
films. In particular, these dips occur near the ENZ points of the TiN and
AZO films.

At visible wavelengths, there is an overall decrease in the reflec-
tance above the minimum modulation wavelength and an increase
below this wavelength (Fig. 4a) with a nanosecond response. The
amplitude and the response dynamics are similar to the photoexcited
TiN film in the previous section (Fig. 3b, c). The overall response time
of the modulation is slow (ns range).

In the near-infrared regime, the dynamic spectral change is similar
to that of AZO. The maximum change is negative below and positive
above the modulation minimum wavelength (Fig. 4b). This corre-
sponds to a transient blueshift in the reflectance dip with a picosecond
response, similar to that of the AZO film (Fig. 3d, e). The relaxation
time of the response is under 10 picoseconds.

Finite Element Method (FEM) simulations (COMSOL Multiphysics)
with our material’s measured optical properties show that at 325 nm
(under normal incidence), 48% of the pump light is absorbed in the TiN
layer and 39% in the AZO layer. Thus, upon excitation by the pump,
electrons in both AZO and TiN are excited, modulating the permittivity
of both materials. Carriers in AZO relax at ultrafast timescales while the
permittivity of TiN takes longer to settle to steady-state due to its
slower lattice cooling relaxation process.

FEM simulations (COMSOL) using the extracted optical properties
of TiN and AZO show that 80% of p-polarized light is absorbed in the
TiN near its ENZ point in the visible. Similarly, 90% of p-polarized is
absorbed by the AZO near its ENZ point in the NIR (Fig. 4c). Thus, the
visible probes interact strongly with the TiN layer near its ENZ,
resulting in slower, nanosecond switching times. On the other hand,
near its ENZ the near-infrared probe interacts strongly with the AZO
film, resulting in ultrafast, picosecond scale switching time.

To further illustrate the phenomenon, in Fig. 4d we overlap the
temporal response of the device and that of the individual thick films
from the previous section at different wavelengths. At 508 nm, the
modulation dynamics of the bilayer device (solid red line) closely fol-
lows that of the TiN film on silicon (red dots), as the probe strongly
interacts with the titanium nitride layer (Fig. 4c). On the other hand, at
1180 nm, the probe strongly interacts with the AZO layer, as shown by
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Fig. 3 | Experimental setup, and pump-probe results of individual materials.
a The pump-probe spectroscopy setup in reflectance mode with a 325 nm pump
and visible probe. b Transient reflectance modulation versus time for TiN on Si
probed at visible wavelengths. The response along the vertical dashed line near the
ENZ wavelength of 505 nanometers is plotted in c. ¢ The modulation has a zero-to-

zero response time of several nanoseconds at 505 nm. d Transient reflectance
modulation versus time for 500 nm AZO on silicon probed at near-infrared wave-
lengths. The response along the vertical dashed line at the near ENZ wavelength of
1210 nm is plotted in e. e The modulation has a zero-to-zero response time of <10 ps
at 1210 nm.

the strong absorbance of p-polarized light in the AZO. As a result, the
speed of the modulation at 1180 nm (solid blue line) mirrors that of
AZO on silicon (blue dots).

Effective temporal response of the device
At wavelength regimes where the probe interacts comparably with TiN
and AZO, the response has attributes of both materials. Figure 5a
shows how the power dissipation in individual films varies with
increasing wavelength. As we transition from visible to NIR wave-
lengths, dissipation decreases in the TiN and increases in the AZO. This
redistribution demonstrates increasing light-matter interaction with
AZO the faster of the two materials.

Plotting the temporal response of the device at different probe
wavelengths shows a gradual decrease in the overall relaxation
time with increasing wavelength (Fig. 5b). The effective temporal

response of the device can be modeled as a weighted sum of the
individual responses of the materials:

(%) t=a (Ae%f + Be%z‘) +BDe +I o))

where a is the weighted contribution of TiN (with the 2-time constants
71 & 12) and B is the weighted contribution of the AZO (single time
constant 7). I'is an offset attributed to slower thermal effects and noise
due to probe fluctuations. Supplementary Table S4 has the fitting
parameters. The ratio of a/(a + B), the ratio of the absorption in TiN to
the total absorption, decreases as expected with increasing wave-
length as light (Supplementary Fig. S3). Intuitively, as the probe
wavelength increases, more light interacts with the AZO versus TiN.
Thus, AZO dictates the modulation dynamics, resulting in faster
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near their respective ENZ points. d The transient modulation response of the device
at a probe wavelength of 508 nm (solid red line) and 1180 nm (solid blue line). The
points are the modulation responses of the TiN film at 505 nm (red points) and
the AZO film at 1210 nm (blue points). The slower TiN dynamics are shifted by
0.4 ps for clarity.

response dynamics. Therefore, it is possible to control the switching
speed of the same device from nanosecond to picosecond scale by
simply changing the wavelength of operation A more accurate model
of the relaxation response can be developed by incorporating the
wavelength-dependent relaxation dynamics of the individual materi-
als, the magnitude of reflectance modulation in the individual
materials, the resonance shifts, ultrafast non-equilibrium dynamics
of hot-electrons in the materials and interfaces, the effect of surface
roughness on carrier recombination, and other nonlinearities trig-
gered by the strong pump.

Supplementary Information Section S7 shows our experimental
studies of other modes of switching speed control employing the
findings of this study. In addition to the wavelength control, for
instances where the probe wavelength is fixed, the speed can be
changed by adjusting other parameters, such as the angle of incidence
(Supplementary Fig. S4) and the polarization of probe beam, or the
pump-wavelength (Supplementary Fig. S5) which changes the light-
matter interaction with the constituent materials.

Discussion

While extensive strides have been conducted in the dynamic control of
the phase, amplitude, and polarization of light with optical devices,
there exists a gap in engineering the temporal dynamics of tunable
systems. In this work, by employing an all-optical double-layer switch
comprising both fast and slow-responding materials, we demonstrated
advanced control over the temporal dynamics of such a hybrid all-
optical switch. The device supports two p-polarized light resonances -
a radiative visible ENZ mode in the TiN layer and an infrared Ferrell-
Berreman mode in the AZO layer. When excited by the same 325 nm
wavelength pump, close to these resonances, the device has a
switching speed under 10 ps when probed at 1180 nm and over 2 ns

when probed at 508 nm. The probe follows the relaxation dynamics of
the constituent material near its epsilon near zero point, where the
light-matter interaction is the strongest. By sweeping the probe
between these ENZ-related resonances, one can operate the same
device at switching speeds spanning two orders of magnitude,
enabling a great degree of control over the switching speed.

The proposed approach utilizes slower materials that are very
robust and allow to enhance the field intensities while faster materials
ensure an ultrafast dynamic response. We show that fast permittivity
modulation can be obtained even when materials with relatively slow
dynamics are used as a back reflector, to enhance the modulation at
the desired operational wavelength. Our findings underline the
importance of conducting broadband pump-probe characterization of
the full device stack, including spacers, back reflectors, and substrates
in addition to the active layer when designing all-optical switches.
Furthermore, when designing complex time-varying devices utilizing
multiple materials, a good understanding of the dynamic response
of each constituent material is required to achieve the desired
performance.

We show that the overall temporal response of a dual-material all-
optical switch can be represented by a weighted sum of the relaxation
behaviors of each of the constituent materials. The zero-to-zero
response of an all-optical switch at a particular wavelength is dictated
by the material with the stronger light-matter interaction, in other
words, by the material that confines the most incident light within it. By
changing the probe-light wavelength to interact with different mate-
rials in the device, the range of operating speeds and thus bandwidth
can be varied by two orders of magnitude. We experimentally
demonstrated that controlling the probe-light interaction with the
individual TiN or AZO layers enables the large variation of the observed
speed. Moreover, we mapped the light-matter interaction of the probe
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Fig. 5 | Light-matter interaction dictates the switching response. a Simulated
power dissipation (normalized) in the films computed using measured optical
properties of the films. The white dashed lines denote the Air-AZO and AZO-TiN
boundaries. As the wavelength increases, more light interacts with the AZO film
compared to TiN. b Experimentally obtained reflectance modulation versus pump-
probe delay time. The modulation for each wavelength is normalized to the max-
imum response at each wavelength and shifted to the same time for easier com-
parison. Starting from 1300 nm (purple), the datasets for each wavelength are
vertically shifted by 0.3 from the next (from purple to red) for easier comparison.
The points represent experimental results, and the solid lines represent fitted
values. As the probe wavelength increases, the relaxation rate transitions gradually
from nanosecond to picosecond-scales.

with the materials and correlate their relative absorbances with parti-
cular relaxation times. Finally, we demonstrated that further control
over the switching speed can be attained by controlling the probe
polarization, angle of incidence, as well as the pump wavelength.

Our approach can be used to mix and match materials with sig-
nificantly different temporal dynamics to achieve multiple switching
speeds and bandwidths within the same platform for multiband data
transmission. In the field of all-optical switching beyond Moore’s Law,
optical switches have been demonstrated to operate at femtosecond
speeds, offering terahertz or higher switching rates*s. However, in
most practical applications, such switches would still need to com-
municate with electrical components, whose speed is limited to giga-
hertz scales. To mitigate the modulation strength versus bandwidth
compromise, it is desirable to have the response speed of the mod-
ulating effect be only a couple of times faster than the operating speed
of the device one is trying to get®. Thus, the option of tunable
switching speeds that match slowly increasing electronic switching
speeds offers a way to bridge the gap between electronic and optical
communications.

Robust, laser-tolerant materials can be also employed as back
reflectors in optical switching schemes and nonlinear optical experi-
ments. Their slower speeds do not affect the ultrafast response of the
active medium. Examples of such systems include nonlinear optical
phenomena such as frequency shifts®®, negative refraction®, time
refraction”, and photonic time crystals® that require ultrafast changes

in the material permittivity at fast, femtosecond timescales, while
operating at large laser powers.

Finally, our method can be used to extract the temporal dynamics
of individual materials in complex, multilayer structures by controlling
where the probe light is strongly confined.

Harnessing control over the all-optical switching speeds by
developing a holistic approach to studying the temporal dynamics of
time-varying devices and incorporating the contribution of each
material will be crucial in developing time-varying devices for tele-
communications optics and other nonlinear optical applications.

Data availability
The source data that supports this study is available from Figshare
(https://doi.org/10.6084/m9.figshare.23734116).
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