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Abstract. Photonic crystals can integrate plasmonic materials such as Indium Tin Oxide (ITO) in their struc-
ture. Exploiting ITO plasmonic properties, it is possible to tune the photonic band gap of the photonic crystal
upon the application of an external stimuli. In this work, we have fabricated a one-dimensional multilayer
photonic crystal alternating ITO and Titanium Dioxide (TiO,) via radio frequency sputtering and we have
triggered its optical response with ultrafast pump-probe spectroscopy. Upon photoexcitation, we observe a
change in the refractive index of ITO. Such an effect has been used to create a photonic crystal that changes
its photonic bandgap in an ultrafast time scale. All optical modulation in the visible region, that can be tuned
by designing the photonic crystal, has been demonstrated.
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1 Introduction

Photonic Crystals (PCs) represent a class of periodic struc-
tures that can be integrated into a wide range of technolo-
gies. Thanks to their high symmetry (in one, two or three
dimensions) and the difference in terms of refractive indices
of the constituent materials, an interference of the incident
and diffused electromagnetic wave is generated, causing the
formation of a forbidden band for the passage of photons,
called Photonic Band Gap (PBG) [1-4]. This attributes
to PCs their peculiar optical properties and the generation
of their changing colors, called structural colors. There are
several applications in which multilayer PCs can be
exploited, such as distributed feedback lasers [5-8], perfect
absorbers [9, 10|, and sensors [11-15]. PCs can be fabricated
with several techniques in one dimension, two dimensions
and three dimensions [16]. Moreover, quasicrystals [17]
and disordered structures [18, 19] can be fabricated. Select-
ing responsive materials for their fabrication, it is possible
to modulate their optical response upon application of
external stimuli.

Multilayer PCs, also called Distributed Bragg Reflectors
(DBRs), that include Indium Tin Oxide (ITO) are promis-
ing devices since this plasmonic material is able to show a
high refractive index change with an applied electric field
[20]. ITO-based DBRs take advantage of the ability to
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change their refractive index through the application of
an electric field in order to modulate the position of the
PBG. The optical properties of the multilayer can be easily
tuned by acting on the refractive index of the constituent
materials or on the geometric parameters of the lattice
21, 22].

In this work we have fabricated a one dimensional PC
made by ITO and TiO, via radiofrequency sputtering.
The fabricated multilayer PC shows a very high optical
quality with a strong PBG. By pumping the PC at
1550 nm, in the range of the plasma frequency of ITO, we
observe in transient differential transmission measurements
relaxation dynamics within the first picosecond of time
delay. Such dynamics is mainly due to electron-phonon
scattering in ITO. The ultrafast modulation of the plasma
frequency of ITO results in an ultrafast modulation of the
PBG of the ITO-based PC.

2 Experimental methods
2.1 Sample preparation

The multilayer ITO/TiO5 structures were deposited on
vitreous silica glass (v-SiO,) by RF magnetron sputtering.
The v-SiO, substrates have dimensions 75 mm X
25 mm X 1 mm. Before deposition, the substrates were
ultrasonically cleaned in deionized water then they were
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Figure 1. a) Steady-state transmission spectrum of the ITO/TiO, PC. b) Sketch of the one-dimensional multilayer PC.

cleaned with ethanol and finally dried in nitrogen. The
substrates were after cleaned inside of the RF sputtering
chamber for 10 min just before starting the deposition while
heating up the temperature to 120 °C at a pressure of
10~ mbar. The magnetron Radio Frequency (RF) sputter-
ing deposition of ITO and TIO, films was performed by
alternatively changing a 15 cm x 5 ¢m ITO and 15 cm x
5 cm TiO, targets. The residual pressure before the deposi-
tion was 4.5 x 10~ mbar. During the deposition procedure,
the substrates were not heated, and the sample holder
temperature was kept at 30 °C. The sputtering was per-
formed in an Argon (Ar) atmosphere (5.4 x 10~* mbar)
and an RF power of 110 W was applied on TiO, target
and 80 W applied on the ITO target. To monitor the thick-
ness of the layers during the deposition, two quartz
microbalances INFICON model SQM-160, faced on the
two targets were employed. The final resolution on the
effective thickness obtained by these quartz microbalances
is about 1 A. More details are available in reference [19].
The deposited structure consists of 5 couple ITO/TiO, for
a total of 10 layers. The first layer deposited directly on
the substrates is ITO while the last layer is TiO,. Reference
ITO and TIO, single layer were also fabricated using the
same deposition protocol on silicon and vitreous silica glass
substrates.

2.2 Optical characterization

The steady-state light transmission spectrum of the PC has
been acquired with a JASCO spectrophotometer. The ultra-
fast differential transmission measurements (Fig. S4) have
been performed by using a Coherent Libra amplified laser
system with the fundamental wavelength at 800 nm, a pulse
duration of about 100 fs and a repetition rate of 1 kHz.
Noncollinear optical parametric amplifiers to tune the pump
wavelength has been built with a procedure reported in
Reference [23] with a fluence of 300 uJ/cm® White light
generation for the probe pulse has been achieved focusing
the fundamental beam into a sapphire plate. The differen-
tial transmission AT/T = Toxn — Torr/Torr has been
acquired with an optical multichannel analyzer. Ton and

Torr indicate the probe spectra transmitted the excited
and unperturbed sample, respectively. Pump and probe
were impinging on the sample at near normal incidence.
It is worth mentioning that one-dimensional PCs are polar-
ization insensitive at normal incidence.

3 Results and discussion

In Figure la the transmission of the photonic crystal made
of 5 bilayers of ITO/TiO, is shown, with a decrease of
transmittivity below 400 nm due to intragap state of ITO
[24] and the more evident decrease where we have the band
gap transition around 340 nm. Such decrease in transmis-
sion is also related to the edge of the band gap of TiOs,
which is between 330 nm [25] and 400 nm [26]. Moreover,
also glass absorption, mainly to due to silicon dioxide inter-
band absorption, contributes to the transmission decrease
below 400 nm. As we discussed above the stacking of two
dielectric materials (ITO and TiOy) creates a PBG in the
spectral region between 700 and 800 nm. To estimate the
thickness of the layers we have performed a fit of the exper-
imental data with the transfer matrix method [27]. In the
Supporting Information we report the fit of the transmis-
sion spectrum (Fig. S4). For TiO, we have used the refrac-
tive index dispersion reported in Reference [28]. For ITO,
we have used a Drude model with parameters taken from
Ref. [29] (ie., & = 4, N = 249 x 10°® charge/m’,
' = 0.1132 eV, that are, respectively, the high frequency
dielectric constant, the number of carriers, the carrier
damping). The contribution of ITO to the transmission
spectrum is reported in Figures S2 and S3. The extracted
thickness of the ITO layers is 100 nm and the extracted
thickness of the TiO layers is 79 nm. Thus, the total thick-
ness of the PC is 895 nm.

It is noteworthy to study how the transmission through
the PC change upon photoexcitation of the plasmon. To do
so, we have tuned an optical parametric amplifier, used as
excitation, at 1550 nm where the ITO shows a strong
absorption [29]. After the excitation of the plasmon in a
timescale of about 10 fs due to electron scattering we can
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Figure 2. a) Transient response of ITO. b) Transient response of the PC.
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Figure 3. a) Differential transmission spectra at fixed time delay of the PC. b) Static transmission spectrum and differential

transmission signal of the PC.

observe the plasmon dephasing and the creation of a non-
thermalized Fermi distribution (FD). After this, within
100 fs an equilibrium hot FD is created by electron-electron
scattering. The temporal resolution of our pump probe
setup is about 100 fs and this does not allow us to observe
the aforementioned events. However, it is possible to follow
the subsequent relaxation of the hot-FD through electron-
phonon scattering, that, happens in a timescale of less than
1 ps [30]. Finally, a much slower process take place which is
the phonon-phonon scattering to release the heat of the
lattice.

In Figure 2a the differential transmission map, as a
function of wavelength and time delay, of the studied
ITO film is shown. Around zero time delay we can observe
the so-called Cross Phase Modulation (XPM) artifact, a
coherent artifact that originates from the redistribution of
the spectral component of the probe induced by the Kerr
effect, a change in the refractive index caused by the strong
pump pulse [31, 32]. Such fast change in the refractive index
occurs only when pump and probe overlap in time on the
glass substrate and is responsible for the initial positive-
negative-positive signal [33]. As we discussed above the
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relaxation dynamics are faster than 1 ps and can be seen in
Figure 2a. For bare ITO, after the XPM we have a negative
signal at every wavelength in the visible region, by exciting
the plasmon and creating the hot FD we are changing the
dielectric function of the material, by changing both the
plasmon resonance and the refractive index [24, 34-36].
The plasmonic resonance depends on the effective mass of
the carriers, ITO is a non-parabolic material, meaning that
when we create a hot-FD the effective mass of the electrons
changes by changing the position on the dispersion band. A
second effect is the change of the &, as it was modeled by
Blemker et al. [24], the &, change as a function of the elec-
tronic temperature of the Fermi Dirac distribution, a
change of it will reflect in a change of the overall refractive
index.

This leads to an ultrafast increase in the reflectivity of
the ITO layer, and this is seen as a negative signal in terms
of AT/ T because more photons are reflected at the air-ITO
interface. This negative signal increases toward shorter
wavelengths. Around 440 nm a strong negative signal is
observed, induced by the so-called inverse Moss-Burstein
effect: Before excitation all the transition from the intragap
state and the conduction band are neglected because the
levels are already filled with electrons; when the hot-FD is
created those transitions are now allowed resulting in a less
transmitted probe.

In Figure 2b the differential transmission response of the
ITO/TiO, PC is shown. We have observed a different
response that has positive and negative features. As dis-
cussed above, this effect is induced by the change in the
refractive index of the ITO. As for ITO film, this modula-
tion is faster than 1 ps because it arises from the plasmon
decay. By changing its refractive index the effective refrac-
tive index of the PC changes over time with a subsequent
change of the PBG. This shift can create a modulation in
the visible range, and an ultrafast shift is achieved.

In Figure 3a the evolution of the spectral response at
various fixed delay time can be better appreciated. Remark-
ably, at around 510 fs the modulation has subsided. In
Figure 3b the modulation of the transmission of the PC
at 100 fs delay, together with its static transmission spec-
trum, is depicted. Here, we can better appreciate the shift
of the PBG together with the shift of the side bands. By
changing the thickness, refractive index and the number
of layers of the PC we can change the position and shape
of the resonance in the photonic bandgap. With this system
we demonstrate an additional degree of freedom to modu-
late the optical properties of a photonic crystal: We can
modulate a visible light beam, in the sub-picosecond regime,
by using an infrared laser pulse. In fact, the de-excitation of
the plasmon is faster than 1 ps, allowing the capability to
modulate an incoming visible beam with a repetition rate
faster than 1 THz.

4 Conclusion

We fabricated a PC as a multilayer of ITO and TiO,, by
designing the thickness and the number layers. An interfer-
ence pattern in the visible spectra results in a modulated
transmission, with the occurrence of the PBG, also called

structural color [37]. The differential transmission measure-
ments show relaxation dynamics faster than 1 ps. The
change in the refractive index of ITO upon photoexcitation
of the plasmon resonance can be exploited to create a PC
that changes its PBG in an ultrafast time scale. This allows
us to achieve all optical modulation in the visible region
that can be tuned by designing the physical parameter of
the PC accordingly.
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Supplementary Material

The supporting information of this article is available at
https://jeos.edpsciences.org/10.1051/jeos/2022009/olm
Figure S1: Transmission spectra of the ITO/TiO, photonic
crystal (experimental data in red, simulation with transfer
matrix method in black). For the simulation, a Rayleigh-
type scattering and a flat decrease of the transmission due
to interfaces losses have been considered.

Figure S2: Transmission spectra of the ITO/TiO, photonic
crystal (experimental data in red, simulation with transfer
matrix method in black) and of a 500 nm ITO film.
Figure S3: Transmission spectrum of a 500 nm thick ITO
layer up to 3000 nm.

Figure S4: Experimental setup for the ultrafast differential
transmission. We have used a noncollinear optical paramet-
ric amplifier for the pump and white light generation for the
probe.
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