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Photonic crystals can manipulate light by impeding transmission through photonic band gaps (PBGs), unlocking
vivid structural colors and beating conventional spectrally-selective pigments. Nowadays, research is targeting at
active and electrically-driven devices, moving beyond stacks of inert dielectrics. Plasmonic Transparent
Conductive Oxides (TCOs) become appealing owned to their adjustable charge carrier density upon external
stimuli (electrical biases), that enable electro-active control even in complex photonic architectures. Here,
pioneer compact/porous one-dimensional PC multilayers, completely solid and entirely based on the novel and
earth-abundant Tantalum-doped Titanium Dioxide TCO (Ta:TiO,), have been developed with pulsed laser
deposition through an original one-step method, by mastering the oxygen supply at deposition. Engineered
doping and geometry enable tunable PBGs in the visible range. Electro-doping achieves PBG blue-shifts of 11-16
nm under low bias (<7 V) without liquid electrolytes. These findings unveil the potential of actively-tunable Ta:
TiO, PCs to foster technological advancements in electro-optic switches, biosensors and anticounterfeit devices.

architectures and not constrained by the spectrally-selective absorption
properties of organic dyes or chemical pigments.
The most straightforward example of a one-dimensional (1D) PC is a

1. Introduction

The optical properties of photonic crystals (PCs) have become a core

point of investigation in the optics and photonics community [1-5].
Indeed, PCs are structures characterized by periodic arrangement of two
or more materials, each exhibiting distinct refractive index, with one-,
two-, or three-dimensional pattern at a length scale comparable to the
wavelength of light [1,6,7]. After suitably tailoring the geometry, the
Bragg diffraction condition can be met generating a forbidden gap for
the propagation of photons, i.e. the photonic band gap (PBG), at which
most of the light is reflected backwards. This in turn activates bright and
vivid structural reflection colors, arising only from geometrical

layer-by-layer 1D stacking of different materials, whose easiness in
fabrication provides the flexibility to incorporate polymers, glasses,
semiconductors, or even biological materials. PCs of this kind can be
found in nature and can be fabricated artificially by means of several
methods, for instance sputtering [8], spin coating [9], and pulsed laser
deposition (PLD) [10]. Specifically, PLD is known for its capability in
growing a variety of materials with exceptional stoichiometric control,
including metals and metal oxides, and eventually emerged as a prom-
ising method to produce high-quality PCs possessing high
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reproducibility, yield and precision [11,12].

Nowadays, the rising concern towards multifunctionality and post-
synthesis tunability of the photonic optical response of PCs, has stimu-
lated the research to dig deeper into actively-modulated, electrically-
driven nanosystems beyond inert stacks of dielectrics [3,13-15], whose
main degree of freedom in controlling the optical outputs are the ma-
terial choice and the PC geometry. The consequences on the application
side are huge, enabling important technological advancements in dis-
plays, smart windows, optical cavities, solar cells and sensors. Several
ways have been exploited to trigger the electric tunability of PCs, such as
the reorientation of infiltrated liquid crystals, electrochemical processes,
electrophoresis and field effect [13,15,16]. However, most methods rely
on the employment of liquid electrolytes, which surely poses chemical
and environmental issues, to be added to a faster degradation of the
responsivity of the PC material by electrochemically-induced defects
and detrimental structural hysteresis [17-19].

For all these reasons, all solid-state devices exhibiting field-effect
tunability, i.e. exploiting injection/depletion of charges at biased
semiconductor/insulator interfaces, are undoubtedly the most break-
through direction of development to be pursued. To suit the quest,
alternative plasmonic materials and especially the subclass of trans-
parent conductive oxides (TCOs), are rightly called at play. TCOs are
doped semiconductors that have previously caught the attention in the
plasmonic, nanophotonic and optoelectronic sectors because of the high
visible transparency and metal-like transport properties, along with a
modifiable charge carrier density (spanning 10'° - 102! cm™), signifi-
cantly lower than that of metals (10?2 cm™), thus leading towards
plasmonic features extending up to the infrared region, not reachable by
metal nanosystems that conventionally resonate in the visible [20].

The implementation of TCOs within multilayer PCs of the type doped
semiconductor/insulator is very appealing but not much explored.
Indeed, the key aspect is the innate carrier density tunability through
external electrical stimuli, feature unbearable by classical metals, that
permits the redistribution of carriers to modify the refractive index of
the TCO, and hence the collective optical response of the PCs through
the refractive index contrast [21-23]. Within the few existing examples,
the role of the active layer is played by the TCO, and revealed successful
in tuning the optical/plasmonic characteristics by exploiting photo-
doping and electro-doping techniques [24-27]. For example, an
active-tunable 1D PC have been realized with Indium-doped tin oxide
(ITO) coupled with TiO; as dielectric element, revealing good perfor-
mances in electrical responsivity (maximum PBG blue-shift of 23 nm
upon 10 V) [16]. However, the scarcity of indium pushes towards the
usage of earth-abundant and not-toxic TCO materials, such as Ta-doped
TiOy (Ta:TiO3), for which a fine control over the optical/electronic
properties has been recently demonstrated through PLD fabrication
[28-30].

In this work, we developed active-tunable transparent and conduc-
tive 1D multilayer PCs completely based on Ta-doped TiOo, obtained in
an original, one-step synthesis with PLD by alternating compact/
conductive and porous/insulating TCO layers starting from the deposi-
tion of the same material. The refractive index contrast and the different
optoelectronic characteristics between conducting and insulating units
is solely granted by changing the background pressure of oxygen during
the deposition, known to master morphology and stoichiometry
(through oxygen vacancies) directly at the deposition stage [28,31,32].
The one-step synthesis approach is unique, as the realization of a
high-quality actively-tunable 1D PCs completely based on the same
TCO, up to the authors knowledge, has never been reported. PCs with
different degree of doping (5 % and 10 % at. Of Ta, i.e. Ta(5 %)TiO2 and
Ta(10 %):TiO3) and variable geometries have been realized to create PCs
with PBG localized in the visible range, experimentally showing active
modulation of their PCs characteristics upon the application of an
external electrical bias. Indeed, the PBG blue-shifts up to 11-16 nm with
relatively low voltages (maximum at 7 V). The investigation has been
enriched with detailed material characterization of morphological and
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structural properties of the single components, as well as the overall
optical properties of the PC multilayers with or without bias applied.
The discussion of the physical mechanisms at play, attributed to
electro-doping and accumulation/depletion processes, has been sup-
ported by theoretical simulations based on transfer matrix method.

2. Experimental Section

Material synthesis: the synthesis of 1D PC multilayers was per-
formed with Pulsed Laser Deposition (PLD) in a vacuum chamber
equipped with a primary and turbomolecular pumping system, gas inlets
and mass flow controllers to monitor the partial pressure of gaseous
species during the deposition process. All multilayers are completely
based on Ta:TiO; and were fabricated at room temperature by depos-
iting sequentially compact and nano-porous layers via PLD in a one-step
method without breaking the vacuum. This was done by setting the
background oxygen atmosphere at 1 Pa O3 in case of compact layers, or
at 6 Pa O for the porous layers. These conditions of deposition pressures
have been selected first in order to maximize the optical contrast (dif-
ference between the refractive index of the components, An), as it is
known from photonic crystal theory to intensify Bragg diffraction and
the Photonic Band Gap (PBG) bandwidth [10], but also to simulta-
neously obtain both a conductive, actively tunable layer (at 1 Pa) and a
dielectric one (at 6 Pa) within the same deposition process. The optical
contrast is further intensified by the variation in morphology from
compact to porous structures.

The laser source for the material synthesis is a ns-pulsed Nd:YAG
laser (2nd harmonic, 4 = 532 nm green, repetition rate 10 Hz and pulse
duration 5-7 ns). The pulsed laser beam is focused on the target material
with an angle of 45° with respect to the normal direction of the target
surface, subjected to roto-translation to ensure a uniform ablation. The
investigated photonic crystals are based on Ta:TiOy with 5 % and 10 %
at. Of Ta (also referred as TCO Ta 5 % and TCO Ta 10 % or Ta(5 %):TiO5
and Ta(10 %): TiOs), fabricated by ablating Ta;Os: TiO, targets (99.99
% purity) with molar ratio 0.025:0.975 and 0.05:0.95 respectively, all
provided by “Testbourne Ltd”. The laser fluence on the targets was set to
2.27 J em™2 for Ta(5 %): TiOg, and 2.73 J cm ™2 for Ta(10 %):TiOs. The
fluence was varied by keeping the pulse energy fixed at 150 mJ, while
modifying the spot area onto the target from 6.6 mm? to 5.5 mm?. Ta:
TiOs films with 10 % at. Of Ta required a higher fluence in order to avoid
delamination and maximize compactness and crystallinity. As-deposited
Ta:TiOgp-based PCs are obtained at room temperature and are amor-
phous, thus annealing treatments are necessary to achieve crystalliza-
tion of the compact layers in single phase polycrystalline TiO, anatase.
Thus, post-deposition annealing in a reducing atmosphere (e.g., vac-
uum) is required to maintain the oxygen-substoichiometry contributing
to conduction in compact TiO-based TCOs [42] (compact layers), per-
formed in a furnace designed for thermal treatments in vacuum at
550 °C (base pressure 5 x 107° Pa), 1 h dwell at 10 °C/min ramp.

All systems were deposited over commercial indium tin oxide (ITO)
substrates (ITO-coated glass, with sheet resistance 10 Q sq~*, purchased
from XOP Glass), mounted on a rotating sample holder with fixed target-
to-substrate distance (50 mm). Substrates were cleaned in ultrasonic
bath with isopropanol for 20 min prior to deposition.

In this work we investigated two multilayer geometries differing in
the thickness ratio (TR), obtained by dividing the thicknesses (measured
at SEM) of the compact (synthetized at 1 Pa O3) and the porous layers (at
6 Pa O) and referred in the text as low TR (1.01) or high TR (1.3). The
single layer thicknesses have been selected to maximize visible light
reflection with these combinations of materials and porosity, hence
possessing a distinctive PBG within 500-600 nm, with the aid of home-
made Matlab codes based on Transfer Matrix Methods [33-35]. The
geometries selected for Ta(5 %):TiO3 and Ta(10 %):TiO5 multilayers are
summarized in Table 1. A brief description of the TMM theory, the code
employed and the parameters changed to perform the simulations have
been inserted in a brief comment in the Supporting Information.
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Table 1

Optimized geometry (thicknesses of compact and porous repeating units) for Ta
(5 %): TiO, and Ta(10 %):TiO, multilayer PCs. Two set of samples have been
identified, according to the thickness ratio (TR) between compact and porous
layers: low TR (1.01) and high TR (1.3). The thicknesses reported are the mean
of real thickness values of compact and porous constituents, as extracted from
SEM images.

Low TR High TR
Ta content (at. %) 5% 10 % 5% 10 %
Compact unit thickness (nm) 63 74 85 89
Porous unit thickness (nm) 62 73 65 65
Actual compact/porous thickness 1.016 1.013 1.30 1.37
ratio
Average compact/porous 1.01 1.3

thickness ratio

Finally, electrical contacts were integrated on PC multilayers to
create a device for electro-optical measurements. The ITO substrate is
the bottom electrode while the top electrode was obtained by thermally
evaporating 50 nm of Ag (Edwards E360 thermal evaporator) on half
part of the multilayer surface. The electrical circuit is closed by using
copper wires bonded to the top and bottom electrodes with silver paste.

Material characterization: the morphology of Ta:TiO2-based PCs
was characterized by field emission Scanning Electron Microscopy (FEG-
SEM, Zeiss SUPRA 40), in cross-section for ad-hoc samples deposited on
silicon substrates.

X-ray diffraction (XRD) patterns on single Ta:TiO layers deposited at
1 Pa O, (compact) and 6 Pa O5 (porous), were collected using a Bruker
D8 Advance X-ray diffractometer at 293 K (Cu K-a radiation, 1.5406 108).
The measurements were carried out in a Bragg-Brentano geometry
(6-20) with a step-scan technique and a 26 range of 10-90°. Data were
acquired by using a Lynx Eye detector in continuous scanning mode with
a step size of 0.038 and a time step of 0.15 s. The grazing incidence (GI)
measurements were carried out with an incidence angle of 0.95°.

The XRD measurements in Bragg-Brentano and grazing incidence
geometry were carried out under the same measured range and mea-
surement conditions (scanning mode, step size, and time per step).

For X-ray reflectivity (XRR) measurements on single compact and
porous Ta:TiO; references, an HRD3000 diffractometer (Italstructure)
operating with monochromated x-ray tube (Cu K-a at A = 0.1541 nm)
was used, conditioned in parallel configuration by a parabolic mirror
and defined by 0.18 x 4 mm source slits and equipped with a point-type
NaCl(T]) scintillator detector, with 0.2 mm accetpance slits on the de-
tector arm. XRR scans were collected in a specular ®-20 geometry, in the
range o = 0-4°, in steps ® = 0.01°.

Electrical properties and Hall effect measurements of single Ta:TiO,
layers deposited at 1 and 6 Pa O, were carried out in the four-point
probe configuration with a Keithley K2400 Source/Measure Unit as a
current generator (from 100 nA to 10 mA), an Agilent 34970A voltage
meter, and a 0.57 T Ecopia permanent magnet.

The set-up of Spectroscopic Ellipsometry is based on a J.A. Woollam
V-VASE ellipsometer. Specifically, single Ta:TiO layers deposited at 1
and 6 Pa O; on glass substrates and with an expected thickness of 200
nm were measured from 300 nm to 1700 nm for angles of incidence
equal to 45° and 60° to determine their optical constants. The experi-
mental data were fitted by using the optical constants of Palik model for
the glass substrate, and with Tauc-Lorentz oscillator and Drude model to
simultaneously account for the interband absorption at the energy gap in
the ultraviolet, and NIR free-carrier absorption tail. The roughness of the
surface was taken into account by adding a top thin layer of few nano-
meters modelled by a Bruggemann effective-medium layer made of 50 %
by Ta:TiO, and 50 % by voids.

For electro-optical measurements in transmission (range 350-1050
nm, at normal incidence), we used a fiber-coupled spectrometer
(Avantes, AvaSpec-HS2048XL-EVO), with the external bias applied with
an Agilent 6614C source-meter. The voltage has been varied between 0
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V and 7 V. Moreover, the same measurement has been performed for-
ward (increasing the voltage) and backward (decreasing the voltage) to
ascertain the reversibility of the process. Seldomly, the applied bias
causes the breaking of the substrate, hence the backward measurements
were not possible, and limiting the maximum voltage to 5 V. These are
likely due to stochastic effects such as Joule heating of the amorphous
glass substrate, rather than an intrinsic limitation of the material or
device design. To appreciate the PBG shift, the time difference between
evaluation of the spectra in unbiased and biased situation is 1 min.

Optical reflectance spectra (range 300-1100 nm) were evaluated on
samples deposited on ITO substrate with a UV-vis-NIR PerkinElmer
Lambda 1050 spectrophotometer equipped with a 150 mm diameter
integrating sphere. This setup enables the measurement of total reflec-
tance, meaning that light reflected by the film is collected at all angles.
All the acquired spectra were normalized with respect to the ITO sub-
strate contribution.

3. Results

3.1. Morphology, structure and electrical properties of Ta(5 %):TiO2
compact and porous single layers

Before analyzing the overall electro-optical response of Ta:TiOz-
based PCs multilayers, morphological, electrical, and structural prop-
erties of the compact and porous constituents after thermal treatments
have been investigated in detail from a material science perspective.
SEM images of Ta(5 %):TiO2 (also referred as TCO Ta 5 %) reference
samples of 200 nm thickness deposited at 1 Pa and 6 Pa of O, back-
ground pressure are reported in Fig. 1a and b. The former exhibits a
compact morphology. When rising the deposition pressure from 1 to 6
Pa O,, compactness is lost and a transition to a nanoporous architecture
occurs, characterized by a hierarchical tree-like morphology and cluster-
assembled nanoparticles of few nm typical of PLD-grown materials [36,
37].

The crystalline structure of single layer references has been investi-
gated via X-Ray diffraction, whose technical details are described in the
Experimental Section. Fig. 2 shows XRD diffractograms of compact
(synthetized at 1 Pa O3) and porous (at 6 Pa O3) layers with 5 % at. Of
Ta, with thickness of 200 nm on glass substrates. The compact layer
measured in Bragg-Brentano (6-20) configuration (black curve) presents
a defined structure, with the most intense peaks associated to the (101)
(004) and (200) planes of polycrystalline anatase TiO, phase [40], in
line with previous literature [28,31]. The predominant orientation oc-
curs along the (101) surface, the one possessing the lowest surface en-
ergy [41]. The mean crystallite size calculated with the Scherrer
equation from the most intense (101) peak, is 44.2 nm. For the porous
counterpart instead (blue curve), the film is amorphous as no diffraction
peak is detected, thus suggesting that anatase crystallization is hindered
by the high degree of porosity and defectivity introduced at higher
deposition pressures [28,42]. XRD in grazing incidence angle has been
performed on the porous reference in order to enhance the surface
sensitivity of the technique and intensify possible weak signals.
Diffraction peaks related to TiO5 anatase are still absent, as in 6-20
configuration, confirming that the porous system is mainly amorphous;
although weak and broad peaks can be referred to (111), (210), (411)
and (621) surfaces of the allotrope rutile phase of TiO, hence indicating
that a small amount of rutile nanocrystallites grew in a prevailing
amorphous matrix. The presence of rutile has been previously reported
in TiO3 nanostructures grown by PLD at higher O background pressure
[43,44], where in-plume nucleation of rutile clusters is expected directly
during synthesis, as the anatase-to-rutile transition occurs above the
typical annealing temperature reached in this work [45]. Indeed,
as-deposited rutile nanocrystallites serve subsequently as crystallization
seeds during post-deposition thermal treatments.

X-Ray reflectivity measurements have been performed on TCO Ta 5
% references, with the aim to underline differences between compact
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Fig. 1. SEM cross-section images of compact (a) and porous (b) reference films of Ta(5 %):TiO,, obtained respectively at 1 Pa O, and 6 Pa O, with thickness of 200

nm on Si(100).
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Fig. 2. XRD diffractograms of single layer references for compact (synthetized
at 1 Pa O5) and porous (at 6 Pa Oy) Ta(5 %):TiO, films, followed by thermal
treatment in vacuum, with thickness of 200 nm on glass. The measurements
have been performed in Bragg-Brentano (6-20, black and blue lines) or grazing
incidence (GI, red lines) configuration. Characteristic peaks of anatase (green)
and rutile (red) TiO, bulk phases taken from Minkrist database [38,39] are
shown for comparison.

and porous units in terms of surface morphology, i.e. roughness, thick-
ness and density with high degree of precision [46]. The compact layer
exhibits a roughness of around 1.1 nm, while for the porous counterpart
is roughly 4.4 nm. The electron density of thin films can be obtained
from the determination of the critical angle at which incident X-rays are
totally reflected, and then converted into mass density. The compact
layer possesses a mass density of 4.83 g cm >, slightly higher than bulk
density tabulated for TiOy (~3.7-3.9 g cm’s) [47,48], due to the alio-
valent substitution of Ti with Ta owning a higher atomic number. The
porous layer instead is characterized by a mass density of 2.56 g cm ™2,
confirming that the increase in deposition Oy pressure from 1 to 6 Pa is
associated to a reduction of mass density due to the higher amount of
nano-voids already detected in SEM images [49]. It is possible to esti-
mate more explicitly the porosity, by computing the ratio between the
mass density of the compact and the porous layer achieved form XRR
(2.56 g cm > and 4.83 g cm 3, respectively). Therefore, it can be
inferred that the mass density in the porous film has been reduced of 47
% with respect to the compact, void-free counterpart. Therefore, 47 %
can be taken as reasonable indication of the void porosity percentage.
Electrical measurements performed on the compact Ta(5 %):TiOy
reference give a resistivity of 7.41 x 10~* Q cm, mobility equal to 6.9
em? V! s7! and electronic carrier density N of 1.22 x 10! em ™3, further
confirming that the synthesis at 1 Pa Oy accomplishes the metal-like

behavior, besides the highest conducting properties for n-type Ta-
doped TiO5 [28,31]. At 10 % at. Of Ta doping (Ta(10 %):TiO,, also
referred as TCO Ta 10 %), resistivity is expected to be similar as for 5 %
at. Of Ta, although the mobility reduced (4 em? V1 s71) and the elec-
tronic carrier density increased (1.65 x 10%! cm’3) [31]. The porous
component obtained at 6 Pa O is insulating as too resistive and not
electrically measurable with our experimental setup, as foreseen by the
combination of an amorphous nature and an open-void network of
porosity and high oxygen environment during PLD. Mazzolini et al. [28]
already reported for similar Ta:TiO3 films a strong dependence between
the electrical properties and the oxygen background pressure kept
during synthesis, showing that above 2.25 Pa of O, resistivity increases
of one order of magnitude with respect to films achieved at 1 Pa Oy,
while carrier density and mobility degrade consistently (to ~ 10%° cm ™3
and 6 cm? V™! 57! respectively). The drop in electrical conduction is a
consequence of the strong confinement of the motion of carriers, due to
defects, nano-voids and surface states introduced upon nanostructuring,
acting as trapping sites for free electrons [43,50]. Ta atoms are still
present in the material but the high level of defectivity leads to inef-
fective doping. In addition, the loss of substoichiometry is detrimental
for electrical performances because oxygen vacancies are known to
contribute consistently to electronic conduction in vacuum-annealed
TiOz-based semiconductors as double negative charged donor states
[28,31,32,51-53].

The mechanism behind this easy-achievable and versatile modula-
tion of porosity and morphology (and crystallinity) of metal oxides is
inherent in the PLD technology, as fully described elsewhere [10,36],
and here efficiently exploited in an original way to develop an
easy-to-handle and one-step deposition procedure for porous/compact
Ta:TiOz PC multilayers. The method followed in this work is schema-
tized in Fig. 3. The originality and most important advantage rely on the
utilization of the same target material, i.e. Ta:TiO2 with 5 % or 10 % at.
Of Ta doping, from which multilayers alternating compact and porous
constituents are achieved straightforward, without breaking the vac-
uum, by varying the background deposition atmosphere of oxygen. The
number of layers have been fixed to 10, recognized as the best
compromise between fabrication efficiency and adequate photonic
performance, and to facilitate a broader comparison with similar mul-
tilayers found in literature [17,19,54]. Comparison between trans-
mission of PCs using 10 or 20 repeating layers simulated by Transfer
Matrix Method (TMM) [33,35] has been reported in Fig. S1. Different
geometries and doping levels (5 % and 10 % at. Of Ta) have been
explored, as explained in the Experimental Section. In particular, PCs
have been discussed according to the thickness ratio (TR), obtained by
dividing the thicknesses of the compact and porous units, as retrieved
from SEM images (more details in the Experimental Section, Table 1).

This parameter indicates the relative content in the PC of compact
and porous counterparts, that will be essential in determining the optical
response. In this work, TR is kept higher than one (the compact layer
thicker than the porous counterpart in both low and high TR configu-
ration), because it is the condition able to maximize optical PC quality,
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+ |x5

Fig. 3. Schematic representation of the synthesis procedure of Ta:TiO,-based PCs multilayers by PLD.

as predicted by TMM simulations (see Experimental Section). SEM cross-
section images of the resulting PCs with high TR (1.3) after thermal
treatment are shown in Fig. 4a and b, with different doping degree. The
multilayers show good homogeneity; the porous counterpart is squeezed
between the compact layers, with highly continuous and interconnected
interfaces (magnification in Fig. 4c). In this section, structural and
electronic properties of single layers have been proved to vary widely,
thus expecting a high refractive index contrast towards PCs possessing
high optical quality. Moreover, being the compact layer conductive and
with tunable carrier density through doping, active electrically-induced
modulation of photonic features are possible, thus deeply investigated
and discussed in the following sections.

3.2. Static optical properties of compact/porous Ta:TiOx-based PCs

Prior to investigate the static optical characteristics of multilayers,
spectroscopic ellipsometry has been performed on single compact and
porous films of TCO Ta 5 % (Fig. 1) to acquire the real (n) and imaginary
(k) parts of the complex refractive index (Fig. S2). Average n extracted
from experimental data in the range 450-750 nm (2.75-1.65 eV) for
compact and porous films are respectively 2.35 and 1.7, while the k
component associated to absorption losses is almost zero in both cases.
The refractive index contrast An is 0.65, higher than WOs-based PCs
[19] and in line with other oxide-based dense/porous PCs showing high
reflection efficiencies [10,17,55-57]. This proves that our synthesis
approach allows a noticeable difference in the microstructure of the
alternating layers resulting in a large index contrast and an efficient and
simultaneous modulation of mass density and carrier concentration of
the same TCO material, ensuring a good optical contrast for the Bragg
diffraction condition to be fulfilled at visible wavelengths. In addition,
the role of the compact/porous interface, along with the carrier density
of the compact layer, is foreseen to be essential in maximizing the
electro-optic modulation, as it will be clarified later in the text.

Transmittance measurements in the UV-VIS-NIR range on TCO
multilayers with 5 % and 10 % at. Of Ta doping have been performed in
order to assess the optical quality of the PCs and characterize the pho-
tonic band gap at rest in 0-bias condition. Fig. 5 shows the transmittance

of PCs with low and high TR (1.01 and 1.3 respectively) with different
doping content (5 % and 10 % at. Ta). All spectra present a trans-
mittance drop below 400 nm due to the optical band gap absorption in
the UV of anatase TiO-related materials [58]. All the geometries show a
transmittance dip in the visible, within 450-750 nm, associated to the
PBG of the crystals, reflecting the green (Ta 5 %) and the red (Ta 10 %).
The PBG wavelength 1ppg and transmittance minimum Tppg at the PBG
are important parameters to be discussed further in the work, thus
clearly indicated in Fig. 5 (first panel). Except for the abrupt loss at the
photonic stop band, transmittance can reach 60-65 % in the region
400-500 nm and 750-900 nm, thus showing high transparency despite
the consistent thickness (>700 nm), comparable to single films of 200
nm of Ta:TiOy (with mean transmittance within 60-80 %) [31]. This
demonstrates the good optical quality characterizing these PCs with
only 5 repeating bilayers composed of the same Ta:TiO material,
because of the high index contrast achieved directly at synthesis. Indeed,
the geometries selected satisfy the general rule dp ~ Appg (4n)~ ! corre-
lating the thickness of the bilayer dp (120-140 nm) to the desired
wavelength for maximum PBG reflection Appg (500-600 nm) [1]. In the
NIR region of the spectra, i.e. above 800 nm, the transmittance of
TCO-based PCs starts reducing when the Ta doping is higher (10 % at.),
due to the blue-shift of the free carrier absorption tail, i.e. higher plasma
frequency [59,60], predicted for Ta:TiO; films in the mid-IR around 4-6
pm [31].

Fig. 6 shows Apgg (Fig. 6a) and Tpgg (Fig. 6b) as a function of the
thickness ratio TR, evaluated from transmittance curves of multilayers
in Fig. 5. The lowest is Tpgg, the higher is the efficiency of the PC stop
band. In case of TCO Ta 5 % PCs the increase in TR, i.e. higher thickness
of compact layer at the expense of the porous part, leads to a red-shift of
Appg in Fig. 6a from 570 nm (low TR) to 616 nm (high TR) and a slight
increase in Tppg, from 12 % to 16 % (Fig. 6b). The same trend can be
qualitatively reproduced with TMM formalism (Fig. S3), but a perfect
matching of the curves is hard to achieve due to optical losses and un-
wanted surface scattering deviating light at compact/porous disconti-
nuities [19,61,62]. PCs based on higher Ta doping (10 % at.) follow the
same trend in TR, although /App¢ is red-shifted compared to Ta 5 % PCs
(594 nm at low TR, 622 nm at high TR), with higher Tpgs (33 % at low

Fig. 4. SEM cross-section images of porous/compact PCs (obtained at 6 Pa/1 Pa O, followed by annealing in vacuum) with thickness ratio (TR) compact/porous
equal to 1.3, based on TCO Ta 5 % (a) and TCO 10 % (b). (c) Magnification of porous/compact interface in TCO Ta 5 % PCs multilayer in (a), annealed in vacuum

atmosphere at 550 °C.
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TR, 41 % at high TR), i.e. reduced reflection capability at the PBG. These
differences can be ascribed to the variation in effective refractive index
nefr (weighted sum of n of the single constituents) and An, when varying
the Ta doping, as regulated by the modified Bragg-Snell law [13,15,24,
61,63-65].

Moreover, all the PBG characteristics discussed in transmission are
consistent also in reflectance mode (Fig. S4). Interestingly, as a final
remark, it should be underlined that the PBG characteristics, thus the PC
operability, can be enlarged from the VIS to the infrared, appealing for
thermal regulation [66,67], for instance by increasing the thicknesses of
the repeating layers directly during the PLD synthesis, as simulated by
TMM and reported in Fig. S5.

3.3. Electro-optical measurements

Ta:TiOp-based PCs were tested for electro-optical modulation by
applying an external electrical bias on the nanocomposite devices, ac-
cording to the setup shown in Fig. S6, and then measuring the trans-
mittance under applied potential.

To help with the interpretation of results, a brief recall to the basic
electro-induced modifications of the refractive index of materials has
been reported in the Supplementary Information. Electro-responsivity of
the PBG stopband is expected in Ta:TiOy-based PCs because the charge
carrier density, and so n and An, varies in TCOs upon the application of

an external electrical stimulus [68-71]. Indeed, the refractive index of a
TCO material can be linked to the complex dielectric function &, and
hence the plasma frequency w,, through the Drude model, by following
the state-of-art relations reported in the Supporting Information
[72-74].

Optical and plasmonic properties of Ta-doped TiOy can be well
described under the free-electron assumption of the Drude model, as
long as the optical phenomena of interest are far from UV inter-band
transitions owned by TiO; semiconductors. Moreover, TCOs with N
approaching 102! cm ™3, as fulfilled with both Ta 5 % and 10 % at. Ta:
TiO,, produce significant refractive index changes at visible frequencies
triggered by external voltages [21,68,70]. Specifically, in our systems
only the compact units are expected to be “bias-active”, being degen-
erate n-type semiconductors, crystalline and conductive, although the
amorphous and insulating nature of the porous layer should prevent
bias-induced transport of free carriers.

Transmittance curves before (dark gray line) and after (colored lines)
bias application on PCs with Ta 5 % at. and 10 % at. with different TR
values are shown in Fig. 7a and b. When the voltage is switched on up to
5-7 V (the maximum value reachable is limited by the mechanical
failure of the substrate, see Experimental Section), the multilayers
experience an overall reduction of transmittance, especially at Appg
(Tppg), and a blue-shift of the PBG band, for all TR values. Concerning
transmittance, Tppg reduces within 2-4 % points in TCO Ta 5 % PCs,
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while the tunability is wider when increasing the Ta doping in TCO Ta
10 % PCs, where Tppg diminishes of 4-10 % indicating an important role
played by the static carrier density N. However, the ipgg only slightly
modifies with the applied voltage in all the multilayers considered, with
shifts of 5 nm or less. Indeed, to better appreciate the entity of electrical
modulation upon bias, instead of considering 1pgg, we will discuss from
now on the wavelength shift occurring at the PBG shoulder, referred as
PBG shift, i.e. the shift at the low-wavelength value taken approximately
at half of the PBG transmittance dip (dashed horizontal lines in the
spectra of Fig. 7), compared to the unbiased curve. In addition, also the
variation of the PBG width, estimated at half of the transmittance dip,
will be analyzed. These parameters are evidenced in Fig. 7a.

The extent of the PBG modifications turns out to be dependent from

the Ta doping content and the geometrical characteristics (thickness
ratio TR) of the multilayers, as analyzed in the graphs in Fig. 8 with the
PBG shift and PBG width parameters. The precise numerical values for
reference have been summarized in the table in Fig. S7, in the Sup-
porting Information. Multilayers with lower TR (1.01) exhibit the
maximum PBG blue-shift, reaching 11 nm at 5V and 16 nm at 7 V for
PCs with 5 % and 10 % Ta content, respectively. When increasing the
thickness ratio (at 1.3, Fig. 8a), the shift reduces to 7 nm and 13 nm in
case of 5 % and 10 % of Ta doping in the TCO PCs, respectively. Indeed,
the optimal geometry (low TR) corresponds to a bilayer thickness of 63
nm (74 nm) for the compact part and 62 nm (73 nm) for the porous one,
for TCO-based PCs with 5 % (10 %) at. Of Tantalum. At higher thickness
ratio, the thickness of the compact layer increases with respect to the
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Fig. 8. (a) PBG shift taken at the PBG shoulder for PCs based on TCO 5 % and 10 % Ta, as a function of the thickness ratio compact/porous layers. (b) PBG width
variation taken at the PBG shoulder for the same PCs in (a) as a function of the thickness ratio.
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porous one (85/65 nm and 89/65 nm for 5 % and 10 % Ta). Noticeably,
the PBG optical modulation is wider when increasing the Ta doping
inside TCO-based PCs, as already noticed in Fig. 8, further underlying
the important role played by the initial static value of the free carrier
density. Fig. 8b shows that the trend in PBG shift with TR is retrieved in
the PBG width, with a change in the width of PCs from 7 nm up to 26 nm.
In addition, transmittance curves in Fig. 7 in initial 0-bias situation, have
been compared with curves at 0-bias collected after voltage application,
going backward (“0 V back”) in Fig. S8 showing a good reversibility of
the optical process in some minutes.

4. Discussion

As stated at the beginning of the previous section, the tunability in
PBG characteristics is linked to the bias-induced variation of the
refractive index achievable in a TCO layer. A blue-shift of the photonic
stopband (4ppg) is foreseen under bias, as predicted by the modified
Bragg Snell law previously cited, since Appg is directly proportional to
the refractive index of the constituent layers, that is expected to decrease
in the compact TCO layer as a consequence of the active flowing and
redistributions of free carriers at compact/porous interfaces (i.e. in-
crease in the plasma frequency or formation of accumulated/depleted
regions within the PC boundaries). However, the mechanism under
study is complex and still debated, and more reasonably is the outcome
of several bias-activated events appearing in TCO semiconductors. An
attempt to explain these concepts is provided in the following para-
graphs. To favor the comprehension, the main modulation mechanisms
at play have been schematized in Fig. 9.

As a first possibility, the PBG blue-shift and transmittance reduction
could be the result of the increase of w, in the compact/conducting TCO
unit (Fig. 9a) as already noticed (i.e. a blue-shift of the onset of free
carrier resonance), along with intensified light absorption (also known
as Franz-Keldysh effect) [22,72,75,76], mediated by carriers injected
under bias (electro-doping processes) [16,77]. This behavior can be
foreseen also in our systems by simulating with TMM the transmittance
response of PCs (Fig. S9) with rising carrier density, i.e. lower refractive
index n, in the compact/conducting TCO layers (obeying to the Drude
model) and a fixed n in the insulating one (as retrieved from ellipsom-
etry on single layers, Fig. S2).

Electro-doping phenomena occurs by injecting carriers among layers
through defects, i.e. at compact/porous interfaces, supplied by the
external circuit. Oxygen vacancies present in sub-stoichiometric TiOo-
based semiconductors could mediate as injection points [78]. Indeed,
oxygen vacancies in the proximity of dopants can develop systematic
conductive filaments under applied bias, as demonstrated in ZnO or

Electro-active photonic
modulation

]
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Tay0Os-based resistive switchers [78-81].

In this perspective, an additional effect could contribute to the
modulation of PBG features, even if its direct investigation in the
nanosystems here investigated is quite challenging. It is known that the
application of an external voltage to a layered structure based on TCOs
(e.g. ITO) repeated with insulators exhibits accumulation/depletion
regions of free carriers at interfaces, with associated bias-induced
decrease/increase of the local relative permittivity & [74,82-85]. The
impact of the electrical modulation of the plasma frequency in TCOs, is
rather highly localized at the discontinuities between the two materials,
within few nanometers (the so-called Debye length), inside the accumu-
lation/depletion area (Fig. 9b) [83,85-87]. This especially has been
proved in systems modelled as parallel-plate capacitors based on TCOs
in contact with HfO,, Al,O3 or other dielectrics [70,73,74,82,83,88,89],
but also in highly-doped ITO nanocrystals possessing cores and outer
shells which are electrically-active [90,91]. For a variety of
Metal-Oxide-Semiconductor (MOS) structures and TCO metasurfaces
[23,74,85,89,92-94], low applied voltages (e.g. 5 V) blue-shift the
specific optical features (e.g. reflectivity) because the refractive index is
actively perturbed upon the formation of an accumulation region, at
which plasmonic variables (wp, 7, etc.) vary accordingly.

Given these considerations, in the TCO-based PCs discussed in this
work, electro-doping mechanisms may occur at the boundary between
compact and porous layers, intrinsically characterized by higher defec-
tivity [95]. However, this interpretation cannot justify completely the
spectral shifts obtained. The reason can be found in the different opto-
electronic properties of the porous component, for example with respect
to the spin-coated TiO, nanoparticles used in ITO-TiOz PCs [16]. In the
porous Ta:TiOg layer instead, although being the same material of the
compact part, oxygen vacancies are lost due to the synthesis in high O9
environment and high defectivity of the hierarchical nanostructure [28,
96]. Consequently, Ta dopants are not efficiently activated and the
amorphous nature is expected to impede the passage of carriers, even if
mediated by oxygen-related defects, conversely to ITO-TiO, PCs [16] in
which TiO3 nanoparticles are crystalline. As last notice, the blue-shift of
PBG features cannot be ascribed only to an overall modulation of w, in
compact TCO layers, as the refractive index modulation of the con-
ducting unit has been detected to be weak when an insulating interface
is absent, also proved by simulations reported in Fig. S10 [16,35,70,97].

After all, the formation of an accumulation layer may contribute, in
addition to electro-doping through defects, in reducing the refractive
index at interfaces and thus determining the electro-optic PBG blue-
shift. Nonetheless, the real extent of n variation is difficult to estimate,
but some considerations can be made, according to Figs. 7 and 8.

We would expect that electro-doping contribution is higher when the

(a) (b)
Modulation of w,
by electro-doping

Accumulation/depletion
of electrons at
compact/porous interfaces

o

Depletion
Accumulation
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compact/porous
interfaces
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Fig. 9. Schematic representation of the main modulation mechanisms of carrier density occurring in electro-active TCO-based photonic crystals, under an applied
potential. (a) Modulation of w; in the TCO layers promoted by electro-doping mediated through defects at interfaces, that rises the carrier density thus w, in the
compact TCO layers. (b) Accumulation and depletion regions of electrons at TCO/insulator interfaces that modify locally the carrier density distribution.
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porous layer is thinner, because carriers should travel shorter distances
to reach the subsequent conducting layer before being trapped. On the
contrary, the modulation mechanism given by carrier accumulation/
depletion is not dependent from the thicknesses of the layers, as the
Debye length extends only for few nm, much smaller than the charac-
teristic thicknesses here involved (60-90 nm). Hence, the tunability of
the PBG with TR, even if a clear trend cannot be identified (Fig. 8a and
b), should be mainly ascribed to electro-doping processes, as shown in
ITO-TiO3 PCs [16].

As a final remark, redistribution of carriers in accumulation/deple-
tion interfaces are not absent, due to the expected lower capability of
carrier injection in the highly-defective porous layers, but perhaps play a
secondary role. This hypothesis is supported by the enhanced PBG
tunability fulfilled at larger Ta doping, attributed to the higher initial
carrier density in TCO-based electro-optical modulators that is known to
retrieve broader n variations within accumulation/depletion regions
and consequently wider and intensified optical modulation [89,94].

Given this situation, the combination of electro-doping mechanisms
and accumulation/depletion effects determines primarily the optical
tunability, although further investigations should be performed to shed
light on the contribution of these two concurring mechanism
highlighted.

Anyhow, all Ta:TiOz-based photonic crystals designed in this work
advance previous investigations. Noticeable PBG shifts (16 nm with 5-7
V versus 25 nm with 10 V in ITO/TiO5 PCs [16]) can be reached, due to
the high homogeneity and optical quality (discussed in Fig. 6) enabled
by the original synthesis approach. In particular, the PC geometry with
similar compact/porous thicknesses (lowest TR) turns out to be the best
compromise between quality of the optical PBG and electro-optic
tunability. The essential point is that the PCs under discussion achieve
similar tuning performance than those based on ITO and TiOz nano-
particles. It should be stressed that, unlike the well-known and
commercially available ITO, which possesses one of the lowest re-
sistivity (around 2 x 104 Q cm) and highest mobility (>30 em?v-ls™h
[20,68], Ta-doped TiO, TCO here employed shows more modest elec-
trical properties (refer to Section 3.1). Nonetheless, the optical shifts of
our PBGs are comparable, highlighting the significant potential of this
alternative and earth-abundant TCO for actively-tunable photonics. This
comparison underscores the efficacy of our approach, both in the
fabrication and in the design of the device, even with less
electrically-performant materials.

One of the most important benefits of solid-state active-tunable PCs
is the capability to modulate the PBG properties under applied bias
without the aid of liquid electrolytes.

If we define the figure of merit as the ratio between the wavelength
change at the PBG shoulder over the voltage difference applied, it results
much higher in liquid-based electro-tunable PCs. This because the shifts
in PBG wavelength detected are typically in the order of tens and several
tens of nm with very low voltages applied, e.g. few V, with color
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changing visible at naked eye [65,67].

In our case, we reach 16 nm of PBG tuning by applying 7 V, so the
figure of merit previously defined is smaller than liquid-based devices.
This seems to be a huge limitation in applicability, but it should be
recalled that several materials typically employed in literature are
intrinsically electrochromic, e.g. the well-known WO3 [17].

In Table 2 we compared the type of systems, spectral shifts, applied
voltages, use of electrolytes, and FoM. Electrolyte-based devices
(conductive polymers, liquid crystals, or TCO nanocrystals) generally
achieve larger shifts and higher FoM, typically at least twice those of all-
solid-state systems (Moscardi et al. [16], Aluicio-Sarduy et al. [35], and
this work. Nevertheless, the FoM of solid-state systems remains com-
parable, around 2-3.

Our approach is distinctive since it employs only Ta:TiO,, in compact
and porous layers with different doping levels, deposited in a single PLD
step. Despite its lower electrical performance compared to ITO, Ta:TiO4
enables comparable optical modulation thanks to the strong refractive
index contrast arising from both morphology and charge-density/die-
lectric-metallic changes. This underlines the proof-of-concept value and
the versatility of our method, which can be extended to other TCO-based
systems. Although the performances between liquid-based and solid-
state active tunable PCs are not comparable, we believe that the quite
different entity of the optical modulation changes the targeted appli-
cation. The PCs studied in this work results more appealing for bio-
sensing of small refractive index changes, assisted by electrical stimuli,
in the proximity of the PC, and/or for cheap anticounterfeit devices.

5. Conclusion

Active-tunable, one-dimensional photonic crystals multilayers all-
based on Ta-doped TiO, TCO have been realized with a one-step and
original approach based on an optimized process by pulsed laser depo-
sition. Indeed, PLD is capable of mastering morphology, structure and
overall optoelectronic properties of Ta:TiO, directly at the synthesis
stage, by controlling solely the background deposition pressure of oxy-
gen. Photonic crystals of Ta:TiOy with fixed Ta doping can be realized
straightforward by alternating compact, crystalline and conducting Ta:
TiO4 layers obtained at low oxygen pressure (1 Pa) with nanoporous,
amorphous and insulating blocks when the oxygen pressure rises (6 Pa).
The resulting PCs possess high optical quality, as expected from the
exceptional refractive index contrast (0.65) among inner constituents,
with a PGB at 500-700 nm modulated according to the starting Ta
doping level (5 % or 10 % at.) and the geometrical parameters (referred
as thickness ratio between the compact and porous unit). This permitted
to obtain an actively-tunable solid-state PC device in which the PBG
spectral modulation is maximized by exploiting the inherent carrier
density tunability of compact TCO layers, under the application of an
external electrical stimulus. By switching on the electrical bias, electro-
optical modulation has been tested on multilayers with different degree

Table 2
Comparative table of performances among different types of active tunable PCs.
Reference Materials/System & Synthesis Electrolyte Max PBG shift Max Bias FoM
Voltage (nm/V)
Heo et al., 2019 1D multilayer PCs with alternating doped nanocrystals (ITO, WOs3.), fabricated via  Liquid: 1 M LiTFSI ~50-60 nm ~10V 5-6
[17] solution processing and layer-by-layer deposition in tetraglyme
Li et al., 2024 [65] (1) Conducting polymers (PEDOT, PANI), deposited via spin coating or (1) Solid/gel (2) (1) 20-40 nm (2) (1)10V(2) (1) 2-4
(review) electrochemical polymerization (2) Infiltrated liquid crystals (LC PCs), fabricated via  Sealed LC cells up to 80 nm 20V 2) 4
templating or capillary filling
Jia et al., 2024 (1) Electrochromic polymers, spin-coated or electrochemically deposited (2) LC Various (gel or cell- (1) 10-50 nm (2) niwve @15
[67] (review) photonic crystals based) up to 100 nm 20V 25
Moscardi et al., 1D multilayer PCs with alternating nanoparticles ITO and TiO,, fabricated via None (all-solid- 23 nm 0V 2.3
2020 [16] solution processing and layer-by-layer deposition state)
Aluicio Sarduy 1D multilayer Ag/TiO, PCs for biosensing, prepared via deposition of multilayer on ~ None (all-solid- 10-15 nm 5V 2-3
et al., 2015 [35] Ag substrate state)
This work (Ta: 1D multilayer PCs of compact and porous Ta:TiO,, fabricated via one-step PLD None (all-solid- 16 nm 7V 2.3
TiO, PCs) alternating dense and porous layers state)
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of doping (5 %, 10 % of Ta) and layer thicknesses. PBG position and
width can be actively controlled (PBG shoulder shift of 11-16 nm)
through the application of low external voltages (up to 7 V). The
thickness ratio between compact and porous units plays a role in con-
trolling the PBG shift, and the greatest modulation can be achieved
when the thickness ratio is the lowest (thicker compact/conductive
layers with thinner porous/insulating). Moreover, the higher is the de-
gree of Ta doping, the higher is the degree of optical tunability. None-
theless, the non-trivial mechanism behind still has to be fully
understood, although it is associated to the overlap of different
concomitant causes, such as primarily electro-doping and injection of
carriers through defects at compact/porous boundaries (modification of
the TCO plasma frequency, hence refractive index contrast), along with
the formation of accumulation/depletion regions at inner interfaces,
considering the PCs as capacitive systems, resulting in a very localized
(within few nm) decrease/increase of the refractive index. This synthesis
approach is particularly appealing and versatile since, in principle, it
does not impose limits in thicknesses or number of layers in the PC and
can be applied to various types of optical materials. Moreover, while this
work investigated PBG in the visible spectrum, the method is adaptable
for operation in the infrared range by adjusting layer thicknesses.
Indeed, using Ta:TiO is advantageous due to its lower plasma frequency
with respect to most conventional TCOs, such as ITO, enabling carrier
density modulation to shift further into the mid-IR region without
suffering from plasmonic absorption in the near-IR, for devices engi-
neering thermal regulation or precise molecule biosensing. This high-
lights the potential of our approach for creating tunable solid-state PCs
across a wide wavelength range. While further optimization procedures
in material properties, and in-depth analysis of the optical response are
the next steps to accomplish, the PCs fabricated represent a promising
avenue with potential for future developments, responding to the
increasing demand for next-generation electro-active photonic devices
where the PBG shifts fulfilled in this work enable precise optical mod-
ulation particularly suitable for anticounterfeit technologies and
biosensing.
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