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Abstract: Significant effort is being dedicated to developing alternative materials whose optical
properties can be controllably and reversibly modified. Here, we experimentally demonstrate the
reversible non-volatile molybdenum oxides MoO3-to-MoQO; transition associated to a change
from a metallic to a dielectric behavior through cycles of thermal annealing in air and hydrogen
(Hz). A full cycle is demonstrated by characterizing structurally and optically the transition
using Raman spectroscopy and spectroscopic ellipsometry. The potential applicability of the
metal-to-insulator transition in MoOy is benchmarked through comparison with a canonical
Mott insulator VO, in a reconfigurable reflective configuration as well as in cladded waveguide
schemes.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Optical devices with a reconfigurable response are in focus of ongoing photonic developments.
At the basis of this research field is the study of novel materials whose optical properties can be
modulated through external stimuli. In the last years, vanadium dioxide (VO;), which shows large
modification in physical properties (e.g., refractive index, electrical resistivity) upon external
excitation, has been of interest because of its insulator-to-metal transition (IMT) that can be
induced by thermal heating (above T, = 68°C), applied electric fields (E = 10° V/em), injected
carrier density (n. = 10" cm™3) and optical pulses [1]. The IMT in VO, leads to a volatile
metallic state that, when external excitations are switched off, disappears bringing reversibly
back VO, to its insulating state. The large refractive modulation appearing during this process
has been proven in applications related to reconfigurable antennas/metasurfaces [2,3], amplitude
modulators integrated in waveguides [4—6], as well as in the dynamic modulation of spontaneous
light emission [7-9], among others [1]. Although VO, shows a large-refractive-index modulation,
it also exhibits large extinction coefficient in the visible and near-IR, which directly correlates
with undesirable optical losses in photonic devices.

Nevertheless, abrupt changes in electronic and optical properties can also be induced in
transition metal oxides by tuning the oxidation states in the transition metal. For instance,
molybdenum oxides, MoOy, can exist in a wide variety of different stoichiometric and non-
stoichiometric phases due to the multiple valence states of molybdenum ranging from +3 to
+6. Among all molybdenum oxides, MoOj is of special interest due to its wide band gap
semiconducting behavior with reported experimental value of the energy band gap of = 3.0 eV
[10]. MoOs3 is a van der Waals semiconductor with an orthorhombic crystal lattice consisting of
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double layers of MoOg octahedra as a framework, and recently is receiving significant attention
due to its ability to support highly anisotropic phonon polaritons (PhPs)—infrared (IR) light
coupled to lattice vibrations—offering an unprecedented platform for controlling the flow of
energy at the nanoscale [11,12]. Conversely, MoO, crystallizes in a distorted rutile structure
and presents a metallic band structure. Its metallicity arises from the presence of Mo 4d orbitals
near the Fermi level [13]. The metallicity of MoO; has already been exploited to generate
localized surface plasmon resonances (LSPRs) for surface-enhanced Raman spectroscopy (SERS)
applications [13,14] as well as electrode material for applications such as dynamic random-access
memory (DRAM) capacitors and lithium ion batteries [15—18]. Therefore, the MoO3-to-MoO,
transition enables an insulator-to-metal transition with the advantage of low-loss behavior of
MoOs in the visible and near-IR spectral region and a non-volatile character. This peculiarities
are being exploited in the design of switchable reflective primary color subpixels for application
in non-volatile displays based on the MoO3-to-MoQ; transition [19,20].

In this work, we experimentally demonstrate the reversible non-volatile MoO3-to-MoO,
transition reporting a change from a metallic to a dielectric behavior in the dielectric function.
The MoO3-to-MoO, transition has been achieved through cycles of thermal annealing in air and
hydrogen (H,) and monitored structurally by Raman spectroscopy. The change of the dielectric
function from insulating MoOs3 to metallic MoO; is probed by spectroscopic ellipsometry, from
which we derived the refractive index contrast as key metric for the benchmarking of molybdenum
oxide for reconfigurable photonics applications.

2. Methods

2.1. Sample fabrication

Amorphous MoQO3 films were deposited at room temperature by e-beam evaporation using MoO3
pellets (Pi-KEM 99.99% purity) in a Leybold SYRUS pro 710 on 4-inch Si (100) and 40 nm
Pt/5nm Ti/Si (100) substrates in the same run. The nominal thickness of the films was 150
nm and 170 nm. The Si (100) wafers were cleaned prior the deposition using a standard RCA
cleaning procedure. The 40nm Pt/5SnmTi metal stack was grown by sputtering in a TEMESCAL
using Ti and Pt sputtering targets.

The crystallization of the samples was performed by thermal annealing of the films at T=
400°C in air or in H, with a pressure of 100 mbar.

2.2. Structural and chemical characterization

Films, both as deposited and after annealing cycles, were characterized structurally by Raman
spectroscopy (LabRam Horiba set up using a X100 microscope objective (NA =0.9) and excitation
wavelength of 532 nm) as MoO; and MoO3 assume different crystalline symmetry groups and
Raman selection rules gives different Raman active phonon modes that are unique and specific
for the MoQO3 orthorhombic structure and MoQO rutile structure

The stoichiometry of the as-deposited amorphous and crystallized films was checked by X-ray
photoelectron spectroscopy (XPS) measurements carried out by a Scanning XPS Microprobe
(PHI 5000 Versa Probe II, Physical Electronics) equipped with a monochromatic Al Ka x-ray
source (1486.6 eV), with a spot size of 200 um. Survey (0-1200 eV) and high-resolution spectra
were acquired in fixed analyzer transmission (FTA) mode at a pass energy of 117.40 and 29.35
eV, respectively, and at a take-off angle of 45° with respect to the sample surface. Surface
charging was compensated using a dual beam charge neutralization system, and the hydrocarbon
component of Cls spectrum was used as internal standard for charging correction, and it was
fixed at 284.5 eV.
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2.3. Optical characterization

Optical properties, namely spectra of the complex pseudodielectric function, (€) = (€1) + i{€),
were measured by spectroscopic ellipsometry (UVISEL Horiba) in the photon energy range
0.75-6.5 eV with a resolution of 0.05 eV with an angle of incidence of 70°. The ellipsometry
measurements were fit to a three-media substrate/film/air model, where the Si and Pt substrates
were experimentally measured prior deposition of MoOy films. The MoO3 layer was parameterized
using the Tauc—Lorentz oscillator model and MoO, with a Tauc—Lorentz oscillator model plus a
Drude term [21]. The experimental reflection spectra at 70° were also measured by spectroscopic
ellipsometry.

2.4. Reflectance and colorimetry calculations

The reflectance of the multilayer structure was calculated using the Transfer Matrix Method
(TMM). TMM allows to calculate the reflectance spectrum of an arbitrary system of homogeneous
and non-magnetic multilayers by establishing conditions for the electric field along the boundary
of two consecutive media [22].

Reflective color was calculated from experimental and theoretical reflectance spectra. The
resulting color also depends on the illuminant and observer. All the color simulations presented
here assume standard D65 illuminant and a CIE standard observer. Illuminant D65 corresponds
to average daylight, and CIE standard observer represents mean human spectral sensitivity to
visible spectrum range [23]. In this paper, CIE1931 space has been chosen because is one of the
most accepted to study the resulting color by the reflective displays. The color difference (4E)
has been quantified using the Lab color space as

AE = \J(ar = ax + (b — b2)? + (Ly — Lo)? (1)

2.5. Calculation of transmission through cladded Siz N, waveguides

Finite-difference time-domain (FDTD) simulations were performed with Ansys Lumerical.
The simulated geometry consists of a silicon nitride (SizN4) waveguide (width = 800 nm and
height =300 nm) on a SiO; substrate with a MoOy or VO, patch on top of thickness 20 nm and
variable length (see Fig. 5(a)). In the FDTD simulation region, a MODE source is used to inject
a guided mode (wavelength A = 1550 nm) into the waveguide inside the simulation region. From
a list of possible modes, the TE mode is selected for injection.

3. Results
3.1. Reversible MoO;-to-MoO, transition

Figure 1 summarizes the processing path to the reversible MoO3-to-MoO transition starting from
MoOs3., films grown by e-beam deposition on Si and Pt substrates. After each processing step,
the sample was structurally and optically characterized by Raman spectroscopy and spectroscopic
ellipsometry. The steps followed to prove the reversible MoO3-to-MoO; transition are as follows:

1. The starting point of experiments consist of 150 nm and 170 nm thick MoOs_, films
deposited on Si and Pt substrates. The as deposited films are amorphous as revealed by the
absence of peaks in the Raman spectrum as shown in Fig. 1(b). The peaks visible in the
Raman spectra at 300 and 520 cm™! are assigned to the Si substrate.

2. After annealing in air at 400°C, the film is crystallized MoOs as it fully oxidizes following
the chemical reaction MoO, + (3-x)/2 O, — Mo0Os3. This is corroborated by the Raman
spectrum in Fig. 1(b), which shows Raman bands at 116, 128, 158, 198, 217, 245, 283,
337, 365, 378, 471, 666, 819 and 995 cm™! ascribed to MoO3 [24]. The annealing process



Research Article Vol. 12, No. 10/1 Oct 2022/ Optical Materials Express 3960

= B
{ g

from amorphous MoOx to crystalline MoOs entails a change in the optical properties of
the film as revealed by the change in the imaginary part, (e;), of the pseudo dielectric
((€) = (€1) + i{&)) function in Fig. 1(d).

3. Subsequently, the sample was annealed in H; at 400°C. Upon reduction in H,, the Raman
spectrum changed, as shown in Fig. 1(c), revealing peaks at 201, 205, 227, 343, 350, 360,
422, 455, 466, 493, 567, 582 and 737 cm~! consistent with MoO; [25]. The thermal
annealing in Hj involves the thermal activation of the oxygen desorption according to
the reaction MoO3 + Hy, — MoO; + H,O. This chemical reduction of M0oO3-to-MoO,
accompanies with a change in (€;) as reported in Fig. 1(d). The change in (¢;) is shown in
Figure S1. Furthermore, from ellipsometry analysis of a MoOs film (initial thickness 170
nm) before and after the H, annealing, a ~ 10 nm (or 6%) expansion of the thickness of
the film can be found.

4. In order to show a complete cycle and reversibility of the MoO3-to-MoO; transition, the
sample was again annealed in air. The Raman spectrum after this process is consistent
with the complete transformation of MoO, into MoOs as shown in Fig. 1(c), according to
the reaction MoO; + O, — MoOs3. The reversibility of the process is also visible in the
(&) spectrum of Fig. 1(d), which matches that of the MoO3 film before its reduction to
MoQ; in step #3. Similar behavior is seen in {€;) as shown in Figure S1.

Interestingly, we have verified that the switched state, MoO, and/or MoO3 are stable up to
6 months after the H, annealing of the MoOj starting point through repeated spectroscopic
ellipsometry measurements in time.

The metal-to-insulator transition that entails the MoO3-to-MoO, reversible transformation can
also be inferred in the valence band analysis by XPS in Fig. 1(e), showing semiconducting high
bandgap MoQOj after annealing in air and metallic states populating the region around the 0 eV (i.e.
Fermi level) up to BE of 2 eV for the MoO; obtained by annealing in H,. The peaks appearing in
the XPS valence band spectra at 0.5 and 1.45 eV are in good agreement with values reported in
literature (0.60 and 1.60 eV experimental values and 0.50 and 1.35 eV computed values) [26] and
are assigned to Mo 4d bands. These peaks are associated with - and s-bonding states which
are responsible for the metallic behavior of this oxide. In particular, the & bonding is not strong
enough to split the t; (st) bands off completely from the rest of the unoccupied Mo 4d bands to
give an insulating character to the material [26,27]. In the case of MoO3, the Mo 4d contribution
in the XPS valence band spectra around the Fermi level is negligible. Further analysis of the
valence band spectrum shows for the case of MoO3 that the highest Mo 4d contribution to the
occupied density of states are found in the regions labelled as I, IT and III which overlap with the
O 2p partial density of states seen as a broad feature at ~ 6 eV. From a linear extrapolation of the
valence band edge to zero, a value of =2.9 + 0.1 eV is calculated for the valence band onset. This
value is consistent with other values reported in literature as determined by XPS and absorption
measurements [26]. Further confirmation MoO3-to-MoQO; transformation is provided by the Mo
3d photoelectron core levels of the MoO3; and MoO; films obtained after step #1 and step #3 and
shown in Figure S2 and whose profiles are consistent with those provided by Scanlon et al [26].

These results are presented as proof-of-concept of the chemical mechanisms and the processing
steps to be followed to attain the proposed reversible MoO3-to-MoO, transformation. Further
optimization of the annealing parameters is ongoing. Noteworthy, this innovative way of
modulating the optical response of MoOj3-to-MoO, through annealing in air and H, has similarly
been used in VO, as a new way to modulate its optical response [28].

3.2. Optical characterization of MoOs; and MoO,

Figure 2(a) shows the complex dielectric function of MoO3 and MoO, extracted from spectroscopic
ellipsometry measurements of the films after each step of the processing. MoO3 has been modeled
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Fig. 1. (a) Sketch summarizing the path to the reversible MoO3—to-MoO; transition starting
from a 150nm MoOs3_, films on a Si substrate. (b) Raman spectra of the as-deposited
MoOs3_, before (step #1) and after annealing in air (step #2). With vertical red lines are
indicated the MoO3 Raman modes. (c) Raman spectra of the film annealed in H; (step #3)
and subsequent annealing in air (step #4). With vertical red and blue lines are indicated the
MoO3 and MoO, Raman modes. (d) Imaginary part, (e,), of the pseudodielectric function
((e) = (€1) + i{(€)) at each step (from #1 to #4) of the annealing of the MoOy films of
150 nm deposited on Si. (e) XPS valence band spectra of the MoO3_ film after annealing
in air (step #2) and of the film annealed in Hy (step #3).

using a Tauc-Lorentz dispersion that allow us to stablish its energy band gap at E, =2.7+0.1
eV, in agreement with its semiconducting behavior. This value is consistent with the valence
band onset calculated from the XPS measurements. In the case of MoO,, the dielectric function
shows strong absorption below 3.0 eV consistent with measurements reported by Chase [29] and
associated to quasiparticle absorption resulting from the alteration of the density of states by
electronic correlation. The dielectric function has been modeled using a Tauc-Lorentz dispersion
with a Drude component to model the metallic behavior at low photon energies. The Drude is
justified by the appearance of metallic states around the Fermi level after annealing in H; as
shown in the XPS valence band spectra in Fig. 1(e).

The MoO3-t0-MoO; refractive index contrast, defined as An = nigsulating — Pmetallic and
Ak = kinsulating - Kmetallic, has been presented as a key metric to evaluate the performance of
a material for its application in reconfigurable photonics [30]. The values of Ak are related
with different light absorption between metallic and insulating phases (amplitude modulation),
whereas An is related to the difference in phase shifts (phase modulation). The spectral value of
An and Ak for MoOy is shown in Fig. 2(b) compared also to the value for VO, as Ref. [2]. The
spectral values of |Ak| are demonstrated to be higher for MoOy above 1 eV with the additional
advantage that the insulating phase MoOj3 is loss-less as opposed to the lossy behavior of both
metallic and insulating VO,. Contrarily, for |An| the values of MoOy are almost constant (|An|
~ 0.50-0-75) all over the visible range whereas for VO, it takes higher and increasing values
with decreasing photon energy (|An| = 0.5-1.4). Therefore, considering these results, MoOx is a
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Fig. 2. (a) Refractive index of MoO3 and MoO, as extracted from the ellipsometry fitting.
(b) Refractive index contrast between MoO3 and MoO,. As reference, it is also shown the
refractive index contrast of VO,.

promising material to be integrated in photonic devices for amplitude modulation purposes in
the visible and near IR considering its high values of Ak being one of the phases loss-less (i.e.,
MoO3). For VO,, a similar type of behavior is obtained in the infrared in 2 pm-10 um range
where Kinsulating & 0.07 and kyeganic= 5 - 10.

3.3. Reflectance modulation in MoO, thin films

A thin-film material with adjustable complex permittivity can be considered as the simplest
configuration to attain amplitude and phase modulators. Therefore, reflectance measurements
taken at a 70° angle of incidence using unpolarized light on MoOx films deposited on Si and Pt
substrates are shown in Figs. 3(a, c) at each step of the MoO3-to-MoQO; transition showing the
good reversibility of the optical response of the films over a full cycle. For the film deposited on
Si, Fig. 3(a) shows the initial reflectance spectrum in the MoO3 state shows a dip at 1.35 eV, which
is well reversible and reproducible upon a full switching cycle, while the MoO, reflectance at that
photon energy is almost constant at approximately R =0.38. Upon transformation from MoO3
to MoO», the dip in the reflectance spectrum shifts to 2.25 eV where the reflectance of MoO3
takes a constant value of R=0.37. Thus, through the MoOs-to-MoO, transition, reflectance
can be modulated at the two photon energies of 1.35 eV and 2.25 eV simultaneously, with
AR =0.35 and AR =0.27 respectively. Figure 3(b) shows that the shift in the dip in the reflectance
spectra is again well reproduced by simulated values of the reflectance using the transfer matrix
method in a multilayer model that mimics the experimental conditions (see inset in Fig. 3(b))
and using the extracted dielectric functions in Fig. 2(a). Parallel measurements and simulations
were run over a system consisting of a MoOy films on a Pt substrate. Figure 3(c) shows the
MoOj; reflectance spectrum with two dips at 0.8 and 2.3 eV, which are also well reproducible
upon a full transformation cycle. The line shape and dips of the experimental spectra are well
reproduced by the simulated spectra in Fig. 3(d) using the transfer matrix method in a multilayer
model that mimics the experimental conditions (see inset in Fig. 3(d)) and using the extracted
dielectric functions in Fig. 2(a). The slight differences in the amplitude between the simulated
and experimental reflectance spectra in Figs. 3(b, d) could be attributed to surface roughness
effects of samples, which scatter light in a different direction from the specular one and that are
not considered in the calculation.

The metal (MoO,)-to-insulating (MoQ3) behavior in molybdenum oxide has been recently
proposed as the base for a new generation of reflective displays [19]. The reflective color can
be calculated by converting reflectance spectra of the films to color coordinates using color
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Fig. 3. Reflectance (a,c) measurements and (b,d) simulation of a MoO3-to-MoO, reversible

cycle for the configurations sketched in (b) ad (d) and consisting of 150 nm and 170 nm
MoOx thin films on Si and Pt, respectively, illuminated at 70° angle of incidence.

matching functions. Figure 4 shows the color calculated using the experimental and simulated
reflectance spectra in Fig. 3. In order to evaluate the reproducibility of the reflective color
over the completion of a full cycle, the color difference, 4E, between calculated colors from
the experimental reflectance spectra at the beginning (step #2) and at the end (step #4) of the
processing of the films were obtained following Eq. (1). This magnitude is defined as the
Euclidian distance between the color coordinates of each state in the Lab color space. Only color
differences AE > 3 are perceived by the human eye. The calculated color differences are very
low, i.e., 4E =5.45 and 2.63 for the film on Pt and Si substrates respectively, demonstrating
the good reproducibility of the reflective color over a full MoO3-to-MoQ; transformation cycle
independently of the substrate. Noteworthy, there is also a good agreement between the color
calculated from the experimental and simulated reflectance spectra. The color differences
between experimental and simulated color are 4E =24.65 and 9.55 for MoOj3 (step #2 and #4)
on Si and Pt substrates. For MoO, (step #3), the color differences are 4E =15.2 and 8.9 for Si
and Pt substrates.

Specifically, in Ref. [19], the authors propose a system consisting of MoOy on a Pt mirror in
which “on” CMY (cyan-magenta-yellow) subtractive vivid colors are achieved using insulating
MoOs, while pale colors are obtained by metallic MoO,. This effect is herein demonstrated in
Fig. 4(b), in which for MoOs a pinkish vivid color is observed, while for MoO, the reflective
color turns grey. In the HSV (hue-saturation-value) color space, the saturation value drops from
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S§'=22 for the “on” vivid color (i.e. M0O3) to S =7 for the “off” dull pale color (i.e. MoO5).
Interestingly, for both MoOx on Si and MoOy on Pt, after the completion of the cycle, we verified
that the initial color of the films is recovered.

Other reconfigurable reflective displays have been proposed in literature based on the prototype
phase-change material GST [31,32]. However, because both amorphous and crystalline phases
present high losses optical frequencies, the change in the color present a lower contrast in
luminosity and chromaticity [32]. Therefore, the advantage of MoOy with respect to GST is that,
while for one of the states a vivid color can be achieved, for the other state a low luminosity dull
color can be produced. In this way, high chroma and high luminosity “on” pixel states and low
chroma and low luminosity “off”” pixel states can be generated. This phenomenon relies on the
fact that MoOj3 is loss-less while MoO; is highly absorbing.

Given the good agreement between the theoretical modeling and experimental data as well
as the potential of MoOy for amplitude modulation photonic platforms, Figs. 5(a)-(c) shows
the spectral value of reflectance of MoO; and MoO3 as function of the molybdenum oxide
layer thickness as well as the difference in reflectance, 4R, to evaluate the potential of the
insulator-to-metal transition (IMT) in light amplitude modulation schemes in the visible. In order
to maximize the value of 4R, the reflectance calculations have been performed in the configuration
sketched in the inset, i.e., a MoOx layer of variable thickness on a Pt mirror illuminated at normal
incidence, yielding values of 4R in the range 0.40-0.05 in the visible range (1.5 to 3 eV). This
configuration has been chosen as we have verified that is experimentally feasible. Nevertheless,
higher AR could be achieved by choosing a substrate with higher reflectivity (e.g., replacing Pt
with silver, Ag, values of 4R in the range 0.70-0.95 can be achieved, see Figure S3).

The reflectance, R, for MoO, decreases from 0.30 to 0.10 as the photon energy increases,
while for MoO3 R goes from approximately 0.7-0.6 to 0.4-0.5. For comparison, Figs. 5(d)-(f)
shows equivalent calculations of R and 4R for the VO, IMT, using the VO, dielectric function
from Ref. [2]. In the visible, VO, shows values of 4R in the 0.1-0.2 range, considerably lower
than MoOy. VO,-based thin films configurations yields high reflectance modulations in the IR.
For instance, Kats et al. [33] reported reflectivity modulation from 80% to 0.25% at A=11.6 ym
for VO, on sapphire substrate, while Butakov et al. [34], reported high reflectivity modulation in
the IR by Ge/VO,/sapphire multilayer systems.

Thus, these results suggest that the MIT in MoOy shows a better performance for light
modulation in the visible than VO,.
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Fig. 5. Difference in reflectance, AR, between metallic and insulating phases of (a) MoOy
and (d) VO, on a Pt mirror at normal incidence as a function of the layer thickness.
Reflectance, R, as a function of the layer thickness for the insulating phases (b) MoO3 and (e)
insulating VO,. Reflectance, R, as a function of the layer thickness for the metallic phases
(c) MoO; and (f) metallic VO,.

3.4. Amplitude modulation in cladded Si; N, waveguides

Integration of materials with reconfigurable optical response such as VO, or chalcogenide phase
change materials (PCMs) such as GST or Sb;S3 in photonic integrated circuits (PICs) has
led to a wide range of new functionalities ranging from programmable photonic processing,
[35,36] optical memories, [37,38] optical switches [5,39] and modulators, [40—43] as well as
neuromorphic computing [44]. Generally, VO, as well as PCMs are integrated in the PICs by
depositing small patches of these materials on top of the waveguides. By triggering the IMT of
VO, with an external excitation (i.e., heat, electric field, or light), the guided mode experiences a
change in both optical phase and amplitude. For VO, on Si waveguide modulators, it has been
pointed out that insertion loss must be carefully considered due to the non-zero imaginary part (k
# 0) of the refractive index of insulating VO,, resulting in optical absorption in the passive state
of the modulator [45]. In the case of MoOQy, the insulating phase MoOs3 presents an extinction
coeflicient equal to zero (k =0), thus, resulting in a loss-less passive state. The possibility of
integrating MoQO3 into a silicon photonics platform has been recently demonstrated [46].

In order to explore the performance of MoOy as material to be integrated in PICs for optical
switching applications, we have calculated the change in transmission, 47, through a waveguide
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as function of the length of a 20 nm thick MoOy patch in insulating (M0oO3) and metallic states
(MoO,) deposited on top of it as sketched in Fig. 6(a). The same simulations are performed
for the two phases of VO, (metallic and insulating). The waveguide (width =800 nm and
height =300 nm) is made of silicon nitride (Si3N4) deposited on a silicon dioxide substrate
(SiOy). Transmission calculations have been performed for a wavelength of A = 1550 nm (telecom
C-band). At this wavelength, the refractive index of the waveguide and the substrate are n =1.99
and n =1.44 respectively. In these simulations, the fundamental electrical mode is selected for
the study. As shown in Fig. 6(b), the transmission through the waveguide as function of the
length of the cladding layer strongly depends on the optical properties of the cladding material
(insulating or metallic VO, and MoO3 or MoO3).

a L
20 nm PCM
$ 300 nm
SiO, 800 nm
b 1 C 1
0.9F
0.8¢ MoO3 == MoO>
0.7 \ insu VO2 == met VO3
0.6 c GST = a3 GST
0.5
0.4}
03¢
0.2}
0.1}
0 . . .
5 10 15 20 5 10 15 20
d Length (pm) Length (1m)

Without PCM | metallic — VO, j insulator — VO,

Tal | | Il [ | Tel
- - - -

_

n=2.00+2.83i n=3.35+0.26i J n=2.26+1.59i n=2.194-0i

Fig. 6. (a) Scheme of the hybrid waveguide. A 20 nm thick MoOy or VO, deposited on
top a silicon nitride waveguide over a silicon dioxide substrate. (b) Transmission through a
waveguide as a function of the length for the different phases (metallic and insolating of
MoOx and VO,). (c) Transmission contrast between the two phases of MoOyx and VO,
for different lengths. In (b) and (c) is included equivalent calculations for amorphous and
crystalline GST as reference. (d) Mode profile of the fundamental electric mode for the
different cladding materials.

The refractive indices of the four phases considered in the calculations are: n=2.00 + 2.83{
(metallic VO,), n=3.35 +0.26i (insulating VO,), n =2.26 + 1.59i (M0O,) and n =2.19 + 0.00i
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(MoO3) for the wavelength of 1550 nm. The highest transmission is obtained for MoO3 as
k= 0. Nevertheless, it presents low losses because its refractive index is slightly higher than the
one of the waveguides (n = 1.99) and total internal reflection (TIR) inside the waveguide is not
completely guaranteed. Insulating VO, results in a lower transmission than MoOj3 because of
its extinction coefficient k = 0.26 and its real part much higher than the n =1.99 of the SizNy
waveguide. Metallic VO, and MoO; present low transmission due to its high value of the
extinction coeflicient, k, consistently with their metallic behavior. The transmission contrast
AT between metallic and insulating phases of MoOy and VO; is plotted in Fig. 5(c), showing a
higher contrast for MoOy. Specifically, a contrast as a high as 0.8 can be obtained using MoOy as
an active element in reconfigurable cladded waveguides. For comparison, in the case VO,, the
highest value of AT is 0.2, i.e., four times lower than in the case of MoOy. The mode profile of
the fundamental electric mode for the different phases is shown in Fig. 6(d).

As reference in Fig. 6(b), (c) is shown the data corresponding to the amorphous-to-crystalline
transition of GST, as prototypical system (Mamorph + ikamorph = 4.352 + 0.060i and neryg; + ikeryse=
7.912 + 1.030i). This material shows a higher AT than VO,, but lower than MoOy. Nevertheless,
it should be noted that because the switching speed for MoOy is lower and its actuation in
this particular configuration is probably more complicated than for GST (annealing in different
atmosphere versus only annealing/melt quench), MoOx may not competitive for its integration in
reconfigurable PIC architectures as the ones proposed for GST related to programmable photonics
[35,47], neuromorphic computing [44,48], non-volatile and rewritable data storage [37,49].

Conclusions

We have demonstrated the reversible non-volatile MoO3-to-MoO, transition associated to change
from a metallic (M0O,) to a dielectric (MoO3) behavior in the dielectric function. Amorphous
MoOy-_3 on 4 inches silicon wafers were fabricated by e-beam deposition and subsequently
crystallized into MoO3 by annealing in air. MoO3-to-MoQO; non-volatile transition has been
achieved reversibly through cycles of annealing in hydrogen and air. The analysis of the refractive
index contrast between both phases and its comparison with analogous values for canonical
insulating-to-metal transition material VO,, reveals the superior performance of MoOy for
amplitude modulation photonic platforms at the C telecom band (1550 nm) as well as for
reflectivity modulators in the visible range.
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