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Abstract- Hybrid integration of new materials will play
a key role in the next photonics revolution, unlocking
the development of advanced devices with outstanding
performances and innovative functionalities. Functional
oxides, thanks to the richness of their physical properties
are promising candidates to build active reconfigurable
elements in complex circuits. We review in this article
our recent work regarding the hybrid integration of
Yttria-Stabilized Zirconia (YSZ), a crystalline oxide
with transparency from the visible to the mid-IR range
with refractive index of about 2.15. YSZ is mostly
studied for its high ionic conductivity, epitaxial growth
on Si as buffer layer and its chemical stability but we
demonstrated that it also holds a great potential in
photonics for the development of low-loss waveguides (<2
dB/cm) and complex passive structures. Kerr refractive
index of YSZ is in the same order of magnitude than
well-known nonlinear materials such as silicon nitride.
We explored the implementation of Er°t ions as an
active element providing outstanding luminescence in
correspondence with C-band of telecommunications.
The optical properties of active layers of Er-doped YSZ
grown on waveguides in different platforms and under
resonant pumping and its propagation losses, modal
gain and signal enhancement will be discussed in this

paper.

Index Terms- hybrid photonic platform nanophotonics,
yttria-stabilized zirconia, nonlinear effects, optical
amplification.
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I. THE POTENTIAL OF OXIDES INTEGRATION IN SILICON
PHOTONICS

Integrated photonics has emerged as a promising
technology to address challenges in high-speed and low-
power consumption optical communications. Benefiting
from the maturity of the complementary metal-oxide
semiconductor (CMOS) technology, silicon-based photonics
has emerged as a viable solution for large volume
applications and has enabled the integration of optical
functionalities on-chip, through passive (ultra-low loss
waveguides and grating couplers, resonators, filters...)
and active devices (optical modulators, photodetectors,
isolators...) [1]. The silicon photonics research field is
burgeoning very fast and looking now for more diverse
applications, from sensing to metrology and data processing,
with a strong impulse toward quantum technology. However,
silicon has some limitation to fully address all challenges:
The indirect nature of its bandgap, its lack of magnetic
ordering and its centrosymmetric crystalline unit cell are
examples of silicon properties that prevent the development
of advanced on-chip functionalities. More generally,
even with the recent improvements of thin films growth
techniques and nanofabrication technology, there is not a
single-material hosting all required properties. Therefore, to
achieve its goals, the silicon photonic community is looking
toward the hybrid integration of materials.

Among the candidates, silicon nitride (SiN),
chalcogenides, III-V, and Germanium, stand up thanks
to their unique properties [2], [3], [4], [5]. These material
families are suitable for targeted photonics building-blocks
like Ge-based photodetectors and III-V-on-Si lasers but are
limited for the development of an universal platform offering
additional devices (modulators, isolators, memory...). For
this purpose, crystalline oxides are very promising because
they hosts a rich physic, including complex -electronic
structures with charge, magnetic and orbital ordering,
as well as strong correlations between these degrees of
freedom and the lattice [6]. Consequently, one can find
in these oxides a large diversity of phenomena, such
as ferroelectricity, ferromagnetism, metal to insulator
transitions or high temperature superconductivity. Barium



titanate (BaTiO3) and vanadium dioxide (VO,) are two
examples worth mentioning as they have known a successful
integration in photonics. The former is a ferroelectric with
a high second-order optical nonlinearity, exploited in
high-speed and low-power consumption electro-optic
modulators[7]. The latter, VO,, presents a metal-to-insulator
transition (MIT) around 60°C that can be used for tunable
or reconfigurable photonic devices[8]. Crystalline oxides
possess also the unique capability to be stacked in 3D
heterostructures, combining their properties or creating
new ones at the interfaces [9]. One typical example is the
recent demonstration of a hyperbolic metamaterial made
from a heterostructure composed of La,Sr;_,TiO3/SrTiO3,
in which the dielectric permittivity changes sign from
one crystallographic direction to another at a tunable
wavelength[10].

The hybrid integration of high-quality crystalline oxides
in silicon-based platform, including Si and SiN, promises a
great potential to unlock a myriad of new devices, going well
beyond the only field of silicon photonics. The differences
of chemical nature and crystalline lattices between oxides
and silicon is, however, an obstacle that we must overcome.
Defects in the lattices, alloy formation or interdiffusion at the
interface during thin film growth are examples that can lead
to the degradation of the material properties. The technologi-
cal progresses of the past decade have provided solutions for
this kind of integration, like the wafer bonding technique, but
additional and somehow complex steps are required along the
process of fabrication. An interested reader can refer to [11]
as an example of this method for the integration of crystalline
ferroelectric BaTiO3 for energy storage application. Another
approach consists of using of a buffer layer, i.e. a thin
layer of material at the interface between the oxide and
silicon, to adapt the lattice from silicon to other functional
oxides and acting as a barrier for interdiffusion [12]. This
buffer material must be compatible with silicon and most of
the oxides, very stable to prevent any alloy formation, and
grow with high quality to prevent additional limitations to
the device. Strontium titanate (Sr7i0O3) and yttria-stabilized
zirconia (Y,03:Zr0,) are two standard buffer layers well-
known in the oxides community to grow oxide thin films
on silicon. The former has been extensively studied as the
prototypical ABO3 perovskite, used as a substrate to grow
complex oxides or as a buffer layer for LaAlO3; or BaTiO3
on silicon[13]. The latter is known for its thermal and chem-
ical stability, hardness, durability[14] and ionic conductivity.
Hence, YSZ has been used as an electrolyte in solid oxide
fuel cells (SOFC) and as oxygen sensors[15], [16]. YSZ is
also well known as a buffer layer for the growth of functional
oxides on silicon[17], [18]. These materials are the keystones
towards the hybrid integration of oxides in silicon photonics
and therefore must be thoroughly characterized in integrated
optics. We present in this review paper the potential of YSZ
in integrated optics. The first section introduces the process
that we developed to make photonic components out of
a YSZ thin film, while the second and third part discuss

recent results regarding the non-linear optical properties of
YSZ waveguides and the potential of Erbium-doped YSZ
(Er:YSZ) in light emitting devices.

II. YSZ THIN FILMS FOR PHOTONICS

Y,0s-stabilized ZrO, (YSZ) or (ZrO;3)1—x(Y203), is a
ceramic with the CaF, structure for a wide range of stoichio-
metric x values. In YSZ, yttrium substitutes a % of zirconium
that determines the YSZ crystalline structure, tetragonal or
cubic [19]. The cubic phase is preferred due to its lattice
constant (a=5.143 ) similar to that of Si (a=5.431). Besides,
YSZ optical properties include: (i) large transparency win-
dow from ultraviolet (UV) to mid-IR spectral region, (ii)
absence of two photon absorption (TPA) in the near- and
mid-infrared wavelengths (near-IR and mid-IR), and (iii)
mid-refractive index contrast material (MiDex).

There are typically two complementary approaches to
optimize the integration of a new material into a device.
The first one focus on the material deposition and patterning
processes to understand and reduce the intrinsic limitations
of the device induced during its fabrication. The second
approach aim to optimize the design of the component to
lower the participation of the known limiting mechanisms.
We present in this first section how these two methods
have been applied to improve the performances of YSZ-
based waveguides, when integrated on sapphire and silicon
platform.

A. Yttria-Stabilized Zirconia on sapphire

The growth of YSZ is performed using Pulsed-Laser
Deposition (PLD), a Physical Vapor Deposition (PVD) tech-
nique that employ a powerful pulsed-laser in the UV to
transfer a material from a target to a substrate. This method
combines the potential of single-crystal-quality growth of
thin film, with the possibility to conserve the complex stoi-
chiometry of oxides and the capability to grow thicker film
of about several hundreds of nanometers, typical dimensions
of waveguides in the near-infrared. More details about the
technique can be found in several review paper [20], [21]. To
determine the capability of YSZ in integrated optics, we have
first considered sapphire substrate (Al,03). This substrate is
transparent from visible to mid-IR and has a refractive index
of ngpp=1.74 at a wavelength of 1.55 um, lower than YSZ
nysz=2.15 at the same wavelength [22]. Such a refractive
index contrast between the film (YSZ) ans the substrate
(sapphire) unlocks the possibility to confine light in YSZ
waveguides on sapphire.

The growth parameters studied in this work, as well as
the characterization feedback loop are presented in the outer
and inner loop of Fig. 1, respectively. We used Atomic-
Force Microscopy (AFM) to quantify the roughness of the
films, and X-Ray Diffraction (XRD) and transmission Elec-
tron Miscroscopy (TEM) to measure the lattice parameter
distribution, mosaicity and grains orientation (out-of-plane
and in-plane). X-Ray Reflectivity (XRR) and ellipsometry
gave us access to the film thicknesses, roughness, density,
and optical constants from 400 to 1700 nm. Following
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Fig. 1. Parameters optimized in this study (outer loop) and characterization feedback loop (inner loop) for the PLD growth of YSZ on sapphire. The

roughness is measured by Atomic-Force Microscopy (AFM). The lattice parameter distribution, mosaicity and crystal orientation (out-of-plane and in-plane)
of the films by (Grazing-Incidence) X-Ray Diffraction (GI-XRD) and transmission Electron Miscroscopy (TEM). The fitting of X-Ray Reflectivity (XRR)
and ellipsometry data are used to extract film thickness, roughness, density, and optical constant (refactive index and absorption from 400 to 1700 nm).
The substrate preparation has the strongest effect on the YSZ growth direction and crystallinity.

this methodology, we are able to determine the effects of
the growth condition (vacuum quality, reactive gas nature
and pressure, substrate temperature, laser fluence...) to the
metrics of the material (phase, defects type and density...),
and the relevant combination of these metrics to improve the
device’s figure of merit.

For the sake of brevity, we will not discuss here all
the different data and parameter variation but we can no-
tice that the substrate preparations before growth have the
greatest effect on the films’ crystallinity and orientation.
Indeed, the annealing of the substrate at 1200°C for 4 hours
under oxygen or nitrogen before the growth, promote the
(001) or (111) growth direction, respectively, and led to the
sharpest (1073°) XRD rocking curve peaks ever reported
(i.e. lowest mosaicity)[23]. These types of high-quality and
highly oriented films can be grown if the thickness is kept
under 350 nm. For thicker films, the rocking curves rapidly
broaden and reach 1° at 500 nm, defining an upper thickness

limit of 350 nm for the optimal fabrication of devices (see
central plot Fig. 3). The other optimized parameters are, a
substrate temperature of 800°C, a reactive gas during the
growth composed of pure oxygen at a pressure of 30 mTorr,
a laser fluence and a repetition rate of 1.9 J/cm? and 5 Hz,
respectively. Equivalent material quality has been obtained
with 8%mol or 15%mol Y,O03-doped YSZ.

In parallel to the material optimization, we developed
a process of fabrication in cleanroom that considers the
specificity of the platform YSZ on sapphire. We developed
a process based on electron-beam lithography and Ion-Beam
Etching (IBE), and customized to the YSZ and sapphire
insulating properties as well as their known hardness and
chemical stability. The results of this process is presented
Fig. 2 a) with an optical view of a YSZ chip, made of
a 300 nm thick YSZ film. All the structures, including
waveguides, grating couplers, ring and microdisk resonators,
Mach—Zehnder Interferometer (MZI) and sub-wavelength
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Fig. 2. a) Optical view of a YSZ-based photonic chip on sapphire
substrate. The process combines high-resolution e-beam lithography and
Ion-Beam Etching (IBE). (b) AFM images of a grating coupler and (c) a
sub-wavelength filter.

Bragg filters, are 100 nm deep etched and fabricated during
the same process. The AFM images of a grating coupler
and a sub-wavelength Bragg filter Fig. 2 b) and c) reveal
sharp edges and low roughness: <1 nm on the top and
about 2 nm on the sides. Not shown here, the first ring and
microdisk resonators fabricated in the YSZ films revealed
single-mode behaviors with quality factors up to 10*. The
first YSZ-based filters have an extinction of about 16 dB
at 1593 nm with Avszp=1.4 nm, completing the passive
features available in this innovative platform.

From these optimized processes, we were able to investi-
gate the significance of the metrics: mosaicity, orientation
and composition to the propagation losses of YSZ-based
waveguides. The central plot Fig. 3 presents the film mo-
saicity as a function of its thickness for (001) and (111)-
oriented types of films. As previously stated, the substrate
preparations before growth allows us to promote the (001)
or (111) growth direction for thicknesses up to 350 nm, while
maintaining a high crystal quality. This result is defined by
the light blue window in the central plot of Fig. 3. On the
other hand, optical mode simulations yielded a minimum
thickness of 250 nm to confine and propagate a single
quasi-TE mode in YSZ-based waveguides, with our current
process of fabrication. This second result defined another
red window in the central plot of Fig. 3. We expected the
optimal thickness range for the fabrication of YSZ-based
waveguides to be represented by the overlap of both blue
and red windows, between 250 and 350 nm. The data shown
on the left and right of Fig. 3 are the transmitted light

intensity measured from waveguides of different lengths,
and whose slope is the propagation losses in dB/cm. As
we can see, whatever the growth direction or YSZ doping
concentration, the propagation losses measured are about
2 dB/cm in the wavelength range 1300-1600 nm, if the
film thickness is between 250 and 350 nm. On the other
hand, thicker waveguides revealed higher losses of 11 dB/cm.
Thanks to this comparison, we have been able to demonstrate
the weak influence of the composition and orientation to the
waveguides performances and the clear relationship between
film quality (mosaicity) and propagation losses.

B. Yttria-Stabilized Zirconia on silicon

This section reports on the preliminary results regarding
the hybrid integration of YSZ on silicon. We applied a design
optimization approach to identify the sources of losses in
YSZ on silicon waveguides and reduce their contribution.
Experimental results of different waveguide geometries are
discussed: (i) YSZ directly deposited on silicon waveguides
or (i) YSZ thin film deposited on a flat SOI substrate and
then patterned. The former type of design benefits from
the well-controlled process of fabrication of the silicon on
insulator (SOI) technology, providing high quality and low-
losses silicon waveguides, but suffer from a less controlled
growth process, as the substrate is not flat and homogeneous.
The latter design overcome this obstacle by first depositing
YSZ on a perfectly flat and clean SOI substrate and then
fabricating the waveguides in the YSZ layer.

To grow epitaxial YSZ on silicon, we employed the so-
called two-steps method, extensively studied in the past[24]—
[27]. In the first step of this procedure, 10 nm of YSZ is
grown at low pressure in the PLD chamber, without oxygen
gas at about 107 Torr. In this reducing environment, YSZ
is fed by the oxygen present in the residual native silicon
oxides (SiO,), following the chemical reaction Zr+2Si0, —
Zr0O; 4 28i0. The remaining SiO phase, being volatile at
the growth temperature and low pressure, can be completely
removed from the silicon surface. YSZ is then directly facing
the silicon lattice and acquires its epitaxial relationship with
the substrate. The growth is carried on at higher oxygen
pressure of 10~* Torr during the second step of the growth
procedure, preventing high oxygen vacancies in the film. The
substrate growth temperature is set at 700°C, and the cool
down after growth is done under 75 Torr of pure oxygen.

A typical 115 nm thick YSZ film, deposited on a silicon
strip waveguide, is presented Fig. II-B with a Transmission
Electron Microscopy (TEM) cross-section view. As expected,
the electron diffraction patterns revealed a single-oriented
YSZ on top of the silicon waveguide, and a polycrystalline
phase on the silicon oxides, on both sides of the waveguide.
The propagation losses of such a hybrid YSZ on silicon
waveguide are above 120 dB/cm at 1350 nm. To explain
these large losses, we proposed three mechanisms. First, the
polycrystalline phase may contain a large density of defects
that can absorb or scatter the light. Second, as the PLD
process is extremely directional, gaps open at the interface
between the waveguide and the polycrystalline YSZ. The
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obtained for thicknesses ranging from 50 to 350 nm as shown with the blue window. The red window represents the thickness range above 250 nm in
which the near-infrared (NIR) light confinement is insured in YSZ waveguides. (Top left) For both (111) and (001) growth direction of YSZ, and (bottom
left) for Y03 doping level of 8%mol and 15%mol, the propagation losses are as low as 1.6 dB/cm for film thicknesses (and waveguide height H) between
250 nm and 350 nm. (Top right) Propagation losses higher than 10 dB/cm are found for the low-quality YSZ films thicker than 350 nm.

dimensions of those gaps might induce light diffraction.
Finally, the Energy-Dispersive X-Ray spectroscopy (EDX),
performed at the interface between YSZ and silicon, revealed
zirconium interdiffusion into the waveguide that could also
lead to light absorption or scattering. To test the validity of
these mechanisms and quantify their participation to the total
losses, we designed, fabricated, and optically measured three
hybrid waveguide geometries as shown Fig. 4.
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Identification of the three main sources of losses in ;120
dB/cm YSZ waveguides. While the YSZ crystal is
single-oriented when epitaxially grown on the silicon strip
waveguides, it is polycrystalline when deposited on

amorphous silicon oxide, leading to a higher defects’
density. The PLD growth process is very directional and
induce shadowing effect. The gap opening on both sides of
the Si strip waveguide may induce light diffraction.
Energy-dispersive X-ray spectroscopy (EDX) performed in
a transmission electron microscope reveals the zirconium
interdiffusion in the silicon lattice of the waveguides,
increasing the defect density at the YSZ/Si interface.

To keep constant the native silicon oxide thickness before
growth, we always prepared the SOI substrate (patterned or
not) between 12 and 16 hours before the YSZ deposition.
The preparation consists of a wet etching with a 4%
hydrofluoric acid solution for a duration ranging from 15
seconds to 4 minutes, depending on the design geometry.
At the time of growth, a native silicon oxide thickness of
5 A is estimated thanks to the oxidation rate of silicon at
room temperature and oxygen partial pressure in air[28].
The propagation losses of waveguides at A=1300 nm have
always been measured before substrate preparation ()
and after YSZ deposition (¢tr), in order to focus on the
additional losses Aa = ay — ¢ induced by the presence
of the YSZ layer in the hybrid YSZ/silicon waveguides.
We also characterized the additional losses caused by the
substrate preparation: +1 dB/cm for rib waveguides and +3.5
dB/cm for strip waveguides, as well as the PLD process
itself without YSZ deposition (only sample loading, heating
and YSZ target cleaning): +2.5 dB/cm.
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Fig. 4. Three design of hybrid YSZ-on-silicon waveguides with their
respective quasi-TE mode simulations and resulting propagation losses. a)
The deposition of YSZ on a rib waveguide lower the contribution of the
polycrystalline YSZ and diffraction effect to the propagation losses, resulting
in 43 dB/cm. b) Buried-silicon waveguide partially exposed during YSZ
deposition. The interface YSZ/Si is limited to the top of the waveguide and
the propagation losses are the lowest ever reported in hybrid YSZ/Si with
7.5 dB/cm. c) Fabricated YSZ waveguides on thin (20 or 50 nm) silicon-on-
insulator (SOI) substrates. The propagation losses is function of the mode
overlap with the silicon (I's;), 95 dB/cm and I's; = 12.9% for 50nm SOI,
32 dB/cm and I's; = 3.9% for 20nm SOI. This relationship highlights the
strong contribution of interdiffusion-induced interfacial defects in the silicon
to the total propagation losses.

The first design, Fig. 4a), aims at characterizing the effect
of the polycrystalline YSZ and YSZ gaps, to the waveguide
performances. Indeed, as a rib geometry is used instead of
a strip geometry, the polycrystalline phase of YSZ is push
further from the optical mode. Moreover, the aspect ratio of
this design also prevents the formation of gaps on both side
of the waveguide. The additional losses for this configuration,
with a YSZ layer of 90 nm, are Aox = 43 dB/cm, at least
3 times lower than its strip counterpart Fig. II-B. This large
improvement is a clear sign than the polycrystalline YSZ and
YSZ gaps play a major role in the losses value. However, we
can also notice that the rib geometry is naturally less sensitive
to the YSZ/Si interfaces than the strip geometry, and that may
also contribute to the difference of losses observed. To go
further and investigate the participation of these interfaces
to the total losses, we turned to the second design, Fig. 4b).
A silicon rib waveguide is first buried under a planarized
15 nm silicon oxide layer. SiO; is then partially etched
down to the top Si waveguide. This configuration limits the
YSZ/Si interface to the very minimum, while keeping the
local epitaxy of YSZ. The propagation losses are A = 7.5
dB/cm with 60 nm thick YSZ layer. This is the lowest value

ever reported in a YSZ on silicon platform. This confirms
the strong influence of the YSZ/Si interface area to the
total losses. However, the overlap of the optical mode with
the bulk YSZ film has also changed in these designs. This
overlap, which represents the ratio of the mode in the YSZ
layer as I'ysz = [yq, Ed*r/ Jior Ed?r, also decreases with the
propagation losses, from I'ysz = 13.6% for the design Fig. 4
a) to I'ysz = 8.4% for the design Fig. 4 b), also suggesting
an influence of the bulk of the YSZ film to the losses.

To evidence the role of the bulk YSZ film to the losses and
quantify its participation in regard of the YSZ/Si interface,
we fabricated a third hybrid waveguides reported in Fig. 4c).
In this last design, the optical mode is mostly confined in
the YSZ layer. The reduced SOI substrates are prepared by
repetitive annealing under oxygen and wet etching before
the growth of YSZ and the film is patterned following the
process discussed in the previous section. When 300 nm
of YSZ is grown on a SOI substrate reduced to 20 nm
(substrate named SOI20), the hybrid waveguide losses are
32 dB/cm, lower than the losses of the design Fig. 4a), for
which the optical mode was mostly confined in the silicon. To
go even further, we increased the silicon thickness to 50 nm
(named SOI50) before the YSZ growth. With the same YSZ
thickness of 300 nm, the overlap of the mode of the silicon
is increased from I's; = 3.9% for the SOI20 to I's; = 12.9%
for the SOI50 while the propagation losses measured are 32
dB/cm for the former and 95 dB/cm for the latter. The linear
relationship between I's; and the propagation losses evidence
the strong effect of the interface to the total propagation
losses and that the bulk of the YSZ film is not limiting in
this hybrid waveguides. The reduction of the propagation
losses below the symbolic value of 1 dB/cm would require
the study and the control of the YSZ/Si interface from the
epitaxial growth itself or by post-processing step as thermal
annealing.

C. Nonlinear Optical properties of YSZ

The low-losses of YSZ waveguides on sapphire allowed
us to push further the optical characterization toward the
nonlinear optical (NLO) properties[29]. The NLO responses
of materials is a promising approach for the development of
innovative devices for all-optical data processing, controlled
light emission with the generation of supercontinuum or
frequency-combs, or to explore quantum phenomena. The
capability of YSZ to be grown with different crystalline
orientation and stoichiometry motivated our first theoretical
approach to characterize the effect of the doping level and
distribution to the NLO susceptibility tensor of this material.
The resulting theoretical predictions guided us to design the
experimental plan. Like silicon, YSZ is a centrosymmetric
material exhibiting no second-order optical nonlinearity (i.e.
no Pockels effect and second harmonic generation). Then,
third order nonlinearity was theoretically and experimentally
studied in YSZ waveguides.

We theoretically predicted than the lowest doping concen-
tration would lead the highest third order NLO properties
of YSZ [29]. Bearing in mind that a minimum of 8%mol



is required to stabilize the cubic structure, necessary for an
efficient use of this oxide as a buffer layer on silicon, we
focused our experimental effort on YSZ 8%mol.

To characterize the NLO properties of YSZ 8%mol, we
first made a set of waveguides out of a 300 nm thick
high-quality YSZ film on sapphire with a Y,03 doping
concentration of 8%mol. The waveguides are designed to
confine a single quasi-TE mode at the wavelength of 1550nm
with an etching depth of 80 nm and width of 760 nm.
Experimental propagation losses of 3.2 dB/cm at 1550 nm
have been obtained.

The setup used to experimentally characterize the NLO
properties of YSZ waveguides is composed of a mode locked
erbium-doped fiber laser delivering 150 fs pulses with a
repetition rate of f=50 MHz for a wavelength of A = 1586
nm. More details can been obtained in reference [30]. As
expected due to the charge transfer insulator nature of YSZ,
with a bandgap of about 4.5 eV, no Two-Photon Absorption
(TPA) in YSZ is obtained (Fig. 5 (a)). Indeed, the power
collected at the output of the waveguide P,, is linearly
dependent on the injected input power P, clearly demon-
strating the absence of non-linear absorption. Assuming the
transmission coefficients of the sample’s facets equal k7, =
K¢p = Ky, one can calculate the transmission coefficient k
= 9.1 % from the slope a = P, /P,, following

1
a= Kfa K'f[,e‘faL
where o is the propagation losses and L the waveguide
length.

The intensity-dependent refractive index (IDRI) Kerr prop-
erty of YSZ is quantify thanks to the emergence of new fre-
quencies, induced by self-phase modulation mechanism[31],
on both sides of the quasi-rectangular shaped laser pump.
This phenomenon is observed Fig. 5 b), for incident power
higher than 6 mW, and is clearly seen when comparing the
low and high-power transmission spectra Fig. 5 c¢). In absence
of TPA, the nonlinear refractive index n, can be written as
function of the nonlinear phase shift ¢y;, such as

2n
m’% = (PNL/(KFPinLeffn)

with Ay the wavelength of the pump, Ay; the nonlinear
area calculated from the mode simulation and waveguide
geometry, Lo = (1 —exp(—aL)) /o the effective length of
the waveguide, and 1 = 1/(F fol/F |U(t)*dr) with U(t) the
normalized temporal shape of the pulse.

To extract the nonlinearities of YSZ from the experimental
data, the contribution of the sapphire substrate is removed
taking into account the mode overlap in the two materials.
Then, we simulated the experimental spectrum at P, =
11.5 mW Fig. 5 d) to determine the nonlinear phase shift
¢®nr, which yields the nonlinear refractive index n, and
the corresponding susceptibility defined as ny =3y &) J4cepe
with € the relative dielectric, & the electric permittivity
of vacuum and c the light celerity. More information on
the simulation procedure is available here[32], [33]. For the

maximum input average power P, = 11.5 mW, we obtained
a nonlinear phase shift ¢y; of 15 mrad. This value leads
to an effective Kerr nonlinear coefficient in YSZ equals to
nyS2 = 4.04+2x 107" m®W~!, one order of magnitude
larger than in sapphire and similar to the one obtained in
silicon nitride waveguides [34].

III. RARE-EARTH DOPED YSZ

A. The role of rare-earths in light-emitting devices

One other advantage of crystalline oxides and especially
YSZ is the possibility to highly dope them with rare-earth
to develop on-chip light amplifiers. Indeed, during the last
decades, material engineering and integration in silicon-
based photonics platform has been developed for this purpose
including the use of porous Si[35], Si nanocrystals (Si-
nc)[36], Germanium (Ge)-on-Si[37], III-V materials[38] or
Erbium (Er3+)[39]. The main advantages on rare-earth(RE)-
doped oxides integration on Si platforms are the reduced
costs in fabrication, not need of specific facilities, high
scalability and the possibility of adding other functionalities.

RE emission transitions cover a wide range of wavelengths
in the near-IR: Yb3, (°F —5/2—?F; ) at 1040 nm, Nds,
(“F32—=*13)2) at 1064 nm, Dys, (°Hopo/°Fyy ,—%Hs)s) at
1300 nm, Prs, (!G4—>3Hs) at 1300 nm , Tms,. CHy—3Fy)
1460 nm and Er** (*3,—*115)5) at 1530 nm [40]. Wave-
lengths determined by energy transition levels for each RE
are characteristic of each element, although variations can
occur depending on the structure of the host material [41].
In this direction, we were interested in studying RE emission
transitions:*/; 5 /2—>4115/2 corresponding to emission wave-
length at 1530 for erbium (Er*") ions. Besides, Er** char-
acteristic absorption transitions *I;5 /2—>419 /25 s /2—>4I” 2
and*l;s /2—>4113 /2 and its corresponding wavelengths at 800,
980 and 1480 nm are commonly used as pumping wave-
lengths in Er3* photoluminescence studies[42]. In order to
attain optical amplification at a minimum power level, a
high concentration of RE is required. Such a concentration
normally leads to high ion-ion interaction and ultimately
to RE clustering and quenching effects, hindering photo-
luminescence. Moreover, highly doped oxides with large
difference among ionic radii are also prone to reveal high
defects density caused by RE ion incorporation to the host
decreasing ion emission. In addition, low phononic materials
are required to avoid non-radiative pathways for rare-earth
ions. Despite these constraints, excellent optical properties
have been already demonstrated for a few oxide materials,
and light amplification on hybrid photonic integrated circuits
have been achieved. Despite in 2019 high material gain (100
dB/cm) was attained from Er>* emission in erbium chloride
silicate nanowires [43], hybrid integration of materials such
as nanowires on a silicon platform is still challenging.
Regarding optical amplification, the same year 2019, the
group in Aalto in collaboration with University of Paris-
Saclay demonstrated an on-chip Er>* optical amplification
at 1533 nm in A/, O3 host matrix [44] on Si3Ns waveguides
with Er : Al;O3 cladding. In this study, they reported up
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to 20.1 £7.3 dB/cm net modal gain in 250 pum length
waveguides and at least 52.4 £ 13.8 dB/cm of net material
gain for 1200 um waveguides. In 2020, the group of Sonia
Garcia-Blanco in University of Twente achieved net gain
of 18.1£0.9 dB at 1532 nm for 10 cm SizNs waveguides
with Er: Al,O3 cladding [45]. The same university had al-
ready demonstrated in 2018 erbium-doped potassium double
tungstate channel waveguides modal gain of 12+5 dB/cm at
1534 nm wavelength [46]. There are many host approaches
for RE-doping materials but the use of crystalline oxides
and especially YSZ has been revealed as promising photonic
material. Indeed, in addition to the advantages mentioned in
the previous sections, its atomic structure includes Y 3+ with
a similar radius than Er** and its oxygen distribution which
is known to play a crucial role in RE emission, makes YSZ
a perfect candidate for optical amplification purposes.

B. Monolayer cladding (Er:YSZ)

First, we grow by pulsed laser deposition (PLD) 5 thin
film samples of 150 nm thick Er:YSZ monolayer from one
sintered PLD target composed by Er** at different at. %
(0.5, 1.5, 3, 5 or 10 at. %) for each target and 8 mol %
YSZ. We optically characterized all samples by determining
optimal absorption wavelength, establishing optimal Er>*
concentration to provide the highest PL intensity and the
lowest quenching effects.

As reported in the literature, Er"T ions absorption
transitions  *I;5,—%y, and *I;s,—*I; ), correspond
to 800 and 980 nm emission wavelengths [42]. Despite

absorption and emission transitions are the physical
characteristics of Er’T ions, its correspondent energy
level is host matrix dependent [41]. In this direction, we
performed absorption study of our material in the range
of 750 and 1000 nm wavelengths using Ti:Sapphire pump
laser and measuring by photoluminescence (PL) Er°T
emission intensity of *I;5 /2%4115 /2 transition at 1530 nm.
In Fig. 6(a), we observe optimal absorption at 960 nm
corresponding to the Er** *I;5,—%1y 5 excitation transition.
Then, samples were pumped at a wavelength of 960 nm to
attain higher emission at 1530 nm and at 20 mW power
for monolayer samples with Er3* concentrations at 0.5,
1.5, 3, 5 and 10 at. % to measure PL emission intensity at
1530 nm. Fig. 6(b) reports the Er** emission profiles from
all monolayer Er:YSZ samples. The highest PL intensity
at 1530 nm is found for E-3* at 1.5 at. % followed by
3, 0.5, 5 and 10 at. % Results on PL proved ErT-Er3t
ion interaction for Er’* concentrations higher than 1.5
at.% hinders photoluminescence, while for 0.5 at. % Ert
emission is lower than for 1.5 at.% due to lower number of
Er3* nuclei emitters. Optical efficiency study aims to find
the sample with lower quenching effects. In this regard,
PL intensity normalized for all samples for *I;5 /2%4115 2
transition is measured at a range of pumping powers from
0.5 to 120 mW (Fig.6(c)). Highly optical efficient samples
show high ration values in input pumping power and output
detected intensity of Er3t emission at 1530 nm. Results
in this regard in Fig.6(c) prove high optical efficiency for
samples with ErT concentration doping corresponding to
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0.5 at, followed by increasing doping concentration of 1.5,
3,5 and 10 at % . This behavior reveals 0.5 at. % doping
to show low Er’*- Er¥finteraction which progressively
increases with doping concentration. Long lifetime of Er3"
excited state (*I}3 /2) is also required in order to reach
population inversion for optical amplification purposes.
We have measured decay time of luminescence of three
samples with different Er3* concentration. Besides, we
performed direct excitation of the *Ij; /2 state by PL at
room temperature. Fig. 6(d) shows an *I;5 /2 increase with a
decrease of erbium doping concentration. Lifetimes of 2.0,
1.6 and 1.2 ms were obtained for Er:YSZ thin films with
Er’T concentrations of 0.5 ,1.5 and 3 at.%, respectively.
To conclude, despite 1.5 at. % Er concentration proved the
highest PL intensity profile, thin films with 0.5 at.% Er:YSZ
revealed lower quenching effects and the largest lifetime.

C. Multilayer cladding (Er-rich YSZ/Er:YSZ)

From optical characterization studies in Er:YSZ monolay-
ers at different Er>™ concentrations, a multilayer approach
including Er-rich YSZ layers was considered in order to
increase PL emission while maintaining high optical effi-
ciency. In this regard, we alternate layers of 0.5 at. % Er:YSZ
with of Er-rich YSZ. Er-rich YSZ structure with Er*t <8
at. % is implemented by PLD with a metallic Er target at
>99.9 % purity. Spectra of PL absorption and emission from
multilayer samples show in Fig.7(a) and (b), two different
Er3* profiles related to two sites taken by Er3* ions in the
YSZ structure [[47]]. A first absorption and emission spectra,
optical efficiency and lifetime related to the 0.5 at.% Er:YSZ
monolayer structure (Fig. 6) and a second spectra profile
characterized by absorption peaks at two wavelengths (Fig.
7(a)) and enhanced PL Er°T emission intensity with presence
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Fig. 7. Optical characterization results by PL of 0.5 at. % Er:YSZ and Er-
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energy level schematics) and (c) optical efficiency of 0.5 at. % Er:YSZ and
Er-rich YSZ multilayer sample emission in the near-IR in violet and 0.5 at.
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of Stark splitting effect (Fig. 7(b)), high optical efficiency
(Fig. 7(c)) and long lifetime (Fig. 7(d)).

Absorption profile for multilayer sample excited from
750 to 1000 nm wavelengths reveals two absorption
transitions: a larger absorption peak at 800 nm and a second
at 960 nm wavelength corresponding to the *I;5),—*ly/>
and *I;5 /2—>4111 /2 transitions, respectively. When exciting
multilayer samples composed by Er-rich and 0.5 at. %
Er:YSZ layers at 800 nm wavelength and pumping power
of 20 mW, an enhanced PL profile showing Stark splitting
effect with two maxima at 1530 and 1536 nm are observed
(Fig.7 (b)). In Fig.7 (b), PL Er emission spectra from 0.5
at.% Er:YSZ monolayer and 0.5 at. % Er:YSZ/ Er-rich
YSZ multilayer samples are compared. Optical efficiency
for 1530 nm emission in Er-rich/Er:YSZ YSZ multilayers
is slightly lower than for 0.5 at. % Er:YSZ monolayer
(Fig.7 (c)). While, the highest lifetime of 3.2 ms was
obtained in multilayer samples as shown in Fig.7(d).
We demonstrate PL Er* emission intensity and lifetime
is improved by introducing Er-rich layers in 0.5 at. %
Er:YSZ sample while optical efficiency at 1530 nm remains
moderately lower. Despite quenching effects can be notice
by introducing higher concentration of Er3* in the YSZ
samples, multilayer structure with Er-rich layers allows
Er’* to take other configurations in the YSZ structure
revealing different properties than in 0.5 at. % Er:YSZ
structure.



D. Er:YSZ hybrid integration on SiN, waveguides

As silicon waveguides exhibit two photon absorption
(TPA) in the near-IR, silicon nitride (SiN,) was chosen
as passive material for guiding light. 600nm thick SiN,
layer was deposited by plasma-enhanced chemical vapor
deposition (PECVD) on 1.4 um thick silicon dioxide (SiO;).
SiN, waveguides were fabricated in the silicon photonics
platform at STMicroelectronics, formed by 248 nm deep-
ultraviolet lithography followed by reactive ion etching.
Waveguide width was 0.4 um. SiO, was then deposited and
chemical mechanical polish (CMP) step was performed to
planarize the structure. Planarized waveguides are suitable
for the deposition of crystalline cladding of Er-doped YSZ
multilayers on an amorphous buried strip waveguide. The
resulted structure is an inverse rib waveguide formed by the
waveguide and the cladding. Simulations were performed
using a two-dimensional (2-D) simulation tool (MODE So-
lutions from Lumerical, Inc.) to study the optimal thickness
of the cladding to maintain the pump mode confined in the
SiN, waveguide while exciting Er3" in the cladding.

SiN, waveguides allow single-mode propagation of both
fundamental modes: quasi-transverse electric (quasi-TE) and
quasi-transverse magnetic (quasi-TM) polarization states in
the wavelength range from 1.2 to 1.6 um. From the Er:YSZ
cladding simulations, the thickness optimization is carried
out simulating single mode propagation at a wavelength
of 1530 nm, corresponding to Er3* ions emission. The
optimized Er:YSZ thickness is defined as the best trade-off
between modal confinement within the SiN, waveguide
core to avoid light leakage in bends and high % of optical
power residing in the top Er:YSZ thin film to maximize
the excitation of Er** ions. According to our calculations
reported in Fig. (8), the TE guided modes are strongly
confined within a waveguide core for a 50 nm thick Er:YSZ
layer. In this case ,the power within the active cladding layer
is estimated to be 11.46%. In contrast, for a 150 nm thick
Er:YSZ layer, guided modes exhibit an improved overlap
with the top cladding region which reaches 25.9 %. Finally
for 350 nm thickness of Er:YSZ the fraction of optical
power in the cladding is of 67.7%, the fundamental quasi-TE
mode is highly de-confined from the SiN, waveguide core.
The simulations for TM mode shows 2% of optical power
in 50 nm cladding thickness and 8.7% in 150 nm and 29.9
% for thickness of 350nm. Therefore, higher fraction of
optical power in active cladding is held for TE than in TM
mode.

As expected, the hybrid mode within the SiN, waveguide
and cladding layer raises up to the top cladding as the
thickness of Er:YSZ increases. Such a behavior is expected
because the refractive index of the Er:YSZ layer (ng,ysz =
2.1) is higher than the one of SiN, (ngiN, = 1.9) or in SiO>
under-cladding (ns;0, = 1.4) as observed in Fig. 9 for inverse
rib system cross-section with and without cladding.

As a conclusion, 150 nm thick Er:YSZ cladding can be
considered as an optimal thickness keeping a good trade-off
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between optical power fraction exciting active cladding and
mode confined within the waveguide.

E. Optical gain measurements

Results in optical efficiency, PL emission intensity and
simulations on SiN, waveguides with Er:YSZ proved this
material is a good candidate for optical amplification. In
this section, we will determine the optical gain of SiN,
waveguides with Er:YSZ multilayer top cladding. First,
propagation losses of the SiN, waveguide and the inverse
rib system formed by the SiN, waveguide and the Er:YSZ
cladding were measured (Fig. 10). Propagation losses
includes material absorption from SiN, waveguide which
includes H-N bonds and cladding and light scattering
from Er:YSZ material interfaces and grain boundaries.
Loss measurements were performed by linear fitting the
transmission of 4 waveguides of 0.11, 0.15, 0.2 and 0.3 cm
at 1530 nm.

Propagation losses as high as —254 + 2.2 dB/cm
at a wavelength 1530 nm for SiN, waveguide system
were measured (Fig. 10) due to light leakage to the Si
substrate. Adding Er:YSZ top cladding to the waveguides,
propagation losses increase up to —53.4+2.5 dB/cm. These
characterizations have been performed at a wavelength
of 1530 nm and a power of 1 mW. Despite the high
propagation losses, we carried out signal enhancement and
modal gain experimental measurements. Then, we pumped
our waveguides at the absorption wavelength of Er3* (1480
nm). A signal at the Er3* emission wavelength of 1530
nm at a power of 315 uW was also coupled as a probe.
Output measurements were analyzed in the optical spectrum
analyzer (OSA) for a tuned range of pump power inside the
waveguide from 0.5 to 16 mW. Experimental setup in Fig. 11

For all pumping power measurements, signal enhancement
at pump wavelength is double checked by calculating the
difference between signal pump-on (Spumpon) and pump-off
(Spumposy), and by evidencing up-conversion by green light
emission in the waveguide length. Furthermore, noise is
acquired in probe off state and turned up to be no more
than -55 dBm. For increasing pumping power and waveguide
equivalent length calculated following the procedure used by
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Tunable laser

N eee.
N ee.
Attenuator

Fig. 11. Optical gain measurement setup: pump fixed laser at 1480 nnm and
probe from tunable laser are combine on a beam splitter. After polarization
controlled pump and signal are fibered to an optical spectrum analyzer
(OSA).
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experimental measurements and exponential fit for multilayer cladding on
waveguides lengths of 1.1 and 1.5mm, respectively.

Ronn et al. [44] as,
Ley=2 <"’“””> + Ly
nt
We calculated signal enhancement

S pumpon (mw) — ASE (mW ) )

Spumpoff

SE (dB) = 10log (

and modal gain

10
8moa (AB/cm) = L—log

(spumpmww) —ASE<mW>) i
eq

Spumpoff

In which « is referred to the propagation losses. Optical
amplification results following equations are analyzed in
Fig. 11 for signal enhancement and modal gain. We obtain
modal gain of 8.9+2.7 and 8.5+3.0 dB/cm for 0.11 and
0.15 cm long waveguides despite the material absorption and
propagation loses. Decreasing modal gain with increasing
waveguide length is expected due to material losses. On
contrary, signal enhancement is not dependent on material
or propagation losses. Thus, signal enhancement increases
proportionally to waveguide length as calculated in Fig. 12
(b) with values of 5.7+0.4 and 8 0.5 dB for 0.11 and
0.15 cm waveguides, respectively.

Results on modal gain and signal enhancement for SiN,
waveguides with Er:YSZ top cladding prove this material is a
promising host for RE-doping regarding optical amplification
purposes in Si-based platform.



IV. CONCLUSION

More than the results, we aimed in this review to present
the method and the tools that we used to successfully
develop innovative crystalline oxide-based photonic devices.
We demonstrated the potential of material and design
optimization approaches for the hybrid integration of
crystalline thin films on different platforms, including those
of the same nature like oxides on oxide substrates (YSZ
on sapphire), oxides on semiconductor (YSZ on silicon)
or oxide on amorphous material (YSZ on silicon nitride).
For YSZ-based waveguides, we characterized the effect of
several thin film’s features to the propagation losses and
evidenced the preponderant role of the film crystallinity
when integrated on sapphire and the substrate-film interface
when integrated on silicon. We also experimentally probed
the nonlinear optical properties of YSZ waveguides and
revealed third-order NLO susceptibilities as high as silicon
nitride, in agreement with theory, and inversely proportional
to Yttrium doping in YSZ. In addition, we explored YSZ
as host material for optical amplification purposes in a
silicon-based platform. In this direction, Er3* ions with an
emission in the C-band at 1530 nm were implemented in a
YSZ matrix grown on a SiN, waveguide. On a first approach
optical characterization aimed to establish optimal Er’"
concentration which will provide high PL emission whilst
minimizing quenching effects. A second approach searched
to engineer Er** distribution in YSZ thin film by using a
multilayer structure including Er-rich layers in the 0.5 at.%
Er:YSZ structure. As a result, we increased partially Er>"
concentration, thus, PL emission and lifetime increased
while avoiding large quenching effects. Modal gain and
signal enhancement measured on inverse rib structure
formed by multilayer cladding (0.5 at.% Er:YSZ/Er-rich
YSZ) and SiN, waveguides gave values as high as ~9
dB/cm for modal gain and 8 dB for signal enhancement in
waveguides of 0.11 and 0.15 cm length, respectively.
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