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Abstract: Nonlinear all-optical technology is an ultimate route for next generation ultra-fast
signal processing of optical communication system. New nonlinear functionalities need to be
implemented in photonics and complex oxides are considered as promising candidates due to
their wide panel of attributes. In this context, Yttria-Stabilized Zirconia (YSZ) stands out thanks
to its capability to be epitaxially grown on silicon, adapting the lattice for the crystalline oxides
family of materials. We report for the first time a detailed theoretical and experimental study
about the third order nonlinear susceptibility in crystalline YSZ. Via self-phase modulation
induced broadening and considering the in-plane orientation of YSZ, we experimentally obtained
an effective Kerr coefficient of 7{;’ 52 24.0+2-107"m*W! in a 8%mol. YSZ waveguide. In
agreement with the theoretically predicted h\gsz =1.3-10""m?>W~!, the third order nonlinear
coefficient of YSZ is comparable to the one of silicon nitride (SiN), already used in nonlinear
optics. These promising results are a new step towards the implementation of functional oxides
for nonlinear optical applications.

© 2019 Chinese Laser Press

1. Introduction

Integrated nonlinear photonics has reached the point of meeting some demand of on-chip optical
processing and transmission, owing to the CMOS compatibility. Silicon in particular presents the
ability of strong optical confinement. Nevertheless, some properties of silicon are not adequate
for integrated photonics. Especially, it presents a large two-photon absorption (TPA) in the near-
infrared while it is accompanied by a large third-order nonlinear susceptibility. This condition
limits the use of silicon for devices exploiting Raman lasing, [1] Brillouin amplification [2]
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or parametric amplification. [3] In this context, the quest for other materials, as compatible as
possible with silicon foundries started several years ago.

In these new plethora of options, promising results have been obtained in silicon nitride, [4]
amorphous silicon [5] or arsenic free chalcogenides [6] exploiting third order nonlinearities.
More broadly, strongly-correlated materials like crystalline oxides have emerged as a promising
family for their extremely large variety of properties from ferroelectricity, optical nonlinearities
to ferromagnetism or phase transition. The combination of their tunable properties leads to the
development of innovative devices with manifold functionalities in many fields such as solar
cells, [7] sensors, [8] electronics [9] or optics [10] to name a few. However, optical nonlinearities
are still unknown for the most part of crystalline oxides.

Among the crystalline oxides, Yttria-Stabilized Zirconia (YSZ) is known for its role as a
buffer layer for the integration of LiNbOs3, PbTiO3, Pb(Zr, Ti)O3 and YBa;Cu305 thin films on
silicon [11-14] and as a solid electrolyte due to its high ionic conductivity. [15] In addition,
YSZ exhibits extraordinary thermal, mechanical and chemical stability [16—18] as well as high
refractive index about 2.15 in telecom wavelength range and a wide transparency window from
UV to Mid-IR. [16, 19-21]

Thanks to the development of growth technique, YSZ has recently demonstrated its potential
as a new material for low-loss optical waveguides and as a flexible substrate for infrared
nano-optics. [22,23] However, nonlinear optical properties of YSZ have never been investigated.

We present in this work a theoretical study of the third order nonlinearities of YSZ and its
experimental characterization. First-principle calculations have been performed to understand
the concentration and doping distribution dependence of the third order nonlinearity in YSZ.
Then, we have grown high quality YSZ thin films and fabricated low loss waveguide with an
optimized material composition. Finally, thanks to a sensitive technique described in details in
the reference, [24] we characterized the optical nonlinearity of YSZ. The experimental results
presented in this paper are in agreement with calculation and provide a strong first step for the
promising integration of crystalline oxide in silicon photonics platform.

2. First-principle calculations

Assuming that the optical nonlinearities of YSZ should stem from the intrinsic Nonlinear optical
(NLO) properties of the doping substrate, namely, the cubic phase of ZrO; (c-ZrO,) we proceeded
as follows. First, we focused on the static non-linear optical properties of pure c-ZrO; aiming
at a reliable estimation of the order of magnitude of its third order NLO responses in idealized
conditions to be used as a guide for our qualitative conclusions. Since little is known about the
true local atomistic structure of YSZ, to circumvent the challenging task [25,26] of determining
the most stable local crystal structure of each system considered, the second step comprised
computations addressing the importance of the vacancy/dopant distribution on the third order
susceptibilities. For this task, we chose two doping concentrations of 3.2 and 33 %mol. in Y,03
representing the dilute limit and a relatively high doping concentration, respectively. Finally,
the third and last step of the current theoretical investigation involved simulations on YSZ of
increasing concentrations in Y,0O3.

In this work the relative dielectric € matrix and nonlinear y™ susceptibility tensors were
obtained from the electronic part [27] of the polarizability (a®), the first (8¢) and second (y¢)
order hyperpolarizabilities of the unit cell as:

€ =6ij +47ml.ej/V @)

2 ;
Xijh = 251V )

Xon = 277551 (3V) 3)



where V is the volume of the unit cell and 6;; the Kronecker delta. Note that an ideal cubic
9 and )
total second order non-linear optical response x'? vanishes.
Bearing in mind that the computation of third order susceptibilities of molecules, polymers
and solids greatly depend on the quantum chemical method applied, [28—30] we computed the
third order optical nonlinearities of pure and doped bulk systems using three DFT functionals
within the generalized gradient approximation (GGA). These are the pure Perdew, Burke, and
Ernzerhof (PBE) [31] exchange-correlation functional, its hybrid counterpart PBEO [32] and the
Becke, three-parameter, Lee-Yang-Parr exchange-correlation functional (B3LYP). [33] The first
two functionals, namely PBE and PBEO, have been used in previous studies, [25, 34] involving
the structural and electronic properties of YSZ while the popular B3LYP, was chosen in order to
check the robustness of the results. All periodic calculations have been performed at the static
limit with a developer's version of CRYSTAL17 software [35] that allows analytic computations
of non-linear optical (NLO) properties of infinite periodic systems. We also performed
benchmark computations focusing on the molecular second dipole hyperpolarizabilities of
(ZrO,), nanoclusters at CCSD(T) (coupled cluster including single, double and triple excitations)
and MP2 (second order Moller-Plesset perturbation theory) levels using the GAUSSIANO9 [36]
suit of programs.

structure features one independent ¢;; and two y;/. and y:;;. components, respectively, while the

Table 1. Cell parameter a (A), bandgap Eg (eV), electronic contribution of the dielectric

constant € = ¢; and third order susceptibility components X1(1'3i)i iijj 1072y m2v-2 of

¢-ZrO; computed with the PBE, PBEO and B3LYP functionals.

Method PBE PBEO B3LYP Exp
a 5.127 5.090 5.132  5.09 [37], 5.135 [38]
E, 3.1 5.4 4.9 4.5 [39], 4.6 [40]
€ 549 443 4.57 4.46"

¥ 760 153 191

iiii

Xo, 380 125 152

*Calculated from Ref. [41] at A = 1500 nm.

Third order nonlinearities of c-ZrQ,. The results of the respective computations are
summarized in Table 1 where we present lattice constants, band gaps, the electronic contribution
to the dielectric constant and the two independent y® tensorial components of ¢-ZrO,. For the
sake of briefness a more detailed discussion of these outcomes are given in Appendix. Here we
will only mention that the observed method behavior, characterized by notable oscillations in
the computed bulk-nonlinearities is in line with previous studies [28—30] performed on finite
atomic semiconductor nanoclusters. Interestingly, the current computations reveal that the known
pathology of pure DFT functionals effect, concerns as well the computed dielectric constants
for which experimental are available (see values listed in Table 1). Nonetheless, and in-spite of
the obvious deviations, the obtained results allow us to make the following deductions. First,
for ¢-ZrO,, characterized by a rather wide bandgap, all three DFT methods yielded third order
susceptibilities of the same order of magnitude varying between 7.6 and 1.53 x 1072 m?V~2
for the tensorial component y'* and between 3.8 and 1.25 x 102! m2V~2 for y*.. Second,

iiii iijj*



considering that y® can be written as an infinite sum of terms [42] inversely proportional to
the cubic power of transition energies, the obtained outcomes at PBEO, B3LYP and PBE levels
indicate that as we approach the experimental band gap value from above/below, one should expect
larger/smaller theoretical values for both )(1(131)1 and )(1(13)] Third, taking into account that pure DFT
functionals, as PBE, systematically overshoot the (non)linear optical properties of molecular

systems [43] we expect that the upper limit of the theoretically determined components Xz(?z)z/ ng)j

of ¢-ZrO, should be considerably lower than 7.6 and 3.8 x 107>! m?>V~2, respectively. The latter
conclusions are supported by a brief DFT functional performance assessment, on the computation
of the molecular second dipole hyperpolarizabilities of three (ZrO;), nanoclusters, [44] namely,
Zr40g, ZrgO16 and Zr;503¢ with respect to CCSD(T) and MP2 ab-initio post Hartree-Fock
methods. The respective computations, presented in Appendix, exposed in addition the pivotal
importance of electron correlation effects on the third order optical nonlinearities of (ZrO;),
species.

Doping and vacancy/dopant distribution effects on the optical nonlinearities of YSZ. To
conduct the respective structure-property investigation, we considered doped bulk YSZ systems
of two concentrations in Y,03, namely, 33% and 3.2%mol. For the highest dopant concentration,
two different compensated unit cells were built upon the face centered cubic (fcc) Fm3m cell of
Zirconium dioxide (volume=131.9 A3, E,=5.37 eV) by removing one O atom from its tetrahedral
site creating an oxygen vacancy. Then, two out of the four nearest neighboring (NN) Zr atoms
of the corresponding vacancy were substituted by an equal number of Y atoms, delivering two
non-equivalent NN crystal structures of Y,03, 2ZrO,. The equilibrium nuclear geometry of each
unit-cell and their optical nonlinearities were optimized with the PBEO functional. In the case of
3.2%mol. in Y,03, we considered the ten most stable nonequivalent configurations reported by
Parkes et al. [25] the crystal structures of which were built upon a doped 2 x 2 X 2 super cell of
c-ZrO,, optimized with the PBE functional.

Table 2. Unit cell volume V (A3), band gap Eg (eV), electronic contribution to

the dielectric exx = €y and €; components, and Kerr (IDRI) effect third order

s 3 3 3 3 3 3 —
susceptibility )()(CX)XX = X§y)yy, ng)zz and X)(Cx)yya X)((x)zz = X)(,y)zz components (10721

m2V=2) of two non-equivalent local crystal structures of YSZ 33%mol. in Y,0j3 (see
Figure 2). All properties have been computed with the PBEO functional.

YSZ-A YSZ-B
v 132. 138,
E, 5.6 5.6
Exx 3.7 35
€ 3.5 33

Do 093 0.69
¥, 08 089
X, 070 065
¥, 062 062

Computed electronic and optical properties of the two crystal configurations of YSZ 33%mol.
in Y, O3 are given in Table 2. Both crystal structures are characterized by equal bandgap values
and reduced third order nonlinearities to those obtained for pure c-ZrO; (see Table 1). Judging
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Fig. 1. Variation of the third order susceptibility tensorial components (x;;ii,iijj) of
YSZ 3.2%mol. in Y> O3 as a function of the relative position between Y dopants (yellow
spheres) and O-vacancies (green spheres) . The unit cells [25] of each configuration
considered, representing symmetry in-equivalent vacancy/dopant distributions, are
schematically given at the right. Solid lines represent the corresponding susceptibility
components of ¢-ZrO,. All values have been computed at the PBEO level of theory.

from the relative strengths of each component along the x = y and z axis we see that although
the creation of an O vacancy and the replacement of two Zr atoms with Y reduces the cubic
symmetry of the host, the third order NLO responses remain quasi-isotropic in character since
,\/)(Ci)xx, xxyy & /\{g)m xxzz- Hence, even for a relatively high Yttria concentration, YSZ inherits
most of the isotropic nonlinear optical nature of c-ZrO,. A similar property trend is obtained for
all configurations of Y,03 3.2%mol. considered here.

As seen in Figure 1, the influence of the vacancy/dopant distribution on the properties
of interest is practically negligible. Furthermore, for both concentrations we also computed
the corresponding second order susceptibilities. In all cases, the computed second harmonic
generation y®(—2w; w, ) for w=0.8 eV (corresponding to the wavelength A =1550 nm) have
proven considerably small. Indeed, the largest absolute xyz-component value of x® for the most
stable YSZ 33%mol. structure is lower than 0.014 pmV ™.

In comparison to the c-ZrO;, the weak band gap opening of about 0.2 eV observed in YSZ
33%mol. in Y,03 should not justify the observed lowering in the third order susceptibilities.
Hence, bearing in mind that the third order nonlinearities of charge transfer insulators [45] should
depend on the amount of electron and hole states lying near the gap, the observed effect could be
primarily attributed to the doping induced reduction of the density of low lying hole-states in the
conduction band. This is very well illustrated by the projected density of states (PDOS) of YSZ
33%mol. (see Figure 2b) where the DOS projected on Zr atoms (3p in character), located at the
bottom of the conduction band, drastically decreases after the replacement of two Zr atoms with
an equal number of Y. On the other hand, the creation of an O vacancy does not bring important
changes in the valence band (O-2p-in-character) of c-ZrO,. These are two enlightening trends
suggesting that the third order nonlinear optical responses of doped c-ZrO, could be further
improved with doping agents that are able to deliver a significant increase of low lying hole-states.

Concentration dependence. So far, the obtained computational data revealed that the cubic
phase of pure c-ZrO, is characterized by third order nonlinearities lying above the limit of
1. x 10721 m*V~2. Also, computations on two different concentrations of YSZ (33 and 3.2%mol.
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Fig. 2. (a) Symmetry non-equivalent local crystal structures of YSZ 33%mol. in Y,03.
Zirconium, Oxygen and Yttrium atoms are in grey, red and yellow, respectively, and
the vacancy is in green. See Data File 1 and Data file 2 for the unit-cell fractional
coordinates of YSZ-A and YSZ-B, respectively. (b) Total and projected density of
states of c-ZrO, and YSZ-A.

in Y,03) provided solid proofs that Y-doping delivers a notable lowering of the respective
nonlinear optical responses whatever the vacancy/dopant distribution in the crystalline phase. In
this section we briefly focus on variation of the ngi)i, and Xﬁj)j components of YSZ as a function
of the Y,0j3 concentration. For this task we considered three concentrations of YSZ, namely
7%mol., 14 Jomol. and 33%mol. All unit cells of the doped bulk systems were built upon
compensated super-cells of c-ZrO; of appropriate sizes in order to obtain each of the desired
concentration in Y,0Os3. Unit-cell fractional coordinates of the four YSZ systems considered, 7%,
14%, 33%-A and 33%-B are reported in the supplementary material.

In every local crystal structure, NN doping method has been adopted without performing

further structural investigations for the determination of the most stable atomistic crystal structure.

The obtained property evolution, depicted in Figure 3, clearly demonstrates that YSZ third order
susceptibilities increase in a rather monotonic fashion while decreasing the concentration in
Y,03. Therefore, the optimal YSZ bulk system for photonic applications, built upon c-ZrO,,
should feature the lowest concentration in Y,Oj3 that ensures the stability of the cubic phase of
the respective crystal at room temperature.

3. Experimental characterization

The Intensity Dependent Refractive Index (IDRI) Kerr property of YSZ has been characterized
via the Kerr-induced Self Phase Modulation (SPM), in a YSZ-based waveguide directly fabricated
in the YSZ 8%mol. thin film.

The growth of high quality YSZ thin film is performed with an optimized Pulsed-Laser Deposition
(PLD) process on sapphire (0001), described in details reference. [22] We demonstrated that the
[001] growth direction of YSZ can be largely promoted with up to six in-plane grains orientations
separated by 15 degrees. The characterization by X-Ray Diffraction (XRD) of the H=300 nm

1
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Fig. 3. (a) Unit cell of YSZ 7%mol. considered in this study. (b) Evolution of Xl(?l)z and

XI(?J)J of YSZ as a function of the concentration in Y,0O3 computed with the B3LYP and
PBEO functionals and the smallest ECP basis set used in this work. All local crystal
structures have been optimized at the PBEO level of theory, see Data File 3 and Data file

4 for the unit-cell fractional coordinates of YSZ 7%mol and YSZ 14%mol, respectively.

thick film used in this work is presented Figure 4d and 4e. The 26-w XRD scan mode confirms
the only [001] YSZ growth direction on sapphire whereas the mosaicity is estimated via the Full
Width at Half Maximum (FWHM=0.03°) of the (002) YSZ peak of the w-scan.

YSZ waveguides are designed to confine and propagate a single quasi-TE optical mode in
telecom wavelength range. After an optimized fabrication process based on electron-beam lithog-
raphy and ion-beam etching techniques, waveguide dimensions are measured by Atomic-Force
Microscopy (AFM), as represented with the topographic profile Figure 4b. The etching depth is
D=80 nm and waveguides width W about 760 nm. Propagation losses @=3.2 dBecm™! at 1=1550
nm are measured for the quasi-TE mode thanks to the comparison of transmission levels from
different waveguide on the sample, long from L=0.8 mm to L=5.8 mm. This loss measurements
are performed with grating couplers, located at each waveguide extremity and fabricated with the
same process in the YSZ thin film.

As a nonlinear phenomenon, the Kerr effect characterization in YSZ waveguides strongly
depends on the light-matter interaction and thus on the injected optical power. In order to improve
the light injection we have therefore considered the butt coupling configuration and the longest
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Fig. 4. (a) Schematic view of a YSZ-based rib waveguide, designed and fabricated for
single-mode quasi-TE propagation in the H=300 nm YSZ thin film. (b) YSZ waveguide
geometry is characterized by Atomic-Force Microscopy (AFM). Dimensions of the
waveguide are D=80 nm for the etching depth and W=760 nm for the width. (c)
Simulation of fundamental TE mode under the experimental geometrical values of the
YSZ waveguide. (d) X-Ray Diffraction (XRD) of the YSZ thin film studied on sapphire.
The 26-w XRD scan presents both (002) and (0006) diffraction peak from YSZ and
sapphire substrate respectively, confirming the only one [001] YSZ growth direction.
(e) The w-scan reveals the mosaicity of the (001) YSZ plans with a Full-Width at
Half Maximum FWHM=0.03°. (f) Propagation losses @=3.2 dBcm™! are estimated at
A=1550 nm thanks to the transmission level of different waveguides, long from 0.8 to
5.8 mm.

waveguide available on the chip with a length of L=5.8 mm.

The experimental set-up used for the characterization of the YSZ samples is described in
referenc. [46] It consists of a mode locked Erbium doped fiber laser that delivers 150 fs duration
pulses with a repetition rate of F=50 MHz for a wavelength of 1=1580 nm. After passing through
a polarization beam splitter that guarantees the polarization state to excite the fundamental TE
mode, the pulses are shaped through a grating based stretcher that fixes the pulse spectrum
following a quasi-rectangular shape of variable widths and introduces an adjustable dispersion
coefficient ®. In the Fourier limit, the autocorrelation pulse duration has been measured equals
to Top = 2 ps. The polarized beam that exits the stretcher is injected via butt-coupling, using a
microscope objective (X20), to the YSZ waveguide which matches the excitation guided mode in
the taper. After the sample, another polarization beam splitter is used to verify the transmitted
polarization state.

We first probed thanks to this set-up the nonlinear absorption of YSZ by measuring the output
light power P,,,, for different injected powers P;, in the YSZ waveguide. The result plotted
in Figure 5a shows a linear behavior, indicating the absence of Two-Photon Absorption (TPA)
as it was expected due to the YSZ bandgap energy around Eg=4.5 eV. [39,40] From the slope,
and considering the two facets of the waveguide equivalent, we also extracted the transmission
coeflicient of about kr = 9.1%. The comparison of the output spectra for different input power
P;,,, Figure 5b, reveals a spectral broadening for higher power due to the Kerr effect induced by
the constituting material of the waveguide.

In absence of TPA, the nonlinear effective susceptibility of the waveguide can be written
as Re[ywg] = dnL/(KFPinLessn), with ¢ the nonlinear phase shift and Leg the effective
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Fig. 5. (a) Poyur vs. Piy, curve at 4 = 1580 nm revealing the absence of Two-Photon
Absorption (TPA), in agreement with the bandgap energy of Eg > 5 eV. (b) Optical
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(dashed red) of the spectrum transmits through a YSZ-based waveguide calculated
with the experimental parameters. (d) Experimental measurement of the power in the
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length given by Leg = (1 — exp(—aL))/a where « is the linear propagation losses, and n =

1/(F fOI/F |U(t)|? dt) with U(r) the normalized temporal shape of the pulse.

The mode simulation Figure 4c reveals the distribution of the electric field intensity propagating
through the YSZ waveguide. Being the substrate for the growth of the YSZ thin film, sapphire
also interacts with a part of the input power. Then, to extract the nonlinearities of YSZ, both
materials have to be considered in the nonlinear response. In a first approach, we can rewrite the
waveguide effective nonlinear susceptibility as the contribution of the two nonlinear materials
such as

2r
AANL

where I'ysz = 36.9% and I'a;,0, = 63.0% are the overlapped power confined in the two
materials, Ay the wavelength of the pump, Ay the nonlinear area calculated from the mode
simulation and n; the nonlinear refractive index. The nonlinear Kerr index from sapphire was
taken from reference [47] and equals to n?lzm ~ 3 x 1072 m*W~!. For the maximum input
average power P;;,, = 11.5 mW, the corresponding nonlinear phase shift ¢, is simulated to be
15 mrad as represented in Figure S5c. This value leads to an effective Kerr nonlinear coefficient
in YSZ equals to ng SZ ~4.0+2x 107" m®W~!, being one order of magnitude larger than in
sapphire and similar to the silicon nitride. [48] Furthermore, we have performed the analysis of
the spectral broadening behavior by plotting in Figure 5d the power contained in the symmetric
wings Py,ings of the measured output spectra for the different input powers. For input power lower
than 6 mW, P, is constant, limited to the noise floor of the optical spectrum analyser. For

Re[ywg] = (Tyszny>% + Tat0, n;“zO}) 4



higher powers, a quadratic variation of P, is observed in accordance with the variation of the
Kerr induced spectral broadening which is expected to be proportional to Pl.zn for oy < 1. [49]

4. Discussion

As YSZ is a crystal, ng SZ is a tensor as well as the third order nonlinear susceptibility XSS) 7
The in-plane orientation of YSZ grains in the waveguide is not well defined like in classical
silicon substrate and then the electric-field direction of the pump is not aligned along only one
crystallographic direction. Thanks to a complete material characterization of our films, [22] we
considered as a first approximation that the electric field of the pump is aligned equiprobably in the
[100] and [110] directions. In this case, the experimental value ng SZ pecomes an effective value
ﬁg SZ which can be compared to the theory via an effective third order nonlinear susceptibility
=(3)

Xysz» defined as follow

(3) (3)
~3) _ Xysz<i00> T Xysz<i10>

Xysz = 5 &)
where it has been demonstrated that for a cubic crystal
XI(/S.S)‘Z,<100> = X;E.S)’Z,xxxx ©)
and
3) Xys)z,xxxx + 3X1(/3s)z,xxyy
Xysz,<110> = 3

Using the calculated values for YSZ 7%mol., presented in Table 3, we found a theoretical

effective susceptibility of )?%)Z =2.00 x 1072 m>V~2 at B3LYP level of theory, leading to the
birefringence An = i1, where I is the laser radiation power per unit surface, with the in-plane
refractive index: 7, = 3¢ /4cegge = 1.3 x 10719m>*W~! (e is the relative dielectric in-plane

€xx-component, & is the electric permittivity of vacuum and c is the light celerity).

Table 3. Electronic contribution to the dielectric susceptibilities (€xx), third order
susceptibilities ( X;ic)xx,xm x 10721 m2v~2), effective third order susceptibilities
(¥® x 10721 m2V~2) and nonlinear refractive index (7, x1071° m?W~1) of YSZ
7%mol. in Y,0j3 (Figure 3a) computed at the PBEO and B3LYP levels of theory
on PBEO optimized local crystal structures. For Zr, Y atoms we used the pseudo-
potential (ECP) basis set of Hay and Wadt (Zr[3s1p1d], Y[2s1pld]), for O atoms the
Durand-Barthelat ECP basis ([2s1p])

Exx X)(c:jc)xx /\,/,(v’j:r)yy /’Y\G) ny
PBEO 4.24 1.20 0.99 1.64 1.1

B3LYP 433 148 1.19 200 1.3
B3LYP(+spd) 4.75 1.65 123 216 1.3

The theoretical value for YSZ 7%mol. is very close to the one of pure c-ZrO, which at the
same level of theory is estimated to lie only 1.2 times higher (e.g. 1.3 x10~'* m*W~! for YSZ vs
1.6 x107m?>W~! for c-ZrO, at B3LYP level of theory).



The convergence between experiment and theory is expected to improve if two additional
factors are to be taken into account. The first concerns the vibrational contributions to the third
order NLO responses of the systems considered. To address these effects we computed Raman
intensities with the CRYSTAL code, which depend on the variation of the dipole polarizability of
the unit cell with respect to atomic displacements. The outcomes of this brief investigation at the
PBEQ level of theory and the basis set of Table 3 suggest that the total IDRI second unit-cell
hyperpolarizabilities [50] (y}3,) of the pure and doped ¢-ZrO,, defined as yiot, = i +y°,
should be about 10% larger than y¢, regardless the laser high-frequency” (~6500 cm™!). The
second factor precisely, should involve frequency dispersion effects on y¢ which have not been
treated here under periodic boundary conditions due to software limitations. Nevertheless, we
estimate that for the experimental laser wavelength, corresponding to a photon energy of 0.8 eV
(A = 1550 nm), and a solid with a gap around 5 eV, the electronic part of IDRI- y®)(-w; w, —w, w)
should experience a maximum increase of 10%, under the hypothesis that the UV-absorption
spectrum has a strong absorption peak precisely at the gap. The respective guesstimate is further
supported by time dependent DFT (TD-DFT) sum-over-state (SOS) computations conducted on
two out of the three nanoclusters considered in this work, namely, (ZrO,)4 and (ZrO;)g (for more
details see Appendix). Furthermore, owed to its positive coefficient of thermal expansion, the
cell parameter of ZrO; is expected to increase as the temperature rises. This effect, not taken
into account in the calculation, could deliver an additional small increase of )(<3). Similarly, the
strain induced in the YSZ thin film by the sapphire substrate during the growth could be also
considered as an additional source of the observed deviation between theory and experiment.

5. Conclusion

In conclusion, we present in this work a detailed theoretical and experimental study of the third
order nonlinearities of YSZ. The IDRI Kerr property has been first predicted with ab-initio
calculations, for different unit cell configurations and compositions. As the nonlinearities
increase when the Yttrium-doping concentration decreases, we have experimentally fabricated
and characterized YSZ waveguides with a minimum of 8%mol. of Y,03, ensuring the cubic
structure. The nonlinearity birefringence ngsz ~ 4.0+2x107!” m>*W~! experimentally measured
is compared to the predicted static theoretical value: 72> ~ 1.3 x 101> m*W~! which is expected
to rise up to 7, ~ 1.6 x 1072 m>W~! if vibrational and dispersion effects are to be taken into
account.

The obvious convergence between experiment and theory demonstrates the robustness of our
method to characterize the nonlinearities of new materials. Furthermore, the computational
results exposed that for low concentrations in Y,03, YSZ IDRI Kerr should lie very close to
that of pure c-ZrO, which is not stable in ambient conditions. The latter outcome originates
from the inverse proportionality of both € and x® to the amount of Y,O3 units comprised in
the local atomistic structure of YSZ (n; o« x®)/€). Hence, although Y doping weakens the
third order nonlinearities of pure c-ZrO;, it does not have a dramatic impact on its Kerr index
(IDRI) which is of critical importance in photonic applications. Therefore, the current theoretical
and experimental investigation highlights the potential of YSZ to be used as a new material for
nonlinear optics.

Appendix
Sample fabrication

Sapphire (0001) substrates are cleaned with ethanol and annealed at 1200AfC in air for 4
hours before deposition. Laser ablation of 8%mol. yttria-stabilized zirconia rotating ceramic
target is carried out in a high vacuum stainless-steel chamber with a base pressure of 107
torr. The KrF excimer pulsed-laser (1=248 nm, 3 Jcm-2, 5 Hz repetition-rate) irradiates
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Fig. 6. Waveguides facets obtained with the two steps procedure of dicing, including
classical dicing technique and Focus Ion-Beam (FIB) etching. a) Top-view of the
sample edges with optical microscopy and b) cross-section observation of a waveguide
facet by SEM. One of the two sides of the sample is presented from a top view figure
S2 a) and from a cross section figure S2 b). Whereas the first classical technique allows
to mechanically dice the whole sample, the FIB technique etchs a small area, here the
extremities of the waveguides, leaving highly transmissive facets.

the target with an incidence angle of 45A%. The deposition occurs in a controlled oxygen
atmosphere of 30 mtorr with the substrate placed at 50 mm from the target and heated to
800AFC. YSZ thin films on sapphire are then cooled down to room temperature under 300 torr
of oxygen at 10A¥Cmin~' after deposition. Films thickness are measured with spectroscopic
ellipsometry (J.A. Woollam). Structural properties and crystallinity of the film are investigated
with high-resolution X-Ray Diffraction (XRD) using PANalytical X Pert Pro diffractometer and
Transmission Electron Microscopy (TEM) using an aberration probe-corrected FEI Titan Themis
microscope. Roughness of the film and geometry parameters (etching depth, width...) of the
rib waveguides are characterized with Atomic Force Microscopy (AFM). YSZ rib waveguides
are fabricated by electron-beam lithography in a 200 nm thick hydrogen silsesquioxane (HSQ)
electron resist layer. Charging effect during the writing, due to the insulator behavior of YSZ
and sapphire, is avoided by covering the resist with a 20 nm thick gold layer. The etching is
performed with an optimized Ion Beam Etching (IBE) technique using argon ions, accelerated
with a voltage of Vaccel=250 V and sputtering the sample with an incidence angle of 20A¥ from
the normal. Butt-coupling injection, required for third order nonlinear optical characterization, is
achieved by opening each facet of the YSZ waveguides by a two steps procedure of dicing. The
procedure includes firstly a mechanical dicing technique and secondly a Focus Ion-Beam (FIB)
etching technique, using a FEI Scios dual beam.

Computational Details

The truncation criteria of the Coulomb and exchange infinite lattice series in the self-consistent
field (SCF) calculation are controlled by five thresholds, T;, which have been set to: 8 (T-T4)
and 16 (Ts). The number of k-points in the irreducible Brillouin zone (IBZ) of the reciprocal
space has been fixed by the shrinking factors equal to 8 (35 k-points in the IBZ for the symmetric
c-ZrO; structure). The default numerical integration grid (XLGRID) has been used for DFT
and convergence thresholds on self-consistent-field (SCF) energy has been set to 10~ hartree
for structural optimizations (see the Crystal’s manual for more details on the parameters [51]).
Calculation of the electronic contribution to polarizability («®) and hyperpolarizabilities (8¢ and
v¢) of a unit cell is done with the coupled-perturbed Hartree-Fock and Kohn-Sham (CPHF/KS)
method [52] implemented in the CRYSTAL code for both finite molecular and infinite periodic
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systems [53-56]. For Zr, and Y atoms we relied on pseudo-potential (ECP) basis set substrates
constructed by Hay and Wadt. In this set the 12 and 11 valence electrons of Zr and Y, respectively,
are described by the (5sp,4d)/[3sp,2d] and (4sp,2d)/[2spld] sets of gaussian type functions,
while the remaining 28 core electrons are approximated by a non-relativistic potential. For O
atoms the Durand-Barthelat ECP basis set substrate was chosen in which the 15> core electrons
are approximated by a non-relativistic potential and the valence electrons are described by a
(4sp)/[2s1p] all electron set. The respective basis sets have been successfully used by Ricca et
al. [34] in the study of YSZ surfaces.

Third order nonlinearities of ¢c-ZrO-.

As seen in Table I of the main article, all methods considered provide cell parameters close to
the experiment. In the case of the computed bandgaps, PBEO and B3LYP hybrid functionals
overestimate by 0.8 (0.9) and 0.3 (0.4) eV, respectively, the experimentally determined values
reported by McComb [40] and Elizalde et al. [39]. The latter DFT methods provide also (optical)
dielectric constants which are found in good agreement with available experimental data. On
the other hand, the PBE pure functional delivered a band gap value which lies about 1.5 eV
lower than the experimentally determined one and overestimates the experimental dielectric
constant. To obtain a rough estimation about the influence of the dynamic electron correlation
on the computed bulk-nonlinearities we performed computations using the Hartree-Fock (HF)
approximation which does not treat dynamic electron correlation effects. The computed HF
large bandgap of 13.2 eV and the considerably weaker HF ,\{l(?l)l and Xl(z])j values of 0.13 and
0.19 x 1072!m? /V? respectively, demonstrate that electron correlation effects, by definition taken
into account in DFT, should be of decisive importance for the accurate theoretical determination
of the nonlinearities of pure c-ZrO,. To check the influence of the basis set applied, we added
to the initial basis set, one diffuse sp-gaussian type function for Zr and one d-type polarization
function on each O atom of c-ZrO,. The obtained values of 2.0 x 107! m?/V? for Xi(isi)i and
1.5x 1072 m?/V?2 for )(l(fj)j, at B3LYP level, reveal that if a richer basis set is chosen, no dramatic
changes on the computed bulk optical nonlinearities should be expected. Here it is important to
note that the obvious choice to add a set of diffuse sp function on O atoms has proven impractical
due to severe convergence problems in the SCF procedure. Finally, the replacement of ECP basis
set for O by an all-electron basis (8s6sp2d)/[1s3sp2d]) [57]) did not bring important changes on
the computed third order optical nonlinearities. For instance, at the PBEO level the latter basis
set yielded a value of 1.65 x 1072!m?/V? for /\(Si)i while for /\/1(13])] a value of 1.25 x 1072'm?/V?
was obtained.



Table 4. Electronic contribution to the second order dipole hyperpolarizability axial
tensorial components of Zr4Og Zr4Og, Zr,Og computed at the HF, MP2 CCSD(T)
B3LYP, PBEO and PBE levels of theory with the Def2-SVPD basis set (Zr:ECP(28
core electrons)(7s7pSd1f)/[Ss4p2d1f](valence), O:(8s5p2d)/[4s3p2d]). All values have
been divided by 103 and they are given in atomic units.

Method  yxxxx  Vyyyy  Yzzzz
Zr40g
HF 16.0 19.6 13.4
MP2 324 37.7 26.8
CCSD(T) 37.6 42.0 27.5
B3LYP 394  47.1 28.8
PBEO 343 407 25.6
PBE 57.4 67.1 38.9
ZrgO6
HF 35.7 25.1 20.5
MP2 87.7 56.2  40.5
B3LYP 104.7 61.1 394
PBEO 904 532  36.1
PBE 1669 853 51.7
Zr15039
HF 49.5 343  50.7
MP2 1064 693 106.7
B3LYP 1043 73.1 127.8
PBEO 94.1 62.7 112.7
PBE 193.1  99.2  208.2




Concerning the computed optical nonlinearities (electronic contribution), the largest responses
are delivered by the pure PBE functional which overshoots both /\71(131)1 and )(1(13) values by a factor
of five and two, respectively, as compared to the PBEO and B3LYP functionals. The observed
method dependence is in accord with the results listed in Table 4 which summarizes the second
dipole hyperpolarizability axial tensorial components of Zr4Og ZrsO16 and Zri503o (Fig 7)
computed at the HF, MP2 CCSD(T) B3LYP, PBEO and PBE levels with a sufficiently flexible
basis set that is expected to provide a reliable description of dynamic electron correlation effects at
the MP2 and CCSD(T) levels of theory. Out of the three functionals considered here, B3LYP and
PBEQO delivered values close to those obtained at CCSD(T) and MP2 levels. On the other hand,
the pure PBE functional yielded largely overestimated microscopic second hyperpolarizabilities
for either cluster size. Finally, to verify our qualitative estimation about the frequency dispersion
effects reported in the main text, we studied the dynamic microscopic hyperpolarizabilities of
Zr4Og and ZrgOj¢ clusters at the time dependent PBEO level of theory (TD-PBEO) using the
widely applied sum-over-state (SOS) treatment developed by Orr and Ward [42], [58]. At this level
of theory, that showed a good performance in the calculation of cluster static hyperpolarizabilities,
the computed optical gaps of Zr4Og and ZrgO14 (4.6 and 5.3 eV respectively) are comparable
to the vertical bandgap of the bulk. The outcomes of our SOS computations obtained with the
jorge-DZP all-electron [59] basis set over the first 100 singlet excited states showed that the IDRI
dynamic average second hyperpolarizability y(-w;, w, —w, ) (w=1550 nm) should lie 11 and
10% higher than the static values of Zr4Og and ZrgO1¢, respectively.
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