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 30 
The design of active optical devices integrating second-order nonlinear (SONL) optical 31 

responses typically relies on the use of dielectric crystalline materials such as lithium niobate 32 

(LN) or semi-conductors such as GaAs. Despite high SONL susceptibilities, these materials 33 

present important geometry constrains inherent to their crystalline nature limiting the 34 

complexity of the designed photonic systems. Conversely, amorphous materials are versatile 35 

optical media compatible with broad platform designs possessing a wide range of optical 36 

properties attributable to their composition flexibility. Demonstrated here for the first time in 37 

an amorphous inorganic material, we report a magnitude of SONL optical susceptibility (χ(2) 38 

=29 pm/V at 1.06 µm) comparable to that of LN single crystal. By using a thermo-electrical 39 

imprinting process, fine control of the induced uniaxial anisotropy is demonstrated at the 40 

micrometer scale. This work paves the way for the future design of integrated nonlinear 41 
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photonic circuits based on amorphous inorganic materials enabled by the spatially selective 42 

and high SONL optical susceptibility of these promising and novel glass materials. 43 

 44 

 45 

Research efforts towards the realization of efficient integrated photonic circuits (IPCs) where 46 

active and passive optical components are combined on a single chip, have expanded over the 47 

past decade. While this technology continues to mature, there remains significant challenges 48 

associated with planar material optical function and multi-material integration. The design of 49 

complex photonic structures requires a spatial control at widely varying length scales (from 50 

micrometer to centimeter) and the merging of multiple optical and chemical functionalities 51 

(for sensing devices). A promising platform for IPCs is silicon based[1] due to the very high 52 

refractive index (RI) difference between the silicon waveguide and its cladding (air or silicon 53 

oxide) which induces  strong confinement of light allowing unprecedented small bend radii 54 

(down to 1 µm); such attributes can thus minimize the resulting component’s footprint. 55 

Thanks to this confinement, efficient third order optical processes like stimulated Raman 56 

scattering have been observed in silicon waveguides[1]. However, as many active optical 57 

devices rely on second order nonlinear (SONL) optical processes rather than third, silicon 58 

cannot meet this demand as it is centrosymmetric and thus possesses a χ(2) of zero. Efforts to 59 

modify this intrinsic behavior have been reported showing that one can break silicon’s 60 

centrosymmetry and induce a χ(2) as high as 15 pm/V in a straight waveguide by depositing a 61 

straining layer on the waveguide’s surface.[2] Another important platform for IPCs is lithium 62 

niobate (LN).[3] LN exhibits good optical transparency spanning from the visible to mid-63 

infrared as well as a strong SONL response (χ(2)zzz=55 pm/V for the single crystal grown from 64 

the congruent melt)[4] making it a material of choice for active optical devices for 65 

telecommunication. Traditional approaches to form waveguides in bulk LN through processes 66 
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like Ti+ diffusion have been shown to result in low RI differences and thus don’t allow for 67 

complex structures. Unlike silicon, LN crystal is not isotropic thus enabling a strong SONL 68 

optical response yet creating possible geometry restrictions in the realization of certain 69 

devices. Several methods can be used to circumvent this problem. One is to use LN thin films 70 

on insulators (LNOI) making possible the design of ridge and wire waveguides exhibiting 71 

appreciable RI difference.[3] Quasi-phase matching (QPM) for frequency conversion has been 72 

achieved on periodically grooved[5] dry etched or periodically poled[6] (based on domain 73 

inversion) LNOI waveguides with good results. Another strategy employed is to use the LN 74 

platform for its SONL optical properties but to rely on an easily patterned material to form the 75 

guiding structure. Amorphous materials are good candidates for this task. Electro-optical 76 

microring resonators and Mach-Zehnder interferometers have been realized on a LNOI 77 

platform with a patterned chalcogenide thin film waveguide.[7] Compared to their crystalline 78 

counterparts, amorphous materials are more flexible and versatile as they are compatible with 79 

a range of forming processes and their optical properties can be tailored by tuning their 80 

composition. 81 

Since many active optical devices rely on SONL properties and since glass is isotropic, its use 82 

is often limited to passive components such as waveguides. It is well known that breaking the 83 

centrosymmetry of glass by heating the sample under a strong voltage followed by cooling 84 

back down before removal of the DC field (or thermal poling) can result in the formation of a 85 

stable SONL optical susceptibility at the glass’ surface. This process was first observed in 86 

fused silica[8] and has since been extended to many different glass families including 87 

silicate,[9] heavy metal oxides,[10–12] chalcogenides[13] among others. It can also be applied to 88 

chromophores containing polymer[14–16]; hence, this constitutes a field of research beyond the 89 

scope of this paper but such applicability to multiple systems highlights the versatility of the 90 

approach. Thermal poling used as an imprinting process (employing a patterned electrode) has 91 

resulted in the demonstration of superb spatial control of a stable SONL susceptibility at the 92 
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micrometer scale in different bulk glasses.[17,18] To date, limited efforts to extend this effect to 93 

amorphous thin films suitable for integrated planar structures have been shown.[19–21] While 94 

interesting findings have resulted from these studies, no amorphous inorganic material (in 95 

bulk or thin film form) has to date exhibited SONL susceptibility levels of sufficient 96 

magnitude to replace LN-based structures. 97 

This work describes the patterning of SONL susceptibility of amorphous thin film in the 98 

binary system Nb2O5-Na2O, demonstrating its potential as a promising candidate system with 99 

a range of physical and optical properties suited to IPCs. To the best of our knowledge, only 100 

one other group has reported the RF sputtering synthesis of amorphous NaNbO3 thin films.[22] 101 

Here, we focus on one thin film composition containing 10 at.% of sodium with films 102 

prepared by radiofrequency (RF) sputtering. The cross section of these films as investigated 103 

by scanning electron microscopy (SEM) (Figure 1a) shows excellent thickness uniformity, 104 

good adhesion to the borosilicate microscope slide substrate with no evidence of 105 

delamination. The 1.83±0.02 µm thick film appears homogenous at this scale, with no sign of 106 

porosity nor other microstructural defects which could lead to light scattering. The 107 

composition homogeneity throughout the thickness of the film has been confirmed by 108 

secondary ion mass spectroscopy (SIMS) measurements (Figure 1b) and the film’s 109 

amorphous nature is validated by the x-ray diffraction (XRD) diffractogram (Figure 1c). The 110 

optical properties of the film are shown Figure 1d through 1f. The film’s refractive index 111 

dispersion has been quantified by two different techniques (ellipsometry and refractometry) 112 

and measurements from both are in good agreement; these data were successfully fitted using 113 

a Sellmeier equation[23] across a large spectral window (0.5 to 4.5 µm) where the film is 114 

transmissive. The film exhibits a refractive index of 2.046±0.005 at 1.064 µm which is 115 

comparable to that reported for amorphous Nb2O5.[24] The transparency domain, reconstructed 116 

from transmission measurements in the visible and reflection measurements in the infrared 117 

due to the substrate’s absorption (Figure 1e and 1f), spans from 0.4 to 5 µm exhibiting 118 
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comparable optical transparency to that shown by LN.[3] These measurements also confirm 119 

the absence of light scattering in the whole spectral region investigated, consistent with no 120 

evidence of nanocrystallinity in the film. 121 

An efficient thermo-electrical imprinting process on ionic bulk glasses is characterized by a 122 

depletion of mobile cations under the conductive parts of the electrode. The next two figures 123 

clearly illustrate how this process is successfully transferred to amorphous thin films in the 124 

present work. The principle of the micro-poling treatment is illustrated in Figure 2a. Here, the 125 

electrode is comprised of an indium tin oxide (ITO) thin film that is ablated by laser 126 

irradiation to form alternating patterned regions of conductive and nonconductive zones. In a 127 

manner similar to that used in previous studies on bulk glasses,[17] Raman mapping (Figure 128 

2b through 2d) of the band centered at 850 cm-1 (Figure 2c) was used to track the sodium 129 

distribution on the surface of the patterned film. This band is attributed to Nb-O stretching 130 

modes where the oxygen is involved in an ionic bond with sodium. We observe a decrease of 131 

this band for regions of the thin film under the conductive zones of the electrode (zone 2) 132 

confirming the departure of sodium with the electrical field. Furthermore, a concurrent 133 

evolution of the signature associated with molecular oxygen (mapping of the band at 134 

1550 cm-1, Figure 2d is seen, as observed in prior efforts where it was shown that this band is 135 

associated with an electronic or ionic conduction that compensates for the departure of 136 

positive charges.[25,26] Both maps show evidence of homogenous structural rearrangement of 137 

the film, corresponding to the regions of the electrode’s pattern correlating and illustrating the 138 

spatial precision of the imprinting process. The localization, the geometry and the magnitude 139 

of the SONL optical response are discussed in Figure 3. Here, the second harmonic 140 

generation (SHG), evidence of the SONL optical response in the film, was probed under 141 

specular reflection conditions using a confocal microscope. The sample is oriented so that the 142 

linearly polarized incident light is perpendicular to the imprinted line (along the X axis, see 143 

Figure 2a for the orientation of the sample). The SHG signal is analyzed along the same 144 
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polarization orientation thus the term χ(2)xxx of the SONL susceptibility tensor is probed. The 145 

SHG response is confined (c.f. Figure 3a) to regions where the sodium concentration gradient 146 

is the strongest (i.e. at the edge of the conductive part of the electrode). It is maximal at the 147 

border of the sodium-rich/sodium-depleted zones and decreases by three orders of magnitude 148 

over less than three microns.  149 

The SHG response in the patterned domains is largest when the sample is oriented as shown 150 

(corresponding to 0 or 180° positions on the polar plot Figure 3b). When the orientation of 151 

the sample turns the signal gradually decays following a square cosine function to reach a 152 

complete extinction when the imprinted line is parallel to the incident light polarization 153 

(corresponding to 90 or 270 ° on the polar plot). This directional variation shows the uniaxial 154 

geometry of this response and the rigorous geometry control of the SONL susceptibility. 155 

In order to quantify the magnitude of the SONL optical susceptibility obtained using our 156 

imprinting process on these sodo-niobate amorphous films, we have measured the SHG as a 157 

function of the incident power and compared it to that of a reference (Figure 3c). The 158 

reference material used is a bulk lithium niobate single crystal grown from a congruent melt. 159 

Both measurements were made under the exact same experimental conditions. Here, the 160 

incident and analyzed polarizations were along the bulk single crystal’s c axis so that only the 161 

strongest coefficient of the SONL susceptibility tensor of the crystalline reference 162 

(χ(2)zzz=55±6 pm/V)[4] was probed. The SHG signal’s quadratic dependence were fitted on the 163 

basis of the classical theoretical expression of the SHG intensity as a function of the incident 164 

power.[27] From these data, we extracted the magnitude of the thin film’s SONL susceptibility 165 

using the ratio between the two quadratic law fitting coefficients, taking into account the 166 

different refractive indices, and incorporating a correction for the surface’s reflection losses 167 

(all details are given in the supporting information). Employing this protocol, the SONL 168 

susceptibility micro-localized at the sodium-rich/sodium-depleted (on a scale of 3 µm) 169 

frontier of these amorphous sodo-niobate films was determined to be 29±4 pm/V. After 170 
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demonstrating such accurate and spatially precise control of the second order optical 171 

properties for these electrically polarized amorphous optical thin films, the next step is 172 

naturally to progress toward the fabrication of features such as nonlinear optical amorphous 173 

waveguides which would be important geometries in the design of a planar optical devices. 174 

The lines that we have imprinted on the films are 5 mm long and a similar SHG response has 175 

been measured over their whole length (±10 % in intensity).  Hence, we can reasonably 176 

prospect to apply this technique to induce a second order optical susceptibility over long 177 

distances which could be of interest for the design of an electro-optical waveguide. To 178 

achieve quasi phase patching conditions (QPM), a waveguide could be poled with a comb-179 

like electrode (similar to the one used here[28]) on its side to obtain periodically alternating 180 

SONL active and non-active domains. Now, if a similar comb-like electrode were to be put on 181 

the other side of the waveguide but with a spatial offset, inverted domains could be formed 182 

along the waveguide. According to the index dispersion of these niobate amorphous films 183 

(Figure 1), the coherence length varies from 9 to 25 µm for wavelengths ranging from 1.5 to 3 184 

µm; hence, the accuracy of the imprinting process demonstrated in this study denotes the 185 

feasibility to pattern the SONL properties of these niobate amorphous materials within this 186 

scale range. 187 

In conclusion, we have synthesized and characterized the properties of amorphous sodo-188 

niobate thin film materials. A thermo-electrical imprinting process was applied to these high 189 

optical quality thin films extending to thin films previously observed in bulk poling 190 

mechanisms. An unprecedented high SONL optical susceptibility for an amorphous inorganic 191 

material, on the order of magnitude of that of crystalline LN was demonstrated and quantified 192 

in side-by-side evaluation of both materials The fine control of the localization and the 193 

geometry of the resulting SONL response enabled through the use of patterned electrode, has 194 

demonstrated the potential viability of these materials in future devices. The fabrication 195 

flexibility guaranteed by the amorphous nature of the sodo-niobate thin film combined with 196 
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an easy protocol to induce microscale, local uniaxial anisotropies with χ(2) values, competing 197 

with a crystalline LN, opens vast new opportunities for the design and manufacturing of 198 

planar photonic architectures for the visible through mid-infrared spectral region. 199 

 200 
Supporting Information 201 
Supporting information is available from Wiley Online Library or from the author. 202 
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 280 
Figure 1. Characterization of the sodo-niobate film: a) Thin film on glass slide cross section 281 
viewed by SEM, the scale bar is 1 µm. b) SIMS profile recorded through the depth of the 282 
film. Silicon and Boron concentration increase shows that the borosilicate glass substrate 283 
interface was reached. c) XRD pattern of the bare borosilicate substrate (in red) and that of the 284 
thin film (black) confirming the amorphous nature of both; the three peaks on the substrate’s 285 
diffractogram originate from the sample holder (aluminum). d) Film refractive index 286 
dispersion obtained by a Sellmeier fit on data extracted from two different techniques; on the 287 
refractometry measurements (opened squares) the error is within the size of the data point. 288 
The transparency window of a 1.4 µm thick film in black: transmission in the visible (e) and 289 
reflection in the infra-red (f); as a comparison the substrate’s spectra are also presented in red 290 
(opened triangles). 291 
 292 
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 293 

Figure 2. Thermo-electrical micro-imprinting process: a) Schematic of the process: the sodo-294 
niobate thin film is deposited on a borosilicate glass slide (1), and heated while a strong 295 
voltage is applied by a structured electrode (in contact with the sample as opposed to some 296 
other techniques)[5] (2) and cooled back down before turning the DC field off. This gives rise 297 
to two different zones on the post-processed sample (3). b) (top) The characteristic Raman 298 
spectra (top) extracted from zone 1 (red) and 2 (black). The spectra have been normalized by 299 
the area under the curve. To illustrate evidence of the structural variations of the two regions, 300 
the difference Raman spectra is presented (bottom), corresponding to the response in zone 1 301 
(unaffected by poling) subtracted to the poled region in zone 2. c), d) Spatial evolution of two 302 
different bands: (c) corresponds Nb-O stretching modes associated with Nb-O-…Na+ 303 
structural units, and (d) to spectral region illustrating the presence of molecular oxygen 304 
attributed to compensation mechanisms occurring during poling.[17] 305 
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 306 

Figure 3. Localization, geometry and magnitude of the induced SONL optical response. a) 307 
SHG intensity map realized on the poled film with a linearly polarized light (VV) 308 
perpendicular to the imprinted line. b) Normalized SHG intensity as a function of the 309 
orientation of the sample (0-180 ° corresponds to the imprinted line perpendicular to the 310 
incident light polarization and 90-270 ° parallel). The data were normalized to the maximum 311 
value. Repeating the experiment several times allows estimation of error bars to a value of 312 
approximately 15 %. A fit with a cos2 function demonstrates the uniaxial geometry of the 313 
response. c) SHG intensity as a function of the linearly polarized incident light power for the 314 
thin film (in black – oriented so that the imprinted line is perpendicular to the incident light) 315 
and for the LN single crystal (in red – oriented so that the c axis is collinear to the incident 316 
light polarization and so that χ(2)zzz is probed). The error bar was estimated by repeating the 317 
measurements. The continuous lines correspond to quadratic fits. 318 
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A second order nonlinear optical susceptibility is induced by a thermo-electrical imprinting 320 
treatment in an amorphous thin film. A magnitude for the χ(2) of 29 pm/V is measured, this 321 
value is the highest ever reported for an amorphous inorganic material. The induced uniaxial 322 
anisotropy is localized at the micrometer scale opening the way for new active planar 323 
photonic architectures based on amorphous materials. 324 
 325 
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 341 
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Rashi Sharma, G. Senthil Murugan, Thierry Cardinal, Evelyn Fargin, Vincent Rodriguez, 343 
Kathleen A. Richardson, Marc Dussauze* 344 
 345 
Thin films deposition: 346 
Thin films were deposited by radio frequency (RF) sputtering in a Leybold L560 system on 347 
thoroughly cleaned (in isopropanol and ion sputtered with argon for 4 min) Schott borofloat 33 348 
substrates. The target (75 mm dia.x3 mm thick, 99.9 %pure) of composition 70.8 mol% Nb2O5 349 
+ 29.2 mol%Na2O used for that purpose was purchased from Testbourne Ltd. The films were 350 
deposited in an argon/oxygen mixture with a gas flow of 47.5 and 2.5 sccm respectively under 351 
a pressure of 0.4 Pa at a RF power of 100 W for six hours and fifteen minutes. The deposition 352 
rate was of about 0.29 µm/h. The substrates were not heated during the deposition. 353 
 354 
Thermal poling: 355 
The thin film on glass substrate, sandwiched between an anode (on the film side) and a silicon 356 
wafer at the cathode was heated at a rate of 15 °C/min up to 290 °C under vacuum. A 357 
microscope cover was placed between the cathode and the sample to preserve the optical quality 358 
on this side. After 10 min under nitrogen flow (6 L/min) to stabilize the temperature, a DC 359 
voltage of 1500 V was applied to the sample (at a rate of 375 V/min) and was kept on for 30 min, 360 
time after which the sample was brought back to room temperature before the DC voltage was 361 
turned off. The anode used consisted of a 100 nm layer of indium tin oxide (ITO) deposited on 362 
borosilicate glass. The 10 mmx5 mm electrode has been patterned by laser ablation (see 363 
elsewhere for details[17]). In the case of this study straight lines of 10 µm width of ITO have 364 
been ablated.  365 
 366 
Thin film characterisation prior to poling: 367 
The SEM image of the cross section of the film was performed on a Zeiss Ultra 55 FEG SEM 368 
at a working distance of 3.1 mm and under 3 kV. Secondary ion mass spectroscopy (SIMS) 369 
measurements were performed by Mikhail Klimov at the Material Characterisation Facility 370 
(MCF) at the University of Central Florida (UCF) on PHI Adept 1010 dynamic SIMS system. 371 
Xray diffraction (XRD) spectra were acquired by Eric Lebraud at the Insitut de Chimie de la 372 
Matière Condensée de Bordeaux (ICMCB) common characterization service the on a 373 
PANalytical X’pert PRO MPD diffractometer. Refractive index was measured using a 374 
Woollam M2000 ellipsometer in the visible and near infrared (IR) and with a modified Metricon 375 
prism coupler (model 2010M) at 1.88, 3.3 and 4.515 µm. Each measurement with the Metricon 376 
was repeated ten times and averaged, a reference sample and the bare substrate were also 377 
measured prior to the thin film sample. This set of index measurements have been fitted using 378 
the following Sellmeier law equation : 𝐧𝐧𝟐𝟐 = 𝟏𝟏 + 𝐚𝐚𝟏𝟏𝛌𝛌𝟐𝟐

𝛌𝛌𝟐𝟐−𝐛𝐛𝟏𝟏
𝟐𝟐 + 𝐚𝐚𝟐𝟐𝛌𝛌𝟐𝟐

𝛌𝛌𝟐𝟐−𝐛𝐛𝟐𝟐
𝟐𝟐 379 

The fitting curve presented in figure 1(d) have been obtained with the parameter values: 380 
(a1=3.12, b1=0.18 µm, a2=1.57, b2=11.0 µm). In more details, one should notice that because 381 
our index measurements were not conducted for wavelength higher than 4.5µm, the fitting 382 
accuracy for the two terms a2 and b2 (linked to the material absorption in the IR domain) is not 383 
optimum. Similar theoretical curves could be obtained by adjusting the a2 term for b2 values 384 
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ranging from 8 to 10 µm. Nevertheless, such analysis accurately depicts the material index 385 
dispersion within almost the entire visible-IR transparency range of the niobate films studied. 386 
The IR reflectance measurements were performed on a Fourier-transform vacuum spectrometer 387 
(Vertex 70V) with a resolution of 4 cm-1. The UV visible transmission spectra were recorded 388 
on a Cary 500 (Varian) spectrometer between 200-2300 nm with a 1 nm resolution. 389 
 390 
Correlative Raman/SHG confocal microscopy: 391 
Micro-Raman and micro-SHG measurements were recorded in backscattering mode on a 392 
modified confocal micro-Raman spectrometer HR800 (Horiba/Jobin Yvon) allowing co-393 
localised Raman and SHG measurements. This correlative microscopy allows for a direct 394 
comparison between structural characterization and SONL optical properties. A continuous 395 
wave laser operating at 532 nm is used for Raman and a picosecond pulsed laser at 1064 nm is 396 
used for micro-SHG measurements. SHG and Raman mapping were realized using a point by 397 
point method with a 0.4 µm step in the X direction, and 1 or 4 µm in the Y direction depending 398 
on the global map size. Typical resolution used for Raman is 2.5 cm-1. For all measurements 399 
the incident laser polarization and the analysed optical Raman and SHG signals were vertically 400 
polarized.  401 
 402 
SONL optical properties quantification: 403 
To quantify the second order susceptibility using SHG reflection microscopy in confocal mode, 404 
we consider that: (i) only the reflected wave originating from the first interface air/dielectric is 405 
collected, (ii) one layer of about one wavelength thick contributes to the radiation of the SHG 406 
reflected ray as considered by Bloembergen et al.[29] Under these assumptions, as the volume 407 
of interaction considered is much lower than the coherence length, it is possible to neglect the 408 
classical propagation term in the SHG intensity estimation. We can consider the following 409 
equation for the SHG reflected intensity, I2ω, as a function of the incident power, Iω: 410 

𝑰𝑰𝟐𝟐𝟐𝟐∿
(𝟐𝟐𝟐𝟐)𝟐𝟐

𝟖𝟖𝜺𝜺𝟎𝟎𝒄𝒄𝟑𝟑
�𝝌𝝌(𝟐𝟐)(−𝟐𝟐𝟐𝟐;𝝎𝝎,𝝎𝝎)�𝟐𝟐

𝒏𝒏𝝎𝝎𝟐𝟐 𝒏𝒏𝟐𝟐𝟐𝟐
𝑳𝑳𝟐𝟐𝑰𝑰𝝎𝝎𝟐𝟐  411 

With ε0: vacuum permittivity 412 
𝒄𝒄: speed of light in vacuum 413 
ω and 𝟐𝟐ω: the incident and second harmonic pulsation 414 
𝒏𝒏ω and n2ω: the indices at ω and 2ω  415 
L: is the layer thickness contributing to the radiation of the SHG reflected ray. Considering SHG 416 
specular reflectance from one unique interface, we assume this layer to be one wavelength thick 417 
and to be independent of the materials probed[29]. 418 
χ(2) (- 𝟐𝟐ω;ω,ω): the second order susceptibility 419 
We have also considered reflection loss for the incident light, this means the actual intensity 420 
that participate to the SHG is: 421 

𝐼𝐼𝜔𝜔 =
4𝑛𝑛𝜔𝜔

(𝑛𝑛𝜔𝜔 + 1)2 𝐼𝐼𝜔𝜔
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 422 

Where Iω
meas is the measured intensity before the sample’s interface. 423 

Therefore, given these approximations, the SHG reflected intensity can be rewritten as: 424 

𝑰𝑰𝟐𝟐𝟐𝟐∿
𝟒𝟒𝟐𝟐(𝟐𝟐𝟐𝟐)𝟐𝟐𝑳𝑳𝟐𝟐

𝟖𝟖𝜺𝜺𝟎𝟎𝒄𝒄𝟑𝟑
�𝝌𝝌(𝟐𝟐)(−𝟐𝟐𝟐𝟐;𝝎𝝎,𝝎𝝎)�𝟐𝟐

(𝒏𝒏𝝎𝝎 + 𝟏𝟏)𝟒𝟒𝒏𝒏𝟐𝟐𝟐𝟐
(𝑰𝑰𝝎𝝎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎)𝟐𝟐 425 

If a thin film and a LN are respectively the fitting coefficient of the quadratic laws for the thin film 426 
and LN single crystal, the final expression for the second order susceptibility of the thin film 427 
is: 428 
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𝝌𝝌𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕 𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇
(𝟐𝟐) (−𝟐𝟐𝟐𝟐;𝝎𝝎,𝝎𝝎) = 𝝌𝝌𝑳𝑳𝑳𝑳

(𝟐𝟐)(−𝟐𝟐𝟐𝟐;𝝎𝝎,𝝎𝝎)�
𝒂𝒂𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕 𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇

𝒂𝒂𝑳𝑳𝑳𝑳

𝒏𝒏𝟐𝟐𝟐𝟐
𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕 𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇�𝒏𝒏𝝎𝝎

𝒕𝒕𝒉𝒉𝒉𝒉𝒉𝒉 𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇 + 𝟏𝟏�
𝟒𝟒

𝒏𝒏𝟐𝟐𝟐𝟐𝑳𝑳𝑳𝑳(𝒏𝒏𝝎𝝎𝑳𝑳𝑳𝑳 + 𝟏𝟏)𝟒𝟒
 429 

Please note that the LN single crystal is not oriented in a phase matching condition. the LN 430 
orientation has been chosen to probe only the strongest term of its χ(2) tensor: χ(2) zzz.  Similarly, 431 
the thin film was oriented to quantify its maximum SHG response, i.e. perpendicular to the 432 
imprinted lines along the x-axis in the sample referential, thus probing only the term χ(2) xxx. 433 


