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Transient thermal conductivity in PECVD SiN x at high temperature: the thermal signature of an on-going irreversible modification

Introduction

Amorphous silicon nitride (a-SiN x , with 0 < x < 1.33) films have attracted en ever growing interest in recent years thanks to their appealing physical, chemical, structural, optical and electrical properties, which make them suitable for applications in a very large panoply of technologies. Largely used into the di-5 electric stacks of integrated circuits, as passivation or capping layers [START_REF] Benoit | Hydrogen desorption and diffusion in pecvd silicon nitride. application to passivation of cmos active pixel sensors[END_REF], and as gate insulators in thin film transistors [START_REF] Duffy | Preparation, properties and applications of chemically vapor deposited silicon nitride films[END_REF][START_REF] Sinha | Reactive plasma deposited si-n films for mos-lsi passivation[END_REF][START_REF] Hasegawa | Relationship between the stress and bonding properties of amorphous sin x: H films[END_REF], this material has become today an important alternative to silicon for integrated nonlinear optical applications, such as waveguides [START_REF] Wang | Nonlinear silicon nitride waveguides based on a pecvd deposition platform[END_REF], and is at the focus of research for photonic architectures in energy harvesting applications [START_REF] Braña | Enhancing efficiency of c-si solar cell by coating nano structured silicon rich silicon nitride films[END_REF]. The possibility of tuning its properties, 10 and specifically its band gap, by tuning the nitrogen content makes it a very attractive material with manageable vibrational, electrical and optical properties [START_REF] Ibaraki | Properties of amorphous semiconducting a-s i: H a-si n x: H multilayer films and of a-si n x: H alloys[END_REF][START_REF] Lowe | The electronic properties of plasmadeposited films of hydrogenated amorphous sin x (0 ≤ x ≤ 1.2)[END_REF][START_REF] Hasegawa | Si-h and n-h vibrational properties in glow-discharge amorphous sin x : H films (0 ≤ x ≤ 1.55 )[END_REF][START_REF] Hasegawa | Bonding configuration and defects in amorphous sin x : H films[END_REF].

Still, the very same variability of these properties represents a technical chal-lenge, as it strongly depends on the growth technique used and the resulting film morphology, texture, and chemical composition, which are not always perfectly mastered. Many are the techniques used for growing amorphous SiN x thin films, which lead to quite different materials, with a large variability in properties such as density, elastic moduli, intrinsic stress and thermal conductivity. Among such techniques, the one of choice for the preparation of SiN x for electronic and optic devices is the Plasma Enhanced Chemical Vapor Deposition (PECVD), which has the advantage of growing the material at low temperature. Here as well, however, the choice of the growth parameters, such as the deposition temperature, the radio-frequency, and the plasma pressure, can dramatically affect the properties of the deposited film [START_REF] Stoffel | Lpcvd against pecvd for micromechanical applications[END_REF][START_REF] Jehanathan | Thermal stability of plasma enhanced chemical vapor deposited silicon nitride thin films[END_REF]. Such large variability comes not only from the morphology or the exact Si:N ratio, but as well from an often uncontrolled content of hydrogen, which is bounded to both Si and N. Indeed, it has been reported that hydrogen is almost always present and its content and relative amount of the two types of bonds significantly affect the structural, electrical and mechanical properties of the thin film [START_REF] Bae | Characteristics of low-temperature silicon nitride (sinx: H) using electron cyclotron resonance plasma[END_REF][START_REF] Soh | Local bonding environment of plasma deposited nitrogen-rich silicon nitride thin films[END_REF][START_REF] Braun | Hydrogen effects on the thermal conductivity of delocalized vibrational modes in amorphous silicon nitride (a-SiNx:h)[END_REF]. A panoramic of the different physical properties of SiN x , depending on the growth technique, can be found in two recent reviews from Kaloyeros et al. [START_REF] Kaloyeros | Silicon nitride and silicon nitride-rich thin film technologies: Trends in deposition techniques and related applications[END_REF][START_REF] Kaloyeros | Review-silicon nitride and silicon nitride-rich thin film technologies: State-of-the-art processing technologies, properties, and applications[END_REF]. Here it is possible to appreciate the advantage of the PECVD method over the others, concerning thermal applications of SiN x . Indeed, PECVD a-SiN x has been reported to present a very low thermal conductivity, about 0.7 W/m K at room temperature [START_REF] Lee | Heat transport in thin dielectric films[END_REF], which is of relevance, as such films contribute to the thermal balance of the electronic devices, and thus play a role in solving the thermal management problem in microelectronics. This value has been reported for thicknesses larger than 100 nm, and represents the smallest thermal conductivity among all possible growing techniques for such thicknesses, the values being almost the double for the Atmospheric Pressure Chemical Vapor Deposition (APCVD) and the Chemical Vapor Deposition at 1173 K [START_REF] Kaloyeros | Review-silicon nitride and silicon nitride-rich thin film technologies: State-of-the-art processing technologies, properties, and applications[END_REF][START_REF] Lee | Heat transport in thin dielectric films[END_REF], and going up to 13 W/mK in Low Pressure Chemical Deposited SiN x [START_REF] Zhang | Thermal conductivity and diffusivity of freestanding silicon nitride thin films[END_REF][START_REF] Sikora | Highly sensitive thermal conductivity measurements of suspended membranes (sin and diamond) using a 3ω-völklein method[END_REF][START_REF] Sikora | Erratum:"highly sensitive thermal conductivity measurements of suspended membranes (sin and diamond) using a 3ω-völklein method[END_REF][START_REF] Jain | Measurement of the thermal conductivity and heat capacity of freestanding shape memory thin films using the 3ω method[END_REF]. Such a difference has been partially explained by a larger presence of voids, or micro-pores, in the microstructure of PECVD SiN x with respect to the other growing techniques.

Still, it is expected that hydrogen content and exact stoichiometry play a role as well.

Several reports exist in the literature on the room temperature thermal conductivity of PECVD SiN x , with values largely scattered between ∼ 0.45 and 4.5 W/mK, a consequence of the different deposition parameters used in the different works, often not mentioned apart from the temperature [START_REF] Kim | Thermal property evaluation of a silicon nitride thin-film using the dual-wavelength pump-probe technique[END_REF][START_REF] Stojanovic | Thin-film thermal conductivity measurement using microelectrothermal test structures and finite-element-model-based data analysis[END_REF][START_REF] Eriksson | Thermal characterization of surface-micromachined silicon nitride membranes for thermal infrared detectors[END_REF].

Recently, Braun et al. have pointed to the hydrogen content as the critical parameter behind such variability. They have reported an exhaustive study of the effect of hydrogen content on the room temperature thermal conductivity of PECVD SiN x deposited at 673 K. By annealing the films at different temperatures above 923 K, in order to gradually release hydrogen, the authors show that thermal conductivity is essentially determined by the hydrogen content, which is responsible for the increase of the average inter-atomic bond lengths and thus a decrease of the density. More specifically, after releasing all hydrogen at the highest annealing temperature, the thermal conductivity increases by a factor as large as 2.5 independently on the actual Si-N composition. Concerning the temperature dependence of the thermal conductivity, the most complete study to our knowledge is the one of Lee et al. [START_REF] Lee | Heat transport in thin dielectric films[END_REF], who investigated it in PECVD SiN x for a deposition temperature of 573 K, gas pressure of 1.8 Torr and RF power of 16W. They have reported a thermal conductivity increasing from ∼ 0.45 to ∼ 0.7 W/mK for thicknesses between 20 and 100 nm, and then stabilizing for thicker samples. This behavior was ascribed to an effect of the interface thermal resistance, whose importance, stronger for thinner films, would become negligible for films thicker than 100 nm. The reported values, indeed, were obtained neglecting all interface contributions. As such, the increase with the thickness would only be apparent, an artefact of the analysis. Similarly, the observed increase of the thermal conductivity with temperature between 78 and 400 K could be overestimated, as it included the interface thermal resistance, which is expected to decrease with temperature.

While the work from Braun et al. has helped in understanding the large variability of results in the literature, and has pointed to the hydrogen content as the key parameter determining the room temperature value for the thermal conductivity, it cannot fully account for the large scattering of reported values over an order of magnitude. It appears then that other systematic studies still need to be performed in order to get an exhaustive understanding of the thermal properties of PECVD SiN x and their dependence on the growth conditions.

The technological interest of such study is evident for engineering optimized stackings in microelectronics and for controlling the thermal balance in many applications. Indeed, the zoology of different results for different, not necessarily known, growth conditions hinders any understanding of the dependence of this quantity on the growth parameters. Moreover, the investigation of its temperature dependence, as a function of the growing parameters, is critical for applications where high temperatures are typically needed.

In this work, we present an exhaustive investigation of the temperature dependence of the thermal conductivity of PECVD SiN x between 300 and 773 K, as a function of the deposition temperature, chosen between 298 and 573 K, keeping all other growth parameters fixed. As we will show, a linear dependence of the room temperature thermal conductivity with the deposition temperature is found, which can be ascribed to an increase of the elastic moduli at a high deposition temperature. Surprisingly, for all deposition temperatures, the thermal conductivity exhibits a steep decrease with temperature above 473 K, featuring a minimum around 673 K, before increasing back to values comparable to those at room temperature. As we will show, this behavior, observed only the first time the sample is heated, is associated to an irreversible modification of the thin film, and may be related to a partial desorption of the hydrogen trapped in a-SiN x during the deposition. The article is organized as follows: in section 2 we give experimental details on sample preparation, measurement techniques and analysis method, in section 3 we present our experimental results, and in section 4 a discussion on the microscopic origin of the observed behavior is provided. Conclusions and perspectives are given in section 5. A first set of samples was deposited at 573 K, with three SiN x thicknesses: 200, 292 and 501 nm. This last thickness was also deposited on SiO 2 substrate, in order to establish the independence of the thermal transport measurements on the kind of substrate. A second set was deposited at substrate temperatures of 298 K, 323 K, 373 K, 473 K, 523 K, and 573 K and thickness of 300 nm. Layers of ∼ 14 and ∼ 30 nm were also deposited in the same conditions for density measurements by X ray reflectivity (XRR). Samples were then characterized by FTIR spectroscopy to identify the presence of oxygen and hydrogen, as well as the evolution of chemical bonds with deposition temperature. Experimental details and spectra for XRR and FTIR characterization are reported in the Supplementary Material.

Experimental Methods

Amorphous

Thermal conductivity was measured using the thermoreflectance technique [START_REF] Yuan | Nanosecond transient thermoreflectance method for characterizing anisotropic thermal conductivity[END_REF][START_REF] Cahill | Analysis of heat flow in layered structures for time-domain thermoreflectance[END_REF] with the commercial apparatus TF-LFA from Linseis. The pump laser had a pulse width of 8 ns, a wavelength of 1040 nm and an energy of 2.6 mJ, while the probe laser was continuous, and had a wavelength of 523 nm and 3.8 µW power. The signal was collected in time by a Si-PIN-Photodiode with an aquisition rate of 2.5 GHz. Samples were coated with a 5 nm thick Cr layer, as a diffusion barrier, and a 100 nm thick Au layer, which was impulsively heated by the pump laser. The time relaxation of its temperature was deduced from the time evolution of its temperature-dependent reflectivity, as measured using the probe laser. High temperature measurements were performed under Argon atmosphere, in a furnace chamber with optical aperture, able to go up to 773 K. The thermoreflectance signal was collected at temperature steps of 50 K, after the time needed for temperature stabilization. For each sample and temperature, we collected 8 thermoreflectance signals, changing the position on the sample, in order to get rid of eventual inhomogeneities and increase our statistics.

The signal has been fitted using the Cahill model adapted to time domain measurements [START_REF] Cahill | Analysis of heat flow in layered structures for time-domain thermoreflectance[END_REF], which takes into account the temperature-dependent contribution to temperature relaxation from all the layers in the stacking, here Au, Cr, SiN x and Si. The only unknown parameter in the fitting procedure is the thermal conductivity of SiN x . It is worth remembering that the total thermal resistance of the stacking corresponds to a series of thermal resistances:

R tot = R Au + R Au-Cr + R Cr-SiNx + R SiNx + R SiNx-Si + R Si (1) 
Where R A-B is the thermal resistance at the interface between A and B. In our program, we fit an effective thermal conductivity [START_REF] Lambropoulos | Thermal conductivity of dielectric thin films[END_REF] for SiN x which includes all the interface thermal contributions:

k meas = d SiNx R SiNx,ef f (2) 
with

R SiNx,ef f = R SiNx + R IF = d SiNx k SiNx + R IF (3) 
and d the SiN x layer thickness. By fitting our measured values of

d SiNx
kmeas as a function of the SiN x thickness, we can get from the slope the real SiN x thermal conductivity and from the intercept the interfacial thermal resistance. This latter resulted to be between 2 and 6 ×10 -8 m 2 K/W, in good agreement with what reported by Lee et al. [START_REF] Lee | Heat transport in thin dielectric films[END_REF]. Within our error bar, we can consider its temperature dependence negligible. More details on the fitting model and procedure, and the slope method for the extraction of the thermal conductivity are reported in the Supplementary Material.

Results

Sample Characterization

In order to study the dependence of the thermal transport properties on deposition temperature, we have prepared a set of samples deposited on silicon at different temperatures T dep between 298 and 573 K, for which, from literature, it is expected that both film microstructure and local chemical structure will be different.

Indeed, at low deposition temperatures, the incoming free radicals will have less mobility and will be essentially stuck where they arrive on the surface, with no optimization of their position, leading to a fractal-like network with many embedded micro-voids [START_REF] Liao | Oxidation of silicon nitride prepared by plasma-enhanced chemical vapor deposition at low temperature[END_REF][START_REF] Walmsley | Effects of deposition temperature on the mechanical and physical properties of silicon nitride thin films[END_REF]. Increasing deposition temperature, the larger mobility allows a more packed arrangement, leading to higher densities, and indeed linearly increasing densities going from 1.8 to 2.9 g/cm 3 were reported for deposition temperatures between 373 and 573 K [START_REF] Walmsley | Effects of deposition temperature on the mechanical and physical properties of silicon nitride thin films[END_REF].

In Fig. S1 we report our experimental density, measured by XRR as a function of deposition temperature. Only a very weak increase is observed, by 4%, suggesting that in our growth conditions the microporosity is very weakly affected by the deposition temperature.

Our FTIR characterization revealed the presence of hydrogen bounded to both Si and N for deposition temperatures larger than 323 K, and oxygen incorporated in the film at all deposition temperatures, also bound to Si and N.

Increasing deposition temperature leads to a reduction of the oxygen content and an increase of the Si-N bonds, in agreement with previous reports [START_REF] Soh | Chemical structure of low-temperature plasma-deposited silicon nitride thin films[END_REF]. Instead, we could not quantify any change in the hydrogen content (See Supplementary Material).

Thermal conductivity study

We first measured the thermal conductivity of the as-grown films upon annealing up to 773 K ("first annealing"). After cooling to room temperature, the measure was repeated following the same thermal protocol ("second annealing"). In Fig. 1 we report some representative thermoreflectance spectra after subtraction of the electronic noise, together with their fit. The spectra have been collected upon heating on a 292 nm thick SiN x sample deposited on silicon at a deposition temperature of 573 K. In Fig. 3(a) we report the temperature dependence of the effective thermal conductivity for the same sample, as representative for all measured thicknesses, the overall behavior being similar among all the films. As shown in the Supplementary Material, the thermal conductivity extracted using the slope method only slightly differs from the effective one for a thickness of 292 nm, reported here, which can thus be used as a reference for our discussion. First of all, our room temperature values, k 300K = 0.63 ± 0.03 W.m -1 K -1 (on the as-grown) and k 300K = 0.70 ± 0.03 W.m -1 K -1 (after the first annealing ramp), are consistent with the ∼ 0.7 W.m -1 K -1 reported by Lee [START_REF] Lee | Heat transport in thin dielectric films[END_REF] on a 252 nm PECVD SiN x film deposited at the same temperature, with ρ = 2.2 g/cm 3 . On the other hand, Lee reports an increasing thermal conductivity with temperature, which slightly flattens above 400 K, matching the usual behaviour observed in amorphous materials [START_REF] Wingert | Thermal transport in amorphous materials: a review[END_REF]. In our sample, we can at least say that above 300 K, we don't observe an increase in thermal conductivity, but a surprising decrease with temperature. On the first heating ramp, κ(T ) decreases linearly upon heating from 300 K to 450 K and then drops abruptly down to a minimum of ∼ 0.45 W/mK at 673 K, before increasing again. This behavior is very specific to the first heating ramp indicating that it results from an irreversible modification of our sample. Upon a second annealing, κ(T ) exhibits a linear decrease up to ∼ 450 K following almost the same slope as for the first heating ramp and then saturates at higher temperature. This latter behavior of κ(T ) is then reproducible if the sample is annealed again.

The presence of this minimum is quite intriguing. A first possibility is that it is an artefact due to a non-correct account for thermal interface resistance.

To rule out this hypothesis, we have deposited the same sample on a SiO Once assessed that the peculiar temperature dependence is real and an intrinsic property of our PECVD SiN x , it is interesting to see how it depends on the deposition temperature. We first report in Fig. 3 the measured room temperature thermal conductivity (κ 300K ) as a function of the deposition temperature (T dep ). κ 300K increases with deposition temperature with a linear rate of change of 0.27 ±0.02 W/m.K 2 . Despite this, the global temperature dependence during the first annealing is found to be the same in all samples, independently on the deposition temperature, as can be observed in Fig. 4 (a), where we report κ(T ) in all samples during the first annealing (data have been vertically shifted for optical convenience). The same curves are reported in Fig. 4 (b) after normalization to the respective room temperature value.

It may be seen that in all samples κ(T ) undergoes a first linear decrease in the 300 K -450 K temperature range followed by a drop, a minimum and an increase at higher temperatures.The slope of the first linear decrease is found to increase with the deposition temperature by a factor as large as ∼ 50% at the highest deposition temperature, going from -0. 

Discussion

First of all, we shall comment on the dependence of the room temperature thermal conductivity on the deposition temperature. The observed increase can be due to a smaller porosity of SiN x when deposited at higher temperatures, as reported in the literature [START_REF] Liao | Oxidation of silicon nitride prepared by plasma-enhanced chemical vapor deposition at low temperature[END_REF][START_REF] Walmsley | Effects of deposition temperature on the mechanical and physical properties of silicon nitride thin films[END_REF], so that we can model our material as effectively composed of SiN x and micropores [START_REF] Liao | Oxidation of silicon nitride prepared by plasma-enhanced chemical vapor deposition at low temperature[END_REF]. The effective medium theory allows to estimate the expected thermal conductivity of a porous medium from the zeros of the function where k 1 , k 2 , k e and x are the thermal conductivity of non porous SiN x , pores and the effective thermal conductivity of the porous medium respectively and

(1 -x) k 1 -k e k 1 + 2k e + x k 2 -k e k 2 + 2k e = 0 ( 
x is the pores volume fraction [START_REF] Gong | A novel effective medium theory for modelling the thermal conductivity of porous materials[END_REF]. As we don't know the thermal conductivity of an equivalent non-porous SiN x , we use k 1 = 0.7 W/mK for estimating how much porosity should change for giving the observed thermal conductivities.

For pores, we take k 2 = 0. Using the measured thermal conductivity values at room temperature, we obtain pores volume fractions ranging from 3% up to 24% from the highest to the lowest deposition temperature. Such a large change in porosity is however not compatible with the measured weak density change, which is at most 4%. This could be explained by the limitations of the model, which does not take into account the additional thermal resistance introduced by the SiN x -pore interfaces. Still such a strong difference in the porosity estimated from density and from thermal conductivity points to another origin for the large change in this latter.

As we have seen, the chemical structure evolves with the deposition temper-ature: oxygen content decreases and Si-N bonds increase. SiN x being a dielectric, the main heat carriers are the atomic vibrations, whose quasi-particle is the phonon. Not only the interfaces can scatter phonons, but also the atomic defects in the Si-N network, such as oxygen and hydrogen bonds. Decreasing their content means decreasing scattering from defects, leading thus to larger thermal conductivities. Moreover, the Si-N bond content increasing with deposition temperature, the elastic constants are expected to increase as well, due to the higher rigidity of this bond, and indeed an increase of the Young modulus by a factor of 2 has been reported in literature for deposition temperatures between 373 and 573 K [START_REF] Walmsley | Effects of deposition temperature on the mechanical and physical properties of silicon nitride thin films[END_REF]. From the kinetic theory for a phonon gas, the thermal conductivity reads k T = 1 3 C v vl, with C v the specific heat, v the sound velocity and l the phonon mean free path. Considering that the longitudinal and transverse velocities are given by v L/T = M L/T /ρ with M L/T the longitudinal and shear elastic modulus and ρ the mass density, we expect the thermal conductivity to increase with the square root of the elastic moduli. A rough estimation using the Young moduli reported in the literature gives a change of the thermal conductivity by a factor of ∼50% between 373 and 573 K, which well corresponds to the observed increase.

Second, we shall comment on the unusual decrease with temperature of the thermal conductivity, independent on the deposition conditions. As mentioned, this is opposite to what is usually observed in amorphous materials, where thermal conductivity at high temperature increases due to the increase of the specific heat, while the phonon mean free path is almost constant at its minimum value.

It is in fact a very weak decrease, as the slope of the thermal conductivity is in the 0.4-0.6 10 -3 W/mK 2 range for an absolute value of about 0.7 W/mK. A similar behavior was previously reported on CVD amorphous Si 3 N 4 , and explained as the result of a relevant interfacial thermal resistance, three orders of magnitude larger than in our case, and of its temperature dependence. The intrinsic thermal conductivity was shown to weakly increase with temperature [START_REF] Griffin | The effective transverse thermal conductivity of amorphous si 3 n 4 thin films[END_REF]. In our case, the interfacial thermal resistance is quite small and its temperature dependence negligible within our experimental uncertainty. Indeed, as mentioned and as shown in the Supplementary Material, the intrinsic thermal conductivity is not very different from the effective one as measured on the 292 nm thick film. Still, the slope of the initial decrease is reduced in the intrinsic thermal conductivity, leading to an almost constant value with temperature prior to the decrease leading to the minimum.

We come finally to the presence of a minimum in the thermal conductivity during the first annealing, at ∼ 673 K, which disappears in the second annealing ramp in all samples, independent on deposition temperature and substrate. A possible origin of this behavior is that our amorphous SiN x starts crystallizing at high temperature. However, the crystallization temperature in PECVD SiN x has been reported to be much larger, ∼ 1148 K [START_REF] Jehanathan | Crystallization and compositional changes in amorphous PECVD sin x thin films[END_REF]. Moreover, even if some incipient crystallization were present, this should lead to an increase of the thermal conductivity, being the one of the crystalline phase about 26 W/mK [START_REF] Kaloyeros | Review-silicon nitride and silicon nitride-rich thin film technologies: State-of-the-art processing technologies, properties, and applications[END_REF].

A second possibility is the activation of a temperature induced structural relaxation. The higher temperature induces higher atomic mobility, which can lead to slight atomic rearrangements, responsible for the evolution of elastic and thermal properties. This is expected to have a role for temperatures larger than the deposition temperature, thus we would expect the steep decrease of the minimum to appear at lower temperatures for lower deposition temperatures. This is however not the case. Moreover, in case of structural relaxation, we would expect a monotonic and asymptotic behavior, from the unrelaxed to the more relaxed state, while here we face a steep decrease followed by a similarly steep increase back to an unperturbed value.

In fact, the observed phenomenology resembles to a temporary thermally induced perturbation of our system: thermal transport is progressively hindered by some temperature-activated mechanism and then comes back to the unperturbed behavior when the mechanism is over. Being this phenomenon independent on deposition temperature, we cannot expect it to be related to the presence of oxygen nor the amount of Si-N bonds, which depend both on this latter. On the other hand, we also know that there is hydrogen in our sample, both bound to Si and N, and under a non-bonded molecular form, trapped within the porous structure [START_REF] Jafari | Composition limited hydrogen effusion rate of a-sinx: H passivation stack[END_REF], and we could not see important differences among samples deposited at different temperatures. In order to see whether hydrogen could be responsible for the minimum in the thermal conductivity, we have measured the FTIR spectrum of our SiN x deposited at 573 K before and after the annealing, but we could find indication of only a very slight decrease of the Si-H and N-H bonds content (see Supplementary Material). Still, FTIR is sensitive only to bounded hydrogen, so that we cannot rule out an effect of molecular H 2 . Detecting small quantities of molecular hydrogen in thin films is not trivial. The typical H-content in PECVD SiN is about 1.7 10 22 atoms/cm 3 [START_REF] Xie | Stability of hydrogen in silicon nitride films deposited by low-pressure and plasma enhanced chemical vapor deposition techniques[END_REF], of which only a few percent will be under the form of molecular hydrogen [START_REF] Jafari | Composition limited hydrogen effusion rate of a-sinx: H passivation stack[END_REF], i.e. about 10 20 atoms/cm 3 . This amount has remained elusive to our tentative Raman measurements. More advanced techniques are necessary to detect it in thin films, such as effusivity measurements [START_REF] Jafari | Composition limited hydrogen effusion rate of a-sinx: H passivation stack[END_REF], time of flight elastic recoil detection analysis [START_REF] Siketić | Quantitative analysis of hydrogen in thin films using time-of-flight elastic recoil detection analysis[END_REF] or a self-consistent analysis of the light element NRA data combined with an RBS analysis for heavy elements [START_REF] Lanford | Nuclear reaction analysis for h, li, be, b, c, n, o and f with an rbs check[END_REF].

An exhaustive study of the hydrogen effusivity as a function of temperature in PECVD SiN x deposited at 673 K with different stochiometries has been recently reported by Jafari et al. [START_REF] Jafari | Composition limited hydrogen effusion rate of a-sinx: H passivation stack[END_REF]. It is found that, starting from 673 K, the thermal energy is enough to break first the N-H bond and then, above ∼973 K, the more energetic Si-H bond, so that all hydrogen diffuses out of the sample between 673 and 1273 K. Interestingly, for N-rich compositions, a small peak appears in the hydrogen effusivity, with a maximum between 650 K and 670 K depending on the N content, accounting for about the 2-5% of the total hydrogen effusivity signal. This peak has been ascribed to the premature release of hydrogen from surface desorption of H 2 molecules. The correspondence of the temperature range, as well as the similar peak shape points to the diffusion and release of molecular hydrogen as the cause of the observed minimum in the thermal conductivity. The SiN x matrix with freely moving H 2 can be assimilated to the case of a superionic material, where some atoms are characterized by a liquid-like mobility. In these latter, the active ions movement may enhance phonon scattering, due to disorder and anharmonicity, as reported in the high temperature super-ionic phase of CuCrSe 2 [START_REF] Niedziela | Selective breakdown of phonon quasiparticles across superionic transition in (cucrse) 2[END_REF]. We may expect a similar phenomenology here. In our case the large H 2 mobility is limited to the temperature -or time at a given temperature -range within which all the molecular hydrogen diffuses out of the sample, thus the perturbation on thermal transport disappears once all the molecular hydrogen has left, being an irreversible process. The peak shape can be understood as due to a scattering probability proportional to the amount of mobile H 2 . The fact that we find a similar shape, and more specifically depth, of the minimum throughout all samples may indicate that the quantity of mobile H 2 is quite insensitive on the deposition temperature, or that there is a saturation effect.

Conclusions

We have here reported an exhaustive investigation of the thermal conductivity of PECVD SiN x thin films as a function of the deposition temperature, all other growing parameters being kept constants. A strong variation of the room temperature value, of a factor of almost 2, is found as a function of the deposition temperature, likely related to the increase of the Si-N bonds content, and thus a larger rigidity of the amorphous network at higher deposition temperature. Our data can explain the panoply of results on thermal conductivity reported in the literature, measured on samples grown in different conditions, and can help in aiming the best deposition temperature for the foreseen application, on the basis of the needed thermal properties. Moreover, we find that, independently on the deposition temperature, the effective thermal conductivity weakly decreases with temperature, apparently at odds with other reports [START_REF] Lee | Heat transport in thin dielectric films[END_REF]. This decrease is in fact reduced even more once the interfacial thermal resistance is properly taken into account, leading to an almost temperature independent thermal conductivity below 500 K. Indeed, we have observed the onset of an irreversible process at ∼500 K, leading to a minimum of the thermal conductivity at about 673 K, before it increases back to the unperturbed value. This peculiar behavior does not depend on the deposition temperature, indicating that poros-ity, Si-N bonds and oxygen bonds are not responsible for it. Instead, we can explain it as due to a premature release of molecular hydrogen, whose diffusivity is temperature-activated at about the same temperatures [START_REF] Jafari | Composition limited hydrogen effusion rate of a-sinx: H passivation stack[END_REF]. The shape of the minimum and its irreversibility can be understood in terms of an enhanced phonon scattering from mobile H 2 , which is proportional to the content of this latter. Once all the mobile H 2 molecules have left the sample, the process is over and the thermal conductivity comes back to the unperturbed value. Our results assess the stability of the temperature window in which the phenomenon takes place, and the important effect on the thermal conductivity, which decreases by 30%, together with its relatively long time constant (∼20 minutes ).

As reported in Braun et al. [START_REF] Braun | Hydrogen effects on the thermal conductivity of delocalized vibrational modes in amorphous silicon nitride (a-SiNx:h)[END_REF], for higher temperatures, such as Si-H and N-H bonds break down and all hydrogen diffuses out of the sample, an irreversible absolute modification of the thermal conductivity takes place once these point defects have been annihilated. We could thus expect, increasing temperature, a transient behavior even more pronounced than in the present study, as the amount of mobile hydrogen is larger. Our findings indicate that in order to use SiN x in electronic or optic applications, when application temperature is larger than 500 K, a preliminary annealing up to 723 K is fundamental for assuring its thermal stability. For application temperatures larger than 723 K, much higher annealing temperatures will be needed to get rid of all the bound hydrogen. This means as well that, in high temperature applications, it is not possible to tailor the thermal conductivity by tuning the hydrogen content, as suggested in Ref. [START_REF] Braun | Hydrogen effects on the thermal conductivity of delocalized vibrational modes in amorphous silicon nitride (a-SiNx:h)[END_REF], because this would introduce transient mechanisms leading to a time evolution of thermal properties. Finally, we stress here the high sensitivity demonstrated by PECVD SiN x thermal conductivity with respect to mobile hydrogen, which can open the way to its use to monitor hydrogen diffusion, and possibly to the application of PECVD SiN x as membranes for hydrogen stocking and release.

  SiN x materials have been deposited by Plasma Enhanced Chemical Vapor Deposition (PECVD) on Silicon substrate using a 200 mm OXFORD Plasmalab 80+ PECVD system. SiH 4 4% in He, NH 3 , Ar and N 2 were used as reactive gases plasma mixture. Plasma gases were adjusted with SiH 4 /He = 80 sccm, Ar = 200 sccm, NH 3 = 10 sccm and N 2 = 600 sccm. 13.56MHz RF power was held at 70 W under a pressure of 1.2 Torrs. Temperature of deposition was varied from 298 K to 573 K. Pre-conditioning of the deposition chamber was operated during 5 minutes before each introduction of sample.

Figure 1 :

 1 Figure 1: Thermoreflectance signal measured upon heating on a 292 nm thick SiNx sample deposited on silicon at a deposition temperature of 573 K. The signal, in blue, is reported after subtraction of the electronic noise and normalization to 1. The red curve is the fit result, performed using the Cahill method as described in the Supplementary Material. The temperature of the measurement is 298 (a), 373 (b), 473 (c), 573 (d), 673 (e) and 773 K (f).

Figure 2 :

 2 Figure 2: Temperature dependence of the thermal conductivity in a SiNx thin film. (a): Thermal conductivity (κ) of a 292 nm thick SiNx sample deposited on Si, reported as a function of temperature (T ) during the very first heating ramp on the as-grown sample (blue circles) and during a second heating ramp run after the very first one (red squares). (b) Thermal conductivity on 501 nm thick SiNx deposited on Si (blue circles) and SiO 2 (black filled squares), reported as a function of temperature during the very first heating ramp. All error bars correspond to the standard deviation of the distribution of values obtained from 8 different measurements at each temperature.
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 23 Figure 3: Room temperature thermal conductivity (κ 300K ) of SiNx on Si grown by PECVD as a function of the deposition temperature (T dep ). The error bars correspond to the standard deviation of the distribution of values obtained from 8 different measurements at each temperature. The solid black line is a linear fit.

Figure 4 :

 4 Figure 4: Temperature dependence of the thermal conductivity of SiNx thin films for different deposition temperatures. (a) Thermal conductivity (κ(T ) as a function of temperature (T ) during the very first heating ramp of samples deposited on Si at different temperatures. The deposition temperature is indicated next to each curve. Dashed lines follow the linear decrease in the first temperature range, solid lines mark the shape of the minimum (b) The same curves in (a) are here reported after normalization to the room temperature value. The color/symbol legend is the same as in (a). The error bars correspond to the standard deviation of the distribution of values obtained from 8 different measurements at each temperature.

Figure 5 :

 5 Figure 5: Time evolution of the thermal conductivity of a SiNx thin film at high temperature. The measured thermal conductivity of SiNx on Si grown by PECVD at 523K heated to 673K as a function of time. The red line is the fit of the data to an exponential function. The error bars correspond to the standard deviation of the distribution of values obtained from 8 different measurements at each temperature.
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