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Thermal conductivity of irradiated porous silicon down to the oxide limit investigated by Raman thermometry and scanning thermal microscopy

Irradiating porous silicon is expected to reduce thermal conductivity without altering the porous structure and can be studied by optical techniques provided optical properties can be established reliably. Toward this end, meso-porous silicon (PSi), with a porosity of 56%, was prepared from p + Si wafer (0.01 -0.02 .cm -1 resistivity) and was partially amorphized by irradiation in the electronic regime with 129 Xe ions at two different energies (29 MeV and 91 MeV) and five fluences ranging from 10 12 cm -2 to 3.10 13 cm -2 . The PSi structure is monitored by scanning electron microscopy. High-resolution transmission electron microscopy shows that the amorphous phase is homogeneous in volume and that there is no formation of amorphous-crystalline core-shell structures. An agreement is found between the thermal conductivity results obtained with micro-Raman thermometry, which is an optical contactless technique heating the sample in the depth, and scanning thermal microscopy, which is an electrical technique heating the sample by contact at the sample surface. A linear relation is established between the effective thermal conductivity and the amorphous fraction, predicting the thermal conductivity of fully-amorphous porous Si below 1 W.m -1 .K -1 . The obtained values are comparable to that of SiO2, reduced by a factor 6 in comparison to non-irradiated porous samples (~6.5 W.m -1 .K -1 ) and smaller than bulk silicon by more than two orders of magnitude.

I. Introduction

With the development of 3D integration in micro/nanoelectronics, the development of low thermal conductivity materials compatible with CMOS technology has become increasingly important in recent years. Furthermore, the development of energetically autonomous nodes in the Internet Of Things (IOT) has given a renewed interest for CMOS compatible materials exhibiting thermoelectric conversion 1,2 . Thermal insulation is also essential in many types of micro electromechanical systems (MEMS). It can help reducing power consumption, decrease response time, or improve sensitivity. Moreover, insulating hot areas from the rest of the device is crucial in a system-on-chip.

Presently-available thermal insulating material configurations, such as suspended silicon membranes 3,4,5 , are difficult to integrate when thick layers or high mechanical stability are required in Si-based devices.

Porous Si (PSi) nanostructures have already been reported to be used as thermal insulating materials for the manufacturing of thermal sensors or integrated devices and are compatible with CMOS technology [6][7][8][9][10] . Thick PSi layers with high porosities ( > 75%), prepared by electrochemical anodization, can present a thermal conductivity (  𝑃𝑆𝑖 ) two orders of magnitude lower than that of bulk crystalline Si (c-Si) 11,12,13 . Indeed, the porosity 𝑃 (void fraction) of PSi combined with the phononphonon scattering due to the formation of nanometric dendrites, lead to low thermal conductivity in PSi. Furthermore, percolation with the heat forced to flow across constrictions in the dendritic structures, reduces even more  𝑃𝑆𝑖 , which was shown to decrease cubically with 𝑃 14 . At the same time, the PSi hardness also diminishes with its porosity following a (1-𝑃) 2/3 law 15 for porosities up to 75 %, and even more rapidly, for higher porosities 16 . Young's modulus also decreases with porosity 17,18 .

According to the values of ref. 17, measured up to 90% porosity for a constant PSi thickness corresponding to our samples (10 µm), it diminishes rapidly with porosity with a (1-P) 2.1 law. In the case of ref. 18 no values was measured above 60% porosity because the samples were too brittle. Nevertheless, operating CMOS compatible devices, using PSi thick layers were demonstrated [8][9][10] . It's worth noticing that in these devices the PSi is used as a buried layer in a box which may limit the mechanical stress. In ref. 9, PSi with porosity 75 % has been oxidized which may enhance its hardness 18 , while in ref. 10 a cap SiO2 layer was deposited on top of the 150 µm 76% porosity PSi layer.

Consequently, for MEMS application where the PSi thermal insulating layer may be stressed mechanically, a trade-off between the material thermal conductivity and its mechanical strength has to be found. Toward this end, it was shown, using Raman Spectroscopy, that a greater decrease in the thermal conductivity of PSi can be obtained by amorphizing its crystalline phase using uranium irradiation at 110 MeV 19 14,23,24 . Using micro-Raman thermometry (µ-RT) and SThM, Newby et al. showed a discrepancy between the two techniques in the thermal conductivity of irradiated PSi (IPSi) samples with 𝑃 = 41% 19 . In this first study PSi samples were irradiated in the electronic regime (i.e. using projectile with an energy higher than 10 keV per nucleon) at one energy (110 MeV) using uranium ions at six different fluences.

In this work we propose to study further, by Raman Spectrosocy and SThM results the evolution of the thermal conductivity of PSi irradiated by swift heavy ions in the electronic regime. The aim of using both technique is twofold: (i) As Raman is more sensitive to volume and SThM to surface we expect to correlate the homogeneity of the samples morphology measured by TEM with their thermal properties ; (ii) As each of the technique may be prone to uncertainty and systematic errors, the comparison of the results is expected to provide reliable and reproducible.

Samples were irradiated at different energies and fluences. In comparison to ref. 19 lighter 129 Xe ions were used at two different energies (91 and 29 MeV) in order to investigate the impact of ion weight and energy on irradiated sample thermal conductivity. The energy per nucleon of 225 keV for 29 MeV 129 Xe is more than two times smaller than the one used in ref. 19. We find that the SThM and the µ-RT results agree very well. By this way we obtain precise evolution of PSi with amorphization rate and we can discuss in particular the obtained values for crystalline PSi and fully amorphized PSi. It is shown that thermal conductivity values can reach the oxide limit.

II. Experimental details

A. Manufacturing process of the samples

PSi layers

were formed by electrochemical etching of 500 μm thick <100> monocrystalline boron-doped p+ silicon wafers with resistivity in the range 0.01 -0.02 Ω.cm -1 (this parameter was fixed and is not subject to a particular investigation). The choice of a p+ type wafer was based on the goal of obtaining mesoporous silicon, with crystallites diameter average size lower than 20 nm. The electrolyte consists of 48 wt% HF and pure ethanol in a volume ratio of 1:1. The average crystallite diameter was found to be 11 nm, based on the full width at half maximum of the Stokes Raman peak of the non-irradiated PSi (non-IPSi) sample 25 . This kind of porous silicon is known to have, in general, a low thermal conductivity with good mechanical properties, making it a good candidate for MEMS applications. The obtained PSi layer was 10 µm thick, with P = 56% deduced from reflectivity measurements and the application of the Looyenga-Landau-Lifshitz (LLL) effective medium model in the porous layer. Irradiation of the ten samples was carried out at the IRRSUD beamline of the GANIL accelerator by 129 Xe at two different energies, 𝐸 1 = 91 MeV and 𝐸 2 = 29 MeV, and at five different ion fluences 10 12 , 3 × 10 12 , 6 × 10 12 , 10 13 and 3 × 10 13 cm -2 .

B. Amorphous phase distribution

In order to investigate the interaction mechanisms of irradiating ions with the porous structure, scanning electron microscopy (SEM) and high-resolution transmission electron microscopy (HRTEM) experiments were carried out. The amorphous phase fraction was determined using micro-Raman spectroscopy 26 . The method consists in reproducing the Raman spectrum with one component for the amorphous phase corresponding to a peak centered at 480 cm - 1 and a multi-component fit (4 Gaussian curves) for the crystalline PSi peak, characterized by a peak asymmetrically broadened and slightly shifted towards low energies in comparison to bulk Si (see FIG. 1). Considering the Raman oscillator strength of PSi and amorphous Si to be equal, the amorphous fraction is then deduced from the integrated intensity ratio of the 480 cm -1 peak to the crystalline PSi one. SEM images of, respectively non-IPSi, IPSi at the lowest fluence 10 12 cm -2 for both energies and, at the highest fluence 3 × 10 13 cm -2 still for both energies are given in FIG. 2 (a,b),(c,d) and (e,f). FIG. 2 (c,d,e,f)) were taken at the same magnification focusing the electron beam in the middle of the sample. FIG. 2a, at low magnification, shows the sample structure with a well-defined PSi layer. In addition to the presented ones, three different images were taken for each sample: close to the surface, in the middle and at the bottom of the porous layer (not shown here). A retention of the sponge-like structure of PSi (FIG. 2.b) is observed in FiG. 2. (c, d, e andf). The same was found for the 10 irradiated samples with no difference from the top of the PSi layer down to the bottom near the p + Si substrate. In particular no cracks or porous structure destruction, due to nuclear interaction of the Xe projectiles, was observed in the depth of the PSi layer, confirming that the interaction, within the major part of the projectile path, is mainly governed by electronic processes for both energy and the five fluences. This indicates that the reduction in thermal conductivity is not due to sample cracks or structural destruction. While the sponge-like structure of PSi is maintained, a change in the dendrites shape is observed. Indeed, their extremity turned into beads for the highest irradiation fluence of 3× 10 13 cm -2 for both irradiation energies (see FIG. 2 (e,f)). This can be explained by the ion interaction with the dendrite extremity in the electronic regime 27 . Indeed, after ion interaction with the electrons of the target, the deposited energy converts into heat, which can induce latent track formation along the projectile paths 28,29 . For intense electronic excitations and a strong electron-phonon coupling, a cylindrical zone is created along the ions path. Typically after 100 ps, this region is going to cool back down and gets back to room temperature with an amorphous phase that differs from the initial one. The amorphous path is called ion track 30,31 . This phenomenon is enhanced in porous material due to thermal spike effect in the dendrite's extremity. In order to observe if the whole dendrite is homogeneously amorphized, or if the core remains crystalline, cross-sectional HRTEM was performed on non-irradiated (FIG. 2 (g)) and irradiated PSi at the highest energy and fluence (see FIG. 2 (h)) on lamellae prepared by means of focused ion beam. Both images were taken in the middle of the samples. The presence of a periodic crystal in FIG. 2 (g) is indicated by the vertical lines, whereas it is clearly visible that the vertical lines have almost disappeared in FIG. 2 (h) as an indication of the amorphization of the sample (here 83 %). In order to determine if the volume of the irradiated sample is homogenously amorphous without a spatial distribution like a core-shell structure in the dendrites, HRTEM images were carried out on the top, middle, and bottom of the irradiated layer, and along 50 nm in the direction perpendicular to the dendrites (images not shown here). We observed that, for all these experiments, the amorphous phase is present.

C. Two techniques to determine the thermal conductivity

1. Micro-Raman Thermometry µ-RT is based on micro-Raman spectroscopy which is an optical and nondestructive technique (see FIG. 3 (a) and the inset of FIG. 4). We used a Renishaw Raman microscope equipped with a doubled frequency continuous YAG laser beam with a wavelength of 532 nm and an objective ×50 with a numerical aperture of 0.5. The measured laser spot diameter is 2𝜎 =3.8 µm (using the knife-edge technique 27 ). µ-RT consists in measuring the sample temperature by monitoring the Stokes line position of the material for different laser incident power. This requires on the one hand to determine quantitatively the power absorbed by the sample and its spatial distribution and, on the other hand, to precisely determine the temperature rise form the Raman peak shift. The laser power was measured using a photometer placed at the sample position and the absorption of P=56% PSi was measured to be 0.9 using an integrating sphere. The Si Raman line shift was converted to temperature using the linear dependence established 33 for low temperature rise (< 100 K) in the case of crystalline Si:

Δ𝑇 = 0.022 × Δ𝜔, (1) 
where T is the temperature rise in kelvins and  is Stoke line shift in cm -1 . We assumed that this value of 0.022 was adequate for the crystalline part of our PSi irradiated samples as it was shown to be the same for PSi 34 partially oxidized PSi [START_REF] Populaire | Propriétés physiques du silicium poreux: Traitements et applications aux microsystèmes[END_REF] and Si nanowires [START_REF] Doerk | [END_REF] . The results on the nonirradiated sample and for an amorphized one with the high fluence of 3×10 13 cm -2 at E1 energy are provided in FIG. 4. The slopes of the curves (obtained from linear fit) in FIG. 4 represent the thermal resistances. The one for the irradiated (amorphized) sample is obviously higher. The last step for thermal conductivity () determination (from the measured thermal resistance) is to calculate the thermal resistance as a function of which depends for each laser power on the isothermal contour and the temperature rise under the laser spot. Toward this end, in order to take into account the limited PSi thickness (10 µm) in comparison to the laser penetration depth (1.2 µm) [START_REF] Behren | Properties of Porous Silicon[END_REF] and also the Gaussian profile of the laser spot, we have used finite element method for solving the heat equation by including volume heat source:

𝑃(𝑟, 𝑧) = 2𝐴𝑃 0 𝜋𝜎 2 𝛼 𝑎 e - 2𝑟 2
𝜎 2 e -z/α a ,

where A is the absorbance (0.9), 𝜎 is the laser beam radius at 1/e 2 of the total power intensity (1.9 µm), 𝛼 is the absorption coefficient for PSi with P=56 % ( 8300 cm -1 37 ). P0 is the incident laser power. This way we determined the real shape of the thermal profile with a 2D axial symmetry around the laser beam center (see FIG. 3 (b)). Due to the lateral profile of the beam, the thermal resistance deviates from the usual 1/(4𝜆R) value obtained for isothermal sources, where R is the source radius. The depth-dependent absorption induces also a deviation in comparison to a full-analytical solution involving surface absorption with a Gaussian beam.

Scanning thermal microscopy

The second thermal probing technique used is SThM. The setup considered is an atomic force microscopy (AFM) configuration, where a thermoresistive tip is mounted on a cantilever. In this study, a thermoresistive Wollaston probe was used. The probe is connected to an electrical circuit in a Wheatstone bridge configuration in order to precisely determine its resistance. The probe is operated in the so-called active mode using a DC current, which is the most widely used method [START_REF] Gomes | [END_REF] . The Wollaston wire is set far from the sample and heated up by the Joule effect. The Wheatstone bridge is then balanced and the electrical probe power far from contact, 𝑃 𝑓𝑓𝑐 is determined (see FIG. 5 (a)). Next, the tip is brought into contact with the sample which is at room temperature. The heat flows from the tip to the sample causing a decrease in the tip temperature and so a change in the tip electrical resistance. This decrease in temperature is directly related to the thermal conductivity of the studied sample and induces a change in the output voltage of the Wheatstone bridge. The Wheatstone bridge is then balanced and the electrical probe power in contact, 𝑃 𝑖𝑐 is determined (see FIG. 5 (b)). The resulting dissipated probe power, between far-from-contact and contact tip positions, is then calculated. By plotting the relative dissipated probe power

∆𝑃 𝑃 = 𝑃 𝑖𝑐 -𝑃 𝑓𝑓𝑐 𝑃 𝑖𝑐
as a function of the thermal conductivity of calibration samples 38,39 ,  𝑃𝑆𝑖 and  𝐼𝑃𝑆𝑖 were obtained (see FIG. 5(c) for the procedure). We note that we did not account for the roughness that might arise on the top surfaces of the porous silicon samples, as the used calibration samples were polished and have flat surfaces. This is possible because the heat flux depends hardly on the contact with this probe, as most of it flows through the air around the probe 32 . As a result, the water meniscus effect at the tip sample interface is expected to be small (in contrast to vacuum measurements, where it plays a more important role). Indeed, in Fig. 5, where hydrophilic and hydrophobic materials are considered, no clear effect of the meniscus can be observed. Another remark is linked to the shape of the curve in FIG. 5(c), which does not level off for thermal conductivities larger than 3 W.m - 1 .K -1 and allows for measurements at least up to 6 W.m -1 .K -1 . This is investigated in another work [START_REF] Massoud | Air contribution in calibrated microprobe-based scanning thermal microscopy[END_REF] .

III. Impact of irradiation on thermal conductivity

The two techniques were carried out on the ten irradiated samples and on the nonirradiated one in an open environment at room temperature. The results are displayed in FIG. 6.

A. Experimental results

The histogram in FIG. 6 shows the evolution of the effective thermal conductivity of PSi while increasing the irradiation fluence for the two irradiation energy. Error bars for SThM were plotted considering the maximum and the minimum in the dissipated probe power while for µ-RT considering ± 10% of each obtained value. The results obtained from µ-RT and SThM measurements are in very good agreement. The small differences, which are within the error bars, between the results obtained from the two techniques could origin from the exact thermal conductivity of the layer which was not determined directly for SThM: a small portion of the signal could be due to the substrate. Another possibility is the weak impact of the sample roughness, which is not taken into account in SThM. The two techniques show a decrease in  𝑰𝑷𝑺𝒊 while increasing the irradiation fluence. At a given fluence, a lower (approximately 10%)  is achieved for the highest irradiation energy. Furthermore, a linear relation is established between our IPSi samples and the amorphous fraction (see FIG. 7). The lowest  𝑰𝑷𝑺𝒊 = 1.2 W.m -1 .K -1 obtained in this study is more than 5.3 times smaller than that of the non-IPSi one (6.4 W.m -1 .K -1 ) and more than two orders of magnitude smaller than that of bulk Si. It is comparable to that of SiO2,  𝑺𝒊𝑶 𝟐 = 1.2 W.m - 1 .K -1 41, 42,43,44, and is close to 1.1 W.m -1 .K -1 , the effective thermal conductivity of PSi with P = 75 % 19 . This means that by irradiating PSi of medium porosity (good mechanical stability) we can obtain thermal conductivities values close to the ones of non-IPSi of higher porosity, thus avoiding mechanical strength problems.

B. Comparison with models and discussion

The effective thermal conductivities of our samples can be fitted linearly as a function of the amorphous phase for the two irradiation energies and for the two characterization techniques used in this work (see FIG. 7). The same slopes are obtained with an intercept with a relative variation of 10 %. This variation is related to the very small difference in the nonirradiated PSi effective thermal conductivities obtained by each technique. The obtained equation is (3) where 𝑎 is the amorphous fraction in the matter,𝛾 = 5.67 W.m -1 .K -1 and 𝛽 =  𝐼𝑃𝑆𝑖100% .

 𝐼𝑃𝑆𝑖 = 𝛾 (1 -𝑎) + 𝛽,
is the thermal conductivity of the irradiated PSi with 𝑎 = 100 %. The negative slope is an indication of the reduction of  𝐼𝑃𝑆𝑖 when increasing the irradiation fluence. From µ-RT (𝛽 𝑅 ) and SThM (𝛽 𝑆 ) linear fits, we find 𝛽 ∈ [0.7 -1] W.m -1 .K -1 . Making =0 in Eq.

(3) we obtain the thermal conductivity for non-irradiated PSi at 56% which is found to be 6.3±0.2 W.m -1 .K -1 . It is difficult to find in literature the same PSi sample as the one we manufactured, but this non-IPSi thermal conductivity is in good agreement with already published results 14,19,20,22,24 . We now compare our results with the model that allows obtaining  𝐼𝑃𝑆𝑖 as a function of the amorphous fraction developed by Newby et al. 14 . In this model, the partially-amorphous porous silicon structure is considered as parallel wires of amorphous and crystalline phases. While this analysis can be questioned, it is still informative. The effective thermal conductivity of a partially amorphous PSi layer (Eq. ( 3)) can be rewritten as 19 :

 𝐼𝑃𝑆𝑖 = (1 -𝑃)[ 𝑆𝑖 (1 -𝑎) +  𝑎𝑆𝑖 𝑎], (4) 
where  𝑆𝑖 ,  𝑎𝑆𝑖 are the effective thermal conductivities of, respectively, the crystalline Si nanowires and the amorphous Si ones. Theoretical studies demonstrated that amorphous Si thermal conductivity can vary between 1 and 5 W.m -1 .K -1 45 . To our best knowledge, no experimental value for  𝑆𝑖 , at room temperature, was obtained for nanowires of 11 nm in diameter (the diameter of our Si crystallites). We applied this model to fit our experimental data obtained by SThM for 𝐸 2 , while keeping  𝑆𝑖 as a variable and  𝑎𝑆𝑖 𝜖 [1; 5] W.m -1 .K -1 . The resulting best fit gives  𝑆𝑖 = 15.2 W.m -1 .K -1 and  𝑎𝑆𝑖 = 2.3 W.m -1 .K -1 with R 2 = 0.98. With this model, the crystallites of 11 nm in diameter turned out to have  𝑆𝑖 larger than that of single-crystalline silicon nanowires of 22 nm in diameter ( 10 W.m -1 .K - 1 46 ). Other modified effective medium approaches (EMA) such as Maxwell-Garnett, Bruggeman and LLL, where the mean free paths in the crystalline phase can be considered further reduced due to confinement 47,48 , also predict low thermal conductivities, whatever the geometry of the crystallites (which can be asymptotically considered as spheres or cylinders). The impact of optical modes in confined structures might be significant 49 .The difficulty in matching the models derived from the Boltzmann transport equation with up-to-date mean free path distributions and the experimental results for crystalline porous samples has already been highlighted 24 .

IV. Conclusions and prospects

Using HRTEM we have showed that a homogenous amorphization in volume takes place when irradiating PSi samples with swift heavy ions. We have demonstrated a very good agreement between µ-RT (optical, contactless technique with a volume heat source) and SThM (electrical and contact technique) measurements performed on PSi and IPSi at two different energies. This agreement shows that both technique are not affected by systematic errors. For the Raman part it validates the effective medium approach for the calculation of absorption in irradiated PSi together with the Raman shift variation with temperature (considered as the same than for bulk Si). For the SThM it shows that the rough mechanical contact does not play a significant role for thermal conductivity materials probed in air by micro-probes. We have showed a decrease in irradiated PSi thermal conductivity by a factor of more than 5.3 and a decrease by more than two orders of magnitude in comparison with PSi and bulk Si respectively. The lowest effective thermal conductivity that was obtained is 1.2 W.m -1 .K -1 close to that of highly porous silicon (P=75 %), avoiding mechanical fragility due to high porosity in our case. Indeed, according to ref. 17, the Young modulus for a 56 % porosity, 10 µm thick PSi layer is 24 GPa while the one for 75 % porosity is reduced to 7 GPa. Nevertheless, the Young modulus of amorphous Si maybe lower than that of crystalline Si (a factor 2 can be considered [START_REF] Freund | Thin film materials[END_REF] despite scattered values in the literature). This value of 1.2 W.m -1 .K -1 is also comparable with thermal conductivity of SiO2, one of the usual solid insulators. We have found a linear relation between the effective thermal conductivity and the amorphous fraction. This may hold the key to thermal conductivity prediction if the amorphous fraction is known. However, the match with effective media approaches and spectral distribution of mean free paths of the bulk is difficult, calling for improved modelling steps. The predicted thermal conductivity value for a fully-amorphized sample ranges between 0.7 W.m -1 .K -1 and 1 W.m -1 .K -1 , which is between 16% and 40% lower than the one for non-IPSi with P=75%, while the Young's modulus, is approximately twice, according to previously given literature results. In order to confirm this potential interest of irradiated PSi for MEMS application, a study of the mechanical properties will be useful, in particular to investigate the effect of amorphization on hardness and Young's modulus. 
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 3 FIG. 3. (a) µ-RT principle. (b) Temperature field obtained by FEM on the top surface by accounting for absorption in the volume with a Gaussian beam. The inset provides simulated isothermal contours (four rectangles for mesh enhancement at the laser spot position are displayed).

  

  

  

  

  . This result was confirmed by Isaiev et al. by photoacoustic technique 20 . Up to now, in most of the experimental studies of porous silicon only one thermal characterization technique was applied for the determination of  𝑃𝑆𝑖 . Cruz-Orea et al. and Isaiev et al. measured  𝑃𝑆𝑖 by the photoacoustic technique 21,20 . Scanning thermal microscopy (SThM) was used by Gomes et al. for the determination of  𝑃𝑆𝑖 of thin layers 22 . Gesele et al., Valalaki et al., and J.H. Seol et al. used the 3 𝜔 technique for the same aim
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