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I. INTRODUCTION a. On the cryogenic deposition of metal thin films

The development of thin films grown at cryogenic temperatures started in the 1990's. Most of the works aimed at enhancing Schottky barriers at the interface between metals and III-V's [START_REF] Anderson | Barrier height enhancement of Schottky diodes on n-In0. 53Ga0. 47[END_REF][START_REF] Wang | Increased Schottky barrier heights for Au on n-and p-type GaN using cryogenic metal deposition[END_REF]. The idea was that by reducing the deposition temperature, interdiffusion between the metal and one of the constituents of the III-V would decrease drastically, leading to sharper interfaces. Moreover, adatom surface diffusion is also reduced, reducing surface roughness of ultra-thin films thanks to the formation of small grains. More recently, cryogenic deposition was applied to superconductor-semiconductor junctions, in the context of developing better materials and interfaces for applications in quantum information technologies and science. For lattice matched materials, epitaxial interfaces become possible, such as for Al [START_REF] Krogstrup | Epitaxy of semiconductor-superconductor nanowires[END_REF]and Pb [4] on InAs, and Sn on InSb [START_REF] Khan | Epitaxially Driven Phase Selectivity of Sn in Hybrid Quantum Nanowires[END_REF]. Polycrystalline films may also form for large lattice mismatch with various crystalline qualities. In general, refractory metals Nb and Ta form columnar films [6], yet Sn forms smooth polycrystalline films [START_REF] Pendharkar | Paritypreserving and magnetic field-resilient superconductivity in InSb nanowires with Sn shells[END_REF].

However, cryogenic thin films are grown far from equilibrium. They tend to dewet and form isolated islands upon returning to room temperature, similar to thin films grown at room temperature and subsequently annealed at higher temperatures [START_REF] Müller | Microstructure evolution during dewetting in thin Au films[END_REF]. One solution proposed to prevent film coalescence is to either oxidize the surface of the film or to deposit a hard amorphous cap, when still cold. For example, Al is oxidized in-situ [START_REF] Krogstrup | Epitaxy of semiconductor-superconductor nanowires[END_REF] but it is also possible to use alumina deposited on Sn [START_REF] Pendharkar | Paritypreserving and magnetic field-resilient superconductivity in InSb nanowires with Sn shells[END_REF]. Pb cannot be oxidized because it turns completely amorphous [4].

V as well oxidizes into a bad oxide [9], and it is likely that Sn oxide has too much dielectric loss for application in quantum bits (qubits). Based on this, it is clear that the choice of the capping is contingent on the nature of the thin film and requires a systematic study. b. On the recent interest for (cryogenic) Sn thin films Growing focus on the superconductor-semiconductor Sn-InSb system originates from its topological properties [START_REF] Rojas-Sánchez | Spin to Charge Conversion at Room Temperature by Spin Pumping into a New Type of Topological Insulator: α-Sn Films[END_REF][START_REF] Liao | Superconductivity in few-layer stanene[END_REF] and potential application in quantum superconducting devices [START_REF] Pendharkar | Paritypreserving and magnetic field-resilient superconductivity in InSb nanowires with Sn shells[END_REF][START_REF] Xu | Elemental Topological Dirac Semimetal: α-Sn on InSb(111[END_REF]. The a-Sn phase is predicted to exhibit multiple topological insulator and semimetal phases that appear for different film thicknesses [START_REF] Tu | Growth of n-type heteroepitaxial films of gray tin on (001) CdTe by molecular beam epitaxy[END_REF][START_REF] Farrow R F C, Robertson | The growth of metastable, heteroepitaxial films of α-Sn by metal beam epitaxy[END_REF][START_REF] Zheng | Epitaxial growth and electronic properties of few-layer stanene on InSb (1 1 1) 2D Materials[END_REF], doping levels [START_REF] Didschuns | Superconductivity in Sn films on InSb(1 1 0) taking account of the film morphology and structure[END_REF] and strain [START_REF] Xu | Gapped electronic structure of epitaxial stanene on InSb(111)[END_REF]. The tetragonal b-Sn phase is a superconducting metal [START_REF] Shoenberg | Superconductivity[END_REF][START_REF] Androes | Nuclear Magnetic Resonance in Superconducting Tin[END_REF]. Devices made of b-Sn/InSb structures exhibit properties such as hard induced gap and parity stability which are attractive for the investigation of topological superconductors, as well as for hybrid superconductorsemiconductor transmon-type devices for quantum information processing [START_REF] Pendharkar | Paritypreserving and magnetic field-resilient superconductivity in InSb nanowires with Sn shells[END_REF][START_REF] Zhang | Nanowire Shadowing[END_REF]. The superconducting gap of b-Sn is approximately 3 times larger than in Al, a popular choice for quantum devices. A larger gap comes with the possibility of stronger protection against decoherence. In this context, understanding how to control the ratio of a-to-b grains is important because mixed-phase films can lead to softening of the superconducting gap, and with it bring decoherence to qubits. What are the possible mechanisms for growing b-Sn on InSb, that is lattice-matched to a-Sn, is an interesting open question.

(Cryogenic) Sn thin films are particularly intriguing because of the allotropy of Sn. Its stable crystalline phase at room temperature is b-Sn, while a-Sn is stable at lower temperatures. The a-b transition temperature is known to be 286 K [START_REF] Ojima | Differential scanning calorimetry study of the α → β transition in tin[END_REF][START_REF] Mason | On the stability of pseudomorphic α-Sn on InSb(001) to temperature and film thickness Surface[END_REF], yet some recent reports suggest a a-b transition temperature being around 307 K [START_REF] Mazumdar | Synchrotron x-ray diffraction studies of the α ⇌ β structural phase transition in Sn and Sn-Cu[END_REF]. a-Sn grows as thin films on quasi latticematched substrates (InSb [START_REF] Farrow R F C, Robertson | The growth of metastable, heteroepitaxial films of α-Sn by metal beam epitaxy[END_REF] and CdTe [START_REF] Tu | Growth of n-type heteroepitaxial films of gray tin on (001) CdTe by molecular beam epitaxy[END_REF]). Those films are synthesized close to room temperature [START_REF] Osaka | Surface phase transition and interface interaction in the α-Sn/InSb111 system[END_REF] and their stability originates from epitaxial matching that generates mild strain at the interface. Strain in epitaxial films being thickness dependent, the a-b transition temperature is also thickness dependent [START_REF] Mason | On the stability of pseudomorphic α-Sn on InSb(001) to temperature and film thickness Surface[END_REF][START_REF] Chen | Thickness-dependent topological phase transition and Rashba-like preformed topological surface states of α-Sn(001) thin films on InSb(001)[END_REF][START_REF] Song | Thermal Stability Enhancement in Epitaxial Alpha Tin Films by[END_REF]. Films as thick as 200 nm transform at 343 K [START_REF] Song | Thermal Stability Enhancement in Epitaxial Alpha Tin Films by[END_REF], while thinner films of 8 nm transition at 454 K [START_REF] Mason | On the stability of pseudomorphic α-Sn on InSb(001) to temperature and film thickness Surface[END_REF]. In this context, the formation of superconducting thin films of b-Sn on InSb appears unexpected at nominal growth temperatures of 80 K [START_REF] Khan | Epitaxially Driven Phase Selectivity of Sn in Hybrid Quantum Nanowires[END_REF][START_REF] Pendharkar | Paritypreserving and magnetic field-resilient superconductivity in InSb nanowires with Sn shells[END_REF].

c. Aim of this work

Our work addresses the question of the effect of the in-situ cap method on the structure of cryogenic Sn films. We found conditions that appear to correlate with the formation of b-Sn on InSb substrates. Sn films were grown at a low temperature of 80 K further favoring a-Sn. In a second step, the Sn thin films were capped either with AlOx, Al or SnOx. As expected, our films are predominantly a-Sn. However, when capped with evaporated alumina, they contain an admixture of b-Sn grains, based on both X-ray diffraction (XRD) and transport measurements of superconductivity. We hypothesize that this is related to the relatively higher temperature during the deposition of the AlOx cap, which is supported by an increase in the amount of b-Sn when the AlOx cap is thicker. The same capping method was applied on InSb/Sn nanowires utilized in several quantum transport measurements [START_REF] Pendharkar | Paritypreserving and magnetic field-resilient superconductivity in InSb nanowires with Sn shells[END_REF][START_REF] Zhang | Supercurrent through a single transverse mode in nanowire Josephson junctions[END_REF][START_REF] Zhang | Evidence of f0-Josephson junction from skewed diffraction patterns in Sn-InSb nanowires[END_REF] in which superconductivity was observed systematically. Yet, the factors determining the crystal phase of Sn on nanowires may be different due to, e.g. surface roughness, impurities, restricted surface geometry and differences in heat absorption. Our enhanced understanding of cryogenic Sn thin film deposition significantly contributes to the improvement of superconducting films and hybrid materials, vital for quantum bit devices, Majorana experiments, and more. Knowing which capping technique induces phase transformation in the Sn film is crucial for favoring either the b or a phase.

II. METHODS

InSb (110) and InSb (001) substrates are heated to 638K in a chamber with base pressure below 10 -10 Torr and cleaned with atomic hydrogen using a chamber pressure of 5×10 -6 Torr during 1h. Under those experimental conditions, X-ray photoelectron spectrometry (XPS) shows the disappearance of the InO peak as well as of the C peak [START_REF] Logan | Growth, Surface, and Electronic Properties of Predicted Topologically Non-Trivial Heusler Compounds[END_REF], confirming the complete deoxidation of the substrates. The sample is then transferred in-situ into an ultra-high vacuum (UHV) chamber with a specially designed liquid nitrogen (LN2) cooled manipulator, where the sample can be cooled to 80 K. The Sn effusion cell is heated to a temperature of 1373 K, corresponding to a deposition rate of 0.02 Å/min. Sn is grown for various times in order to study film thicknesses ranging from 5 to 50 nm.

After Sn deposition, the samples are capped using one of the three following procedures (see Figure 1a for the schematic). (1) We transfer the sampls in vacuo into another UHV chamber to deposit 3 nm of AlOx with an electron beam (e-beam) evaporator. (2) A 1.5 nm-thick Al film is formed using an effusion cell while still on the LN2 cooled manipulator. We transfer the sample subsequently in vacuo to a specially designed loadlock with research grade oxygen, where it is oxidized to form a native oxide (AlOx). [START_REF] Krogstrup | Epitaxy of semiconductor-superconductor nanowires[END_REF] We transfer the sample into the loadlock to form a native oxide (SnOx) cap.

During procedure (1), the AlOx source is heated by an electron-beam with a power ranging between 300W and 750W. We set the deposition conditions to attain a deposition rate of 6 Å/min. During procedure (2), a filament heats the effusion cell to a temperature of 1353 K, above the melting temperature of Al. The thin Al film is deposited at a rate of 6 Å/min with the chamber pressure at 10 -10 Torr. During procedure (3), as well as at the end of procedure (2), the sample is transferred to the load lock kept at a pressure of 100 Torr with research grade oxygen. The oxidation of Al and Sn are self-limiting [START_REF] Cho | Oxidation study of pure tin and its alloys via electrochemical reduction analysis[END_REF][START_REF] Song | Investigation on initial oxidation kinetics of Al, Ni, and Hf metal film surfaces Chin[END_REF]; therefore, we expect the thickness of their respective oxides to be limited to few nm.

We analyze the crystalline structure of the Sn thin films by XRD with a Smartlab Rigaku diffractometer equipped with a Cu rotating anode. The X-ray wavelength is CuKa1 = 0.15406 nm.

In the out-of-plane configuration, we probe the crystalline planes parallel to the substrate surface. The out-of-plane setup is equipped with a 2 bounce Ge(220) monochromator for incident beam and a long parallel slit collimator 0.228° as diffracted beam analyzer. In the grazing incidence in-plane configuration, we probe the planes normal to the substrate surface. The inplane optical setup consists in a parallel slit collimator 0.5° for the primary and secondary optics.

No monochromator was used in this configuration to maximize the intensity. The implementation of a Ni κb-filter is clearly visible in Figure 2 by the shape of the InSb peak. In the out-of-plane configuration, the probed surface is of a few mm 2 with a penetration depth of a few microns, while in the in-plane configuration, we are in a surface sensitive configuration with a penetration depth of a few tens of nanometers and a probed surface area of 1 cm 2 . To complete the XRD analysis, we analyze the surface of the different samples by Atomic Force Microscopy (AFM) on 15×15 µm 2 images. The roughness of the surface is evaluated by measuring the root mean square (RMS) of each image.

We carry transport measurements to determine the thin films resistance properties at low temperature. The experiments are performed in an Oxford DR200 refrigerator at the base temperature of 20 mK. The current flowing through the sample is recorded with a 3-terminal current bias Ibias configuration for comparative data between samples. The Resistance Capacitance filters employed for reducing high frequency noise from exterior environment are custom made at the University of Pittsburgh. The passive second order low pass filters have resistance and capacitance of first and second stages as 820 Ohms, 1.2kOhms and 22nF, 4nF respectively. The designed 3dB cutoff frequency is about 7kHz.

III. RESULTS

a. Crystalline structure of the Sn layers grown on InSb.

Using out-of-plane XRD, we first determined the crystalline nature of 16.3 nm-thick Sn layers grown on InSb(110) and further capped using one of the three methods presented in the Methods section. The 2q/q XRD spectra show a main peak surrounded by fringes on Figure 1(b).

The main peak corresponds to the InSb(220) reflection at 2q = 39.35°. The a-Sn peak is at a slightly lower 2q angle. Thickness fringes called Pendellesung fringes are visible around the main peak and result from the high homogeneity of the Sn film. The difference in lattice parameters between a-Sn and InSb is 0.29% [START_REF] Gates-Rector | The Powder Diffraction File: a quality materials characterization database[END_REF], therefore we expect the a-Sn film to be strained on InSb. This was confirmed by the reciprocal space maps around both (444 " ) and (800) diffraction peaks (see supplementary data).

The thickness of the film was extracted by fitting the oscillations with the SmartLab software (see inset Figure 1b). The AlOx capped Sn and in-situ oxidized Sn films are much thinner than the Sn film with an oxidized Al cap (Table I). A second and much less intense peak at 2q = 41.78° is visible, except for the native oxide capped sample. We attribute it to the SbSn(110) reflection, although it may be a reflection from Sb3Sn4 [START_REF] Schmetterer | The phase equilibria in the Sb-Sn system -Part II: Experimental results[END_REF] because both have similar crystalline structures.

We subsequently call this phase SbSn for simplicity. We did not observe any peak related to the presence of b-Sn between 2q= 30° and 2q = 155°. b. Correlation between the presence of b-Sn grains and the capping method Then, we employed the in-plane XRD configuration to probe the crystalline structure of the thin films normal to the surface. The incident angle was chosen to maximize the signal from the film (and to minimize the intensity of the InSb substrate). Figures 2a-c show the 2qc-f spectra of the three 16.3 nm thick samples along the in-plane InSb [2 " 20] direction (see supplementary data for the InSb[004] direction). As the film is strained on the substrate, we did not see the a-Sn(220) reflection because it overlaps with the main InSb(220) reflection. A SbSn peak is visible, similarly to out-of-plane measurements. In contrast to the out-of-plane configuration, additional peaks is visible at lower angles thanks to the surface sensitivity of the in-plane configuration. In particular, the AlOx capped sample (Figure 2a) showed two additional peaks. The first one is attributed to the SnO(101) reflection and the second one to the b-Sn(200) reflection, respectively (Table II). The second and third samples, which are capped with Al oxidized (Figure 2b) and Next, we determined experimentally if the b-Sn phase appeared for any Sn film thickness. For that, four different samples were prepared with nominal Sn thicknesses ranging from 6 to 40 nm and subsequently capped with 3 nm-AlOx. Out-of-plane XRD was performed to evaluate the quality and the crystalline orientation of the films. The XRD spectra of this series of thin films did not differ from the reference AlOx capped sample, except for the fringe frequencies from which the effective thickness of the films was extracted (see Table I and supplementary data). We noticed that all films were fully strained (see supplementary data). In-plane XRD along the InSb(2 " 20) reflection is shown on Figure 3a-d II). This confirms that a longer AlOx deposition time leads to a larger fraction of b-Sn in the Sn films. 

e. Transport properties of the AlOx capped Sn films

At last, low-temperature transport measurements of 16.3 nm thick Sn films were performed to check for superconductivity. Figure 6a-c show the resistivity at 20mK of the Sn thin films plotted versus the current bias. The resistivity of both the Sn thin film oxidized in-situ and the Sn thin film capped with Al oxidized insitu remained constant over the current bias applied to the sample (Figure 6b-c) and increased while cooling from 1K to 20mK (not shown). Those two samples did not show any superconductivity. In contrast, the resistivity of the Sn thin film capped with AlOx exhibits a characteristic drop around zero current bias, in the interval -2μA and 2μA.

The drop in resistivity is a consequence of the formation of Cooper pairs, which are pairs of electrons that move through the lattice without scattering. The drop in resistivity is also surrounded by sharp peaks, typical of superconductivity [START_REF] Tinkham | Introduction to Superconductivity: Second Edition[END_REF]. We see these features at temperatures beyond 3.6K where they gradually shrink towards zero bias, consistent with the critical temperature of b-Sn and significantly beyond the critical temperature of Al [START_REF] Shoenberg | Superconductivity[END_REF] (see supplementary information for temperature dependent transport data). Note that the resistivity does not drop to zero, either due to the 3-terminal measurement configuration or due to the high abundance of non-superconducting a-Sn. This latter hypothesis suggested the presence of a discontinuous b-Sn film. The sample capped with oxidized Sn in Figure 6c showed a 10-fold higher resistance likely because of its smaller thickness with respect to the other samples.

IV. DISCUSSION

We studied a-Sn thin films deposited on InSb substrates and capped with different methods.

The objective of the study was to understand under which capping conditions b-Sn grains form in the films. In the following, we discuss the homogeneity, thickness and chemical composition of a-Sn films. Then, we focus the discussion on the b phase identified in the Sn films.

Our results show that the Sn films are homogeneous regardless of the capping strategy. This was confirmed by the presence of Pendellesung fringes surrounding the (220)InSb reflection in the out-of-plane XRD spectra (Figure 1) and by surface roughnesses measurements lower than 1 nm (Table I). We found a mosaicity 3 times higher in the Sn film than in the InSb substrate (see supplementary data). This is an indication that structural defects, as for example dislocations or stacking faults, are present in the film [START_REF] Metzger | Defect structure of epitaxial GaN films determined by transmission electron microscopy and triple-axis X-ray diffractometry[END_REF].

Then, the actual thickness differs from the expected one, regardless of the capping (Table I).

We propose that the discrepancy is due to the partial oxidation of Sn. An oxidized phase of tin (SnO) is indeed visible in the in-plane XRD spectra (Fig 2). In the case of in-situ oxidized Sn, the protective SnOx cap is formed via a partial consumption of Sn. In the case of AlOx capped Sn, we propose two hypothesis: oxidation occurred by the reaction of Sn with either oxygen atoms present in the vapor during AlOx evaporation [START_REF] Yushkov | Different stages of electron-beam evaporation of ceramic target in medium vacuum[END_REF] or oxygen in the ambient air through a porous cap. We clearly observe in Fig 3 that the amount of SnO increases with Sn thickness, while the AlOx deposition conditions remain equal. In the case of the sample capped with Al oxidized insitu, the slight oxidation of Sn confirms the second hypothesis. In all cases, oxidation of the Sn film surface gives a thinner Sn film.

Furthermore, an additional phase attributed to SbSn is found in all the samples. SbSn is likely located in contact with the substrate because of its epitaxial relationship with InSb as observed in the f scans on Figure 4(a). Earlier XPS studies revealed that Sb segregates in the Sn film up to 12 nm and supersedes Sn in the lattice [START_REF] Osaka | Surface phase transition and interface interaction in the α-Sn/InSb111 system[END_REF]. It is thus not surprising that the crystalline orientation of the SbSn phase is identical to that of the substrate. XPS, Auger sputter depth profile and transmission electron microscopy (TEM) plan view experiments can help identify the location of the SbSn phase more precisely. However, we found that SbSn is more abundant after several months of storage in a N2 box (not shown), which suggests that the interface is not at equilibrium. We cannot explain if SbSn forms at 80K or once the samples return to room temperature. In conclusion, it is necessary to prevent the formation of SbSn at the outset to prevent further aging.

An important finding of this work is that b-Sn grains appear in the a-Sn thin films after AlOx capping. Our XRD results point out (1) that the amount of b-Sn increases for longer AlOx deposition times and (2) that the b phase appears while the a phase disappears when the temperature increases above 343 K (see supplementary data for temperature dependent XRD).

We believe that absorption of heat by the thin film is responsible for the appearance of the b phase.

It is important to understand how and why heating occurs on the samples during AlOx deposition. Evaporation of (ceramic) materials is known to come together with the heating of the samples [START_REF] Pargellis | Evaporating and sputtering: Substrate heating dependence on deposition rate[END_REF] because of a poor transfer of heat. In e-beam evaporation, the beam heats the source. The material vaporizes by absorbing power, emitting atoms, molecules and infrared radiations. However, electron-matter interaction also generates X-rays, electrons, and ionized particles [START_REF] Wang | Electron Beam Evaporation Deposition Advanced Nano Deposition Methods[END_REF], which may play a role in heating but to a lesser extent [START_REF] Volmer | How to solve problems in micro-and nanofabrication caused by the emission of electrons and charged metal atoms during e-beam evaporation[END_REF].

We calculated the radiation power absorbed by the sample from the source (see supplementary data) by modeling the deposition setup. However, we encountered difficulty in accurately estimating the radiating surface of AlOx. A recent report by Yushkov et al. [START_REF] Yushkov | Different stages of electron-beam evaporation of ceramic target in medium vacuum[END_REF] considers that the entire top surface of AlOx radiates heat, though evaporation takes place from a smaller area close to the size of the e-beam. Among other parameters difficult to estimate were the effective size of the e-beam and the multiple reflections of the radiations on the walls of the deposition reactor. While we deposit AlOx at relatively low rates (6Å/min), we cannot rule out the contribution of other factors producing appreciable sample heating as the kinetic and condensation energies of AlOx or the presence of ions [START_REF] Wang | Electron Beam Evaporation Deposition Advanced Nano Deposition Methods[END_REF][START_REF] Breitweiser | Influence of Film Condensation Addi<onal XRD analysis[END_REF]. Whether the factors described are sufficient to reach the phase transition temperature needs to be clarified. A systematic study of the proportion of b-Sn in the film with varying power of the e-beam source will certainly help identifying the origin of heating and controlling the rate of formation of b-Sn.

The mechanism of the a to b transition is known to be a martensitic transformation, diffusionless and thermally activated [START_REF] Mason | On the stability of pseudomorphic α-Sn on InSb(001) to temperature and film thickness Surface[END_REF]41,42 We prepared a TEM lamella using a cryo-focused ion beam milling at 83K to prevent Sn melTng and spuUering away by heat during the milling process. The EDS maps reveal intermixing between Sn and InSb. FigureS1 shows the EDS-TEM analysis on the Sn film grown on InSb (110) substrate. However, we find that indium migrates towards the sample surface and Sb segregates in the Sn thin film. Pure Sn cannot be detected on this lamella, which is incoherent with the results of XRD measurements. We suspect that the reason of intermixing is due to lamella preparaTon or the ageing of sample. Our technique does not prevent migraTon of elements despite the low temperature took place. 

Mosaicity of 40nm Sn thin film

We esTmate the crystalline quality of the films by measuring the mosaicity. Figure S9 show the ω scans centered on the InSb (220) in orange and a-Sn (220) in blue diffracTon individually.

We observe that the peak corresponding to the a-Sn layer is broader than the substrate. It suggests that the crystalline quality of the a-Sn film is not as good as that of InSb substrate. We then extracted the peak's FWHM (see Table III) from the fit by the Pseudo-Voigt equaTon. We find that the mosaicity of the a-Sn thin film is three Tmes larger than that of the InSb substrate.

This increase in the FWHM of the diffracTon in ω-scans confirms that the crystalline quality of the thin film is lower than the InSb substrate. 

Temperature XRD measurements on 40nm Sn thin film

FigureS10 shows temperature-dependent XRD measurements on the 40nm-thick Sn thin films grown on InSb(110). We observe that the periodic fringes disappear at around 70°C, and meanwhile the b-Sn peaks appear. This transiTon temperature of 40nm-thick Sn film is higher than that of bulk a-Sn (13°C). This evoluTon suggests that a-Sn transiTons into b-Sn at this temperature. The transiTon from the ato b-phase of Sn is irreversible in our temperature range. since it depends in pracTce on the temperature, the wavelength range, the surface treatment, etc. In our case, both the steel chamber and the molybdenum holder were oxidized, had a rough surface and were covered by materials deposited within the chamber. Therefore, their emissivity considered was in the upper bound of the emissivity range (0.5-1). For simplicity, the source, the chamber and the holder were considered to be black bodies with an emissivity of 1. Finally, the e-beam irradiated the AlOX ingots with a maximal power of 750W. The Stephan-Boltzmann law gives a temperature of ∼ 2166K for an total surface of the AlOX ingot of 6x10x10mm 2 . The heat balance of the system can be wriUen as:

where C(T) is the heat capacity of the sample holder and t is the Tme passed since liquid nitrogen cooling stopped (the sample leb the low temperature chamber in which Sn was evaporated). 17

Without exposure to the AlOX source, the sample returned to room temperature aber 30 minutes due to the radiaTon of the chamber at 300K. Exposure to the AlOX source radiaTon started at t=120s (the duraTon of the in-situ transfer from the low temperature chamber), and lasted 270s for a 3nm capping (900s for a 10nm capping). We observed a steep temperature rise, obviously faster for larger powers. In this qualitaTve picture, the sample exceeds the bulk transiTon temperature above which the b-Sn phase is favored for infrared radiaTon powers above 5W2 .

6 Low-T transport measurement on Sn/InSb (001) capped with AlO X

The samples were rinsed with Acetone and IPA 1min each and the copper sampled holder was wiped with IPA rinsed KIMTECH wipes before placing the samples to the holder using silver paste.

The Aluminum wire bonds from gold plated copper pads on the sample holder to the samples were made using WestBond 454647E ultrasonic wedge-wedge wire bonder. All measurements are performed in DC with second generaTon IVVI DACs to power the current source (S4m) and voltage readout (M2b) modules at necessary/available amplificaTon selngs (10uA/V and 100V/V respecTvely for presented data). No lock-ins were used. Three-point measurements were performed for a fair comparison between the three samples since one of the contacts came off during cooldown. Figure S13 shows the electronic transport measurement at low temperature performed in a diluTon fridge. We see that switching currents appear between Ibias = 200µA and -200µA while the temperature decreases below 2K. Between the switching currents, we observe a relaTvely low-resistance region surrounding Ibias = 0µA: it is the superconducTng gap. We find that the superconducTng gap closes up while the temperature increases. The non-zero resistance in the superconducTng gap is aUributed to the insulaTng a-Sn layer. 

  oxidized in-situ (Figure 2c), respectively, exhibit the SnO(101) reflection only, and do not show b-Sn peak. c. Correlation between b-Sn grains properties and Sn film thickness.

  for the four samples. All the Sn films contained b-Sn grains along with a-Sn. For the thinnest films, only b-Sn(200) was observed, suggesting a preferential orientation of the b-Sn grains. The relative intensity of the b-Sn(200) reflection increased with increasing Sn thickness. For the thicker films, the b-Sn(101) orientation emerged, in addition to b-Sn(200). The distribution of the different orientations of b-Sn with respect to the substrate orientation is visible in f scans (Figure 4a). f-scans reveal crystal symmetry while rotating the sample inplane. While the thin and sharp InSb(220) reflection was 2-fold symmetric, b-Sn(200), b-Sn(101) and SnO(101) were broad, less intense, and exhibited a 4-fold symmetry. The intermixing layer SbSn(110) was 2-fold symmetric like InSb(220). In order to have a 4-fold symmetry, two potential orientations are presented in Figure 4b for the b-Sn grains. In one case, the out-of-plane [010] orientation is necessary for grains having their (101) planes oriented parallel to in-plane InSb(220). In the other case, the [001] orientation is necessary for that have their (200) planes oriented parallel to in-plane InSb(220). Interestingly, b-Sn(001) was not visible in the out-of-plane XRD configuration. Indeed, most of the (001) reflections are forbidden according to the ICDD database. The first reflection allowed is b-Sn(004) at 2q=151.08° where the signal is very low. We found such reflection only in one sample that contained a larger amount of b-Sn (see supplementary data). d. Correlation between the volume of b-Sn grains and AlOx deposition time Furthermore, we evaluated the effect of longer AlOx deposition times on the crystallinity of the films. We performed out-of-plane XRD along the InSb[001] growth direction on 15 nm-thick Sn thin films deposited on InSb (001) substrates and capped with 3 nm and 10 nm thick AlOx films, respectively (Figure 5). As the substrate orientation is different from the previous samples, the main peak in Figure 5a corresponds to the InSb(004)/a-Sn(004) reflection. There is no b phase in out-of-plane XRD scans for the 3 nm-AlOx capped Sn film, similarly to what we observed in Figure 1. In contrast, two peaks that are visible at lower 2q values for the 10 nm-thick AlOx capped Sn film correspond to b-Sn(200) and b-Sn(101), respectively (see Table

Figure

  Figure 5b summarizes the different steps of the process leading to the formation of the b phase. First, a-Sn grows epitaxial on InSb, then AlOx is deposited by e-beam. This process is responsible for the increase of the sample temperature, triggering the partial transformation of a-Sn into b-Sn.
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 152 FIG. 1. Determination of the crystalline phase of the Sn thin films. (a) Schematic of the sample stack. (b) Out-of-plane diffraction measurement (2q/q scan along the InSb[110] growth direction) on the 16.3 nm-thick Sn samples grown on InSb(110) and capped with 3 nm AlOx (blue), oxidized Al and native oxide (green). Inset: magnified-view of the fitted InSb(220) peak corresponding to the oxidized Al cap sample.
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 163 FIG. 3. Influence of the deposited thickness on the Sn films structural properties. In-plane diffraction measurement (2qc-f scans along the [2 " 20] direction) of Sn thin films of (a) 6 nm, (b) 10 nm, (c) 15 nm and (d) 40 nm thicknesses, grown on InSb(110) and capped with 3 nm AlOx. The intensity of the reflections from the b-Sn and SnO phases increases with thicker Sn films.
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 174185196 FIG. 4. Orientation of the b-Sn grains in a 40nm thick Sn film. (a) f scans around the Sn(101), SnO(101), SbSn(110) and InSb(220) reflections of the 40-nm thick Sn thin film grown on InSb(110) and capped with 3 nm AlOx. (b) Top left: schematic of the materials stack. Top right: crystalline orientation of the InSb(110) substrate. Bottom left and right: b-Sn(200) and b-Sn(101) grains orientation with respect to InSb(110) deduced from (a).

  FIG. S1: [3nmAlOX/40nm Sn/InSb (110)] (a) Scanning transmission electron micrograph (STEM) using an high-angle annular dark field detector shows the cross-secOon of the sample. From leP to right: InSb (110) substrate, Sn thin film marked in green dashed lines and the protecOve carbon layer. (b) Electrondispersive X-ray spectra (EDS) maps from image (a). (c) EvoluOon of the atomic fracOon of each element along the cross-secOon. The blue region corresponds to the posiOon of the Sn thin film.
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 4 AFM observa;on of the sample surfaceOn FigureS2, we see the AFM images of Sn thin films grown on either InSb (110) or InSb (001), capped with different methods. We see grains on the InSb (110) samples. We associate them to the formaTon of In droplets during atomic hydrogen deoxydaTon process prior to Sn growth, the deoxydaTon recipe being opTmized for InSb (001) surfaces. The RMS presented in TableIIcorresponds to the surface with the grains removed by a mask in the Gwyddion sobware.

  FIG. S2: [Capping layer/16nm Sn/InSb] First row: Sn/InSb (110), second row: Sn/InSb (001). From leP to right: (a)-(d) AlOX capping, (b)-(e) Al oxidized capping and (c)-(f) Sn oxidized capping. The scale bar is 4µm.

4. 1

 1 FIG. S3: [3nmAlOX/Sn/InSb (001)] In-plane XRD scans on InSb (220) with different Sn thickness grown on InSb (100) substrates.

4. 2

 2 Figure S4 shows the out-of-plane XRD measurement of 40nm-think Sn/InSb capped with 10nm-thick AlOX (CPD156 (110) InSb). The two intensive fringed peaks are aUributed to InSb (220)/a-Sn (220) at 2q=39.35° and InSb (440)/a-Sn (440) at 2q=84.62° respecTvely. We observe a weak peak at 2q=151.08° which corresponds to b-Sn (004). The presence of this b-Sn peak confirms the preferenTal orientaTons of the b-Sn grains observed by in-plane XRD in other samples.

4. 3

 3 Figure S5 shows the in-plane XRD analysis along InSb (004) rotated by 90° from the InSb (220) direcTon. The AlOX capped sample shows 2 peaks belonging to b-Sn grains, b-Sn (200) at 2q = 30.78° and bSn (101) at 2q = 32.18°. b-Sn presents a 2 nd orientaTon in the a-Sn thin film along InSb (004). In both the Al oxidized capped and Sn oxidized capped samples, there are no b-Sn peaks along InSb (2 " 20) nor InSb (004). In conclusion, no b-Sn grains can be seen by XRD in the oxidized Al capped and oxidized Sn films.

FIG

  FIG. S5: [Capping layer/Sn/InSb (110)] In-plane XRD measurements along InSb (004) direcOon with same in-plane opOcs configuraOon for three different cappings.

FIG

  FIG. S6: [3nmAlOX/Sn/(110) InSb] In-plane XRD measurements of different Sn thickness along InSb (004) direcOon.
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 5 FIG. S8: Reciprocal space map at the (4 " 44) InSb reflecOon on 3nmAlOX/40nm Sn/InSb (110)

  FIG. S9: [3nmAlOX/40nm Sn/(110) InSb] ω scans of the (220) InSb and (220) a-Sn reflecOons.

  FIG. S10: Out-of-plane XRD scans performed on the 40nm-thick Sn thin film grown on InSb (110) (CPD122). The yellow arrows indicate the temperature at which the Pendellösung fringes disappear. The b-Sn reflecOons are visible and correspond to the blue dashed lines. The peaks originaOng from the setup are indicated by the red verOcal lines.

FIG. S11 :

 S11 FIG. S11: Specific heat of Molybdenum: tabulated data from reference 1 and sixth order polynomial fit used to solve equaOon S1.

  FIG. S13: [3nmAlOX/15nmSn/InSb (001)] Low temperature transport measurement of the 15nm Sn thin film grown on an InSb (001) substrate. (a) 2D resisOvity map as a funcOon of Ibias and temperature. (b) R-T line scan at Ibias = 0µA extracted from (a) (indicated by a yellow horizontal dashed line). (c)-(e) Resistance versus Ibias at different temperatures extracted from (a).

  

TABLE I .

 I List of samples. Nominal thickness, extracted thickness from the fit of the InSb reflection in the out-of-plane configuration and surface RMS extracted from 15µm×15µm AFM images (see supplementary data).

	Sample	Capping	Nominal thickness (nm)	Extracted thickness (nm)	Roughness (nm)
	CPD166 (110)	3 nm AlOx capped	16.3	13.0 ± 0.5	0.45 ± 0.088
	CPD167 (110)	Al oxidized	16.3	14.6 ± 0.5	0.63 ± 0.18
	CPD168 (110)	Native oxide	16.3	11.3 ± 0.5	0.82 ± 0.19
	CPD125 (110)	3 nm AlOx capped	6	7.2 ± 0.4	0.35 ± 0.11
	CPD124 (110)	3 nm AlOx capped	10	10.2 ± 0.6	0.60 ± 0.07
	CPD123 (110)	3 nm AlOx capped	15	14.2 ± 0.3	0.65 ± 0.11
	CPD122 (110)	3 nm AlOx capped	40	38.1 ± 0.4	1.28 ± 0.20
	CPD123 (001)	3 nm AlOx capped	15	10.6 ± 0.3	0.58 ± 0.16
	CPD153 (001)	10 nm AlOx capped	15	12.9 ± 0.5	0.42 ± 0.02
			21		

TABLE II .

 II List of reflections observed by in-plane XRD: measured position, ICDD value, presence in the sample

	1 List of samples studied throughout the project	
	Reflection	2q (°)	ICDD (°)	Presence
	b-Sn(200)	30.57	30.78	all AlOx caps
	b-Sn(101)	32.04	32.18	CPD122, CPD153
	SnO(101)	29.82	29.90	all except for CPD124 and CPD125
	SbSn(110)	41.70	41.78	all
	InSb(220)	39.32	39.35	all

TABLE I :

 I Summary of samples.

	Sample name	Substrate orienta0o n	Thickness Sn	Capping	XRD*	b-Sn grains	Superconduct s	TEM
	MP682	(001)	15 nm 3 nm AlOX	In-plane	Yes		
	MP683	(110)	15 nm 3 nm AlOX	In-plane	Yes		
	CPD122	(001)	40 nm 3 nm AlOX	In-plane	Yes		yes
		(110)	40 nm 3 nm AlOX	In-plane	Yes		
	CPD123	(001)	15 nm 3 nm AlOX	In-plane	Yes	Yes	
		(110)	15 nm 3 nm AlOX	In-plane	Yes		
	CPD124	(001)	10 nm 3 nm AlOX	In-plane	Yes		
		(110)	10 nm 3 nm AlOX	In-plane	Yes		
	CPD125	(001)	6 nm	3 nm AlOX	In-plane	Yes	Yes	
		(110)	6 nm	3 nm AlOX	In-plane	Yes		
	CPD153	(001)	15 nm 10 nm AlOX out-of-plane	Yes		
	CPD155	(001)	15.1 nm 10 nm AlOX out-of-plane	Yes		
	CPD156	(110)	40 nm 10 nm AlOX out-of-plane	Yes		
	CPD166	(001)	16.3 nm 3 nm AlOX	In-plane	Yes		yes
		(110)	16.3 nm 3 nm AlOX	In-plane	Yes	Yes	
				Oxidized				
	CPD167	(001)	16.3 nm		In-plane	No		
				1.5 nm Al				
				Oxidized				
		(110)	16.3 nm		In-plane	No	No	
				1.5 nm Al				
	CPD168	(001)	16.3 nm Oxidized Sn In-plane	No		
		(110)	16.3 nm Oxidized Sn In-plane	No	No	

* all samples were measured out-of-plane. CPD153 to CPD156 were measured only out-of-plane

TABLE II :

 II Summary of RMS from AFM measurement.

	4 Addi;onal XRD analysis			
		Capping	Substrate	RMS en1re image (nm)	RMS excluding grains (nm)
	CPD166	AlOX	InSb (110)	2.92±0.10	0.74±0.048
	CPD167	Al oxidized	InSb (110)	5.15±0.27	1.16±0.039
	CPD168	Sn oxidized	InSb (110)	6.26±0.12	1.21±0.28
	CPD166	AlOX	InSb (001)	0.64±0.29	0.75±0.44
	CPD167	Al oxidized	InSb (001)	3.17±1.88	0.96±0.47
	CPD168	Sn oxidized	InSb (001)	5.17±3.25	1.48±1.13

TABLE III :

 III DiffracOon angle 2q and FWHM obtained from the fit of the ω-scans of InSb (220) and a-Sn

	(220) diffracOons.
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