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Efficiently passivating germanium (Ge) surfaces is crucial to reduce the unwanted recombination current in high-performance devices. Chemical surface cleaning is critical to remove surface contaminants and Ge oxides, ensuring effective surface passivation after dielectric deposition. However, Ge oxides can rapidly regrow upon air exposure. To understand the surface evolution after wet cleaning, we present a comprehensive study comparing HF and HCl deoxidation steps on p-type Ge surfaces and monitor the surface as a function of air exposure time. Distinct oxide regrowth dynamics are observed: HFtreated samples exhibit swift regrowth of all Ge oxide states, whereas HCl-treated Ge surfaces exhibit a lower concentration of low degrees of oxidation and slower or no regrowth of high oxide states even after 110 minutes of air exposure. In addition, the For the purpose of Open Access, a CC-BY public copyright

I. INTRODUCTION

Germanium (Ge) is used for many applications such as metal-oxide-semiconductor field-effect transistors (MOSFET) [START_REF] Pillarisetty | Academic and industry research progress in germanium nanodevices[END_REF] , free-standing membranes [START_REF] Atalla | All-Group IV Transferable Membrane Mid-Infrared Photodetectors[END_REF][START_REF] Paupy | Wafer-scale detachable monocrystalline germanium nanomembranes for the growth of III-V materials and substrate reuse[END_REF][START_REF] Hanuš | Wafer-scale Ge freestanding membranes for lightweight and flexible optoelectronics[END_REF][START_REF] Xia | Single-crystalline germanium nanomembrane photodetectors on foreign nanocavities[END_REF] , IR lenses [START_REF] Ren | High-quality microresonators in the longwave infrared based on native germanium[END_REF] , biosensors [START_REF] Adiga | Nanoporous membranes for medical and biological applications: Nanoporous membranes for medical and biological applications[END_REF] , batteries [START_REF] Dupuy | Monolithic integration of mesoporous germanium: A step toward high-performance onchip anode[END_REF] , or multijunction solar cells [START_REF] King | 40% efficient metamorphic GaInP∕GaInAs∕Ge multijunction solar cells[END_REF] . In most cases, high-performance device fabrication requires a proper understanding and control of the Ge surface passivation. Indeed, the potential of Ge is hampered by its high surface defect density. These defects lead to a high charge carrier recombination rate at the surface and can compromise the channel's carrier mobility in MOSFET devices [START_REF] Xie | Germanium surface passivation and atomic layer deposition of high-k dielectrics-a tutorial review on Ge-based MOS capacitors[END_REF][START_REF] Sun | Interface Engineering and Gate Dielectric Engineering for High Performance Ge MOSFETs[END_REF] . In optoelectronic devices, such as solar cells and lasers, the electronic states induced by surface defects can act as non-radiative recombination centers for minority charge carriers and therefore decrease the device's conversion efficiency [START_REF] Dingemans | Stability of Al2O3 and Al2O3/a-SiNx:H stacks for surface passivation of crystalline silicon[END_REF] . To counteract this detrimental surface impact on the final device's performances, various passivation paths have been developed based on dielectric layer deposition [START_REF] Chen | \hbox{GeO}_{2}$ Passivation for Low Surface Recombination Velocity on Ge Surface[END_REF][START_REF] Berghuis | Surface passivation of germanium by atomic layer deposited Al2O3 nanolayers[END_REF][START_REF] Willem | Excellent surface passivation of germanium by a-Si:H/Al 2 O 3 stacks[END_REF][START_REF] Willem | Extracting surface recombination parameters of germaniumdielectric interfaces by corona-lifetime experiments[END_REF][START_REF] Isometsä | Achieving surface recombination velocity below 10 cm/s in n -type germanium using ALD Al 2 O 3[END_REF][START_REF] Isometsä | Surface Passivation of Germanium with ALD Al2O3: Impact of Composition and Crystallinity of GeOx Interlayer[END_REF][START_REF] Posthuma | Surface passivation for germanium photovoltaic cells[END_REF][START_REF] Weiss | Passivated, Highly Reflecting, Laser Contacted Ge Rear Side for III-V Multi-Junction Solar Cells[END_REF][START_REF] Janz | IEEE 44th Photovolt. Spec. Conf. PVSC[END_REF] . Although many of these studies were more interested in determining and For the purpose of Open Access, a CC-BY public copyright license has been applied by the authors to the present document and will be applied to all subsequent versions up to the Author Accepted Manuscript arising from this submission.

optimizing the deposition parameters and the dielectric layers to obtain high passivation quality, some authors have mentioned the importance of the cleaning step performed prior to the deposition of the dielectric layer on the passivation performances [START_REF] Berghuis | Surface passivation of germanium by atomic layer deposited Al2O3 nanolayers[END_REF][START_REF] Isometsä | Achieving surface recombination velocity below 10 cm/s in n -type germanium using ALD Al 2 O 3[END_REF] . Ge wafers are traditionally exposed to wet cleaning to etch the native Ge oxide and prevent oxide regrowth. However, unlike on silicon, the peroxide-based solution cannot be used with Ge due to their high etching rates [START_REF] Chapotot | Germanium surface wet-etch-reconditioning for porous lift-off and substrate reuse[END_REF] . From this observation, several cleaning techniques have been developed using water [START_REF] Rivillon | Hydrogen passivation of germanium (100) surface using wet chemical preparation[END_REF] , ammonium hydroxide (NH4OH) [START_REF] Okumura | Carbon contamination free Ge(100) surface cleaning for MBE[END_REF] , thiols (-SH) [START_REF] Collins | Germanium Oxide Removal by Citric Acid and Thiol Passivation from Citric Acid-Terminated Ge(100)[END_REF] , or organic compounds [START_REF] Bodlaki | Ambient stability of chemically passivated germanium interfaces[END_REF] . The cleaning step based on halogenated acid etchants (mostly HF and HCl) [START_REF] Ponath | Ge(001) surface cleaning methods for device integration[END_REF] has rapidly become widespread in the Ge industry by analogy with Si industrial cleaning steps.

Choi and Buriak [START_REF] Choi | Hydrogermylation of Alkenes and Alkynes on Hydride-Terminated Ge(100) Surfaces[END_REF] and Sun et al. [START_REF] Sun | Surface termination and roughness of Ge(100) cleaned by HF and HCl solutions[END_REF] reported Ge-H and Ge-Cl surface bonds after HF and HCl dips, respectively. In addition, these aqueous etchants could lead to oxide-free surface, especially for high etchant concentrations [START_REF] Rivillon | Hydrogen passivation of germanium (100) surface using wet chemical preparation[END_REF][START_REF] Amy | Wet Chemical Cleaning of Germanium Surfaces for Growth of High-k Dielectrics[END_REF][START_REF] Deegan | An X-ray photoelectron spectroscopy study of the HF etching of native oxides on Ge(111) and Ge(100) surfaces[END_REF] . However, a few reports contradicted these results, demonstrating a residual (sub)oxide contamination after both highly concentrated HF and HCl treatments [START_REF] Abrenica | Wet Chemical Processing of Ge in Acidic H 2 O 2 Solution: Nanoscale Etching and Surface Chemistry[END_REF][START_REF] Diallo | CVD growth of high-quality graphene over Ge (100) by annihilation of thermal pits[END_REF][START_REF] Onsia | On the Application of a Thin Ozone Based Wet Chemical Oxide as an Interface for ALD High-k Deposition[END_REF][START_REF] Kim | Passivation Studies of Germanium Surfaces[END_REF] . In parallel, a few reports were focused on the ambient stability of the surface bonds [START_REF] Rivillon | Hydrogen passivation of germanium (100) surface using wet chemical preparation[END_REF][START_REF] Sun | Surface termination and roughness of Ge(100) cleaned by HF and HCl solutions[END_REF][START_REF] Onsia | On the Application of a Thin Ozone Based Wet Chemical Oxide as an Interface for ALD High-k Deposition[END_REF][START_REF] Kim | Passivation Studies of Germanium Surfaces[END_REF] . However, these reports exhibit contradictory results concerning the ambient stability. The impact of these etchants on the Ge surface band structure is marginally studied and exhibits inconsistent results. Park et al. [START_REF] Park | Distribution of free carriers near heavilydoped epitaxial surfaces of n-type Ge(100) upon HF and HCl treatments[END_REF] reported a positive band bending after halogenated acid cleaning. Other reports mentioned negative band curvature [START_REF] Fleischmann | Impact of ammonium sulfide solution on electronic properties and ambient stability of germanium surfaces: towards Ge-based microelectronic devices[END_REF] or quasi-flat band situation [START_REF] Zhang | Band bending analysis of charge characteristics at GeO 2 /Ge interface by x-ray photoemission spectroscopy[END_REF] . Aside from these surface investigations, the effectiveness of these two treatments for enhancing the minority carrier lifetime is also demonstrated [START_REF] Swain | Ambient stability of wet chemically passivated germanium wafer for crystalline solar cells[END_REF] . Despite these reports on halide passivation, certain aspects remain ambiguous. Firstly, some authors mentioned a high Ge reactivity with For the purpose of Open Access, a CC-BY public copyright license has been applied by the authors to the present document and will be applied to all subsequent versions up to the Author Accepted Manuscript arising from this submission. ambient air [START_REF] Ponath | Ge(001) surface cleaning methods for device integration[END_REF] , but the evolution of the surface chemical properties with air exposure dependence is barely investigated and shows inconsistent outcomes, while this air exposure is quasi-inevitable in real semiconductor processing, and a proper control of this air exposure is required for surface passivation viability. Secondly, the modification of the band structure after halogenated acid treatment remains to be clarified, especially after HCl cleaning. Thirdly, the influence of an air exposure on the electronic band structure, which would impact both device performances and reliability [START_REF] Zhang | Band bending analysis of charge characteristics at GeO 2 /Ge interface by x-ray photoemission spectroscopy[END_REF] , has not been reported to date.

Lastly, the origin of the minority carrier lifetime's enhancement has not been clarified.

In this work, we present a comprehensive comparison between HF and HCl cleaning procedures on p-type Ge (100) surfaces and elucidate the modification of both the surface composition and the electronic band structure after these treatments by parallel Angle-resolved X-ray Photoelectron Spectroscopy (AR-XPS) measurements. In addition, their evolutions with air exposure dependence are clarified. Finally, we use Microwave Detected Photoconductivity (MDP) measurements to study the influence of these halide treatments and their relative surface modifications on the minority carrier lifetime.

II. EXPERIMENTAL

A. Samples

P-type gallium-doped, 50 mm diameter Ge wafers with a resistivity of 5-15 Ω.cm and (100) crystal orientation with a 6° miscut towards (111), as well as hydrofluoric acid (HF, 49 wt.%), hydrochloric acid (HCl, 37 wt.%), and ultra-pure water (H2O), are used in this study. Ge samples received two treatments: either HF or HCl for 5 min. For HF-treated samples, a water rinse for 1 min has been added for safety reasons. After each For the purpose of Open Access, a CC-BY public copyright license has been applied by the authors to the present document and will be applied to all subsequent versions up to the Author Accepted Manuscript arising from this submission. cleaning procedure, the samples were dried by a nitrogen gun. To study the influence of oxide regrowth (the queue time), the samples were left in the ambient air in a cleanroom with 45% humidity and 21°C.

B. Material characterizations

The chemical composition as well as the surface band structure are investigated with parallel Angle-resolved X-ray Photoelectron Spectroscopy (AR-XPS, Thermo Avantage Theta 300). X-ray photons are generated with a monochromatic Al Kα X-ray source (1486.6 eV). The angular mode uses eight angles regularly spaced between 23.75° and 76.25°, referred to the normal of the wafer (i.e., collection angles). The angles of 23.75° and 76.25° correspond to photoelectrons escaping from the bulk and near-surface with a probed depth of about 8 nm and 2 nm, respectively. The XPS step size is 0.05 eV, the pass energy and dwell time are set at 60 eV and 500 ms, respectively [START_REF] Edwards | Recent advances in dual mode charge compensation for XPS analysis[END_REF] .

To investigate the surface composition and band structure after wet cleaning, the angle of 76.25° is used to have a better surface sensitivity. The atomic composition depth profiles from AR-XPS data were reconstructed with an algorithm based on the maximum entropy method (provided by Thermo Fischer Scientific) [START_REF] Brundle | AIP Conf. Proc[END_REF] . We investigated the Ge3d, O1s, C1s, Cl2p, and F1s core-level spectra for this study to extract concentrations of Ge, O, C, Cl, and F, respectively. Avantage TM software was used to decompose and fit all the peaks. The background was subtracted using a Shirley function, and element concentration was obtained by dividing the peak area by the corresponding Al Scofield cross-section coefficients. All XPS spectra were referenced in energy by positioning the C1s peak at 284.8 eV to account for any charging shifts [START_REF] Sohal | Comparative study of NH4OH and HCl etching behaviours on AlGaN surfaces[END_REF] .
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Another valuable parameter for further surface modification is the surface electronic structure. This structure is determined by measuring the valence band maximum energy (EVBM) using the ARXPS. The XPS spectrum with the 76.25° collecting angle in the energy region of 0-15 eV corresponds to the Ge surface valence band spectrum. This range can be used to evaluate the EVBM by linear extrapolation of the XPS low binding energy cut-off [START_REF] Fesiienko | Plasma induced damage on AlGaN/GaN heterostructure during gate opening for power devices[END_REF] . From these values, the band bending with respect to the Fermi level can be determined. The wafer's resistivity is determined by contactless conductivity measurements (SEMILAB LEI 88).

Carrier lifetimes were measured with Microwave-Detected-Photoconductivity (MDP) measurements setup from Freiberg Instruments, with a laser diode with a 980 nm emission line, a power of 90 mW, and a spot diameter of 1 mm. The measured lifetimes are used to estimate the surface recombination velocity (SRV) after each treatment with the following equation (Eq. 1) [START_REF] Isometsä | Achieving surface recombination velocity below 10 cm/s in n -type germanium using ALD Al 2 O 3[END_REF] :

𝑆𝑅𝑉 = ( 1 𝜏 𝑒𝑓𝑓 - 1 𝜏 𝑏𝑢𝑙𝑘 ) . 𝑊 2 ~𝑊 2𝜏 𝑒𝑓𝑓 (𝟏)
With SRV in cm/s, W the thickness of the wafer, ꞇeff and ꞇbulk the effective lifetime and bulk lifetime, respectively. The bulk minority carrier lifetime is expected to be much larger than the effective minority carrier lifetime, leading to a minority carrier lifetime mostly driven by surface recombination [START_REF] Mcintosh | On effective surface recombination parameters[END_REF] . In that case, the SRV values presented in this work are maximal values.

III. RESULTS AND DISCUSSION
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A. Impact of wet treatment on the surface composition and band bending of Ge

Preliminary ARXPS experiments are performed on an as-received Ge substrate with its native oxide, hereafter referred to as Ge as-received. Fig. 1a shows a typical XPS Ge3d core-level spectrum recorded at a collection angle of 76.25°. This spectrum has been decomposed into five contributions corresponding to Ge-Ge bonds from the bulk Ge and GeOx bonds corresponding to the four Ge surface oxidation states: Ge 1+ , Ge 2+ , Ge 3+ , and Ge 4+ . The Ge3d peaks related to Ge-Ge and Ge 4+ bonds are fitted with a doublet using a spin-orbit splitting of 0.6 eV and an area ratio between the d5/2 and d3/2 components of 0.66.

Due to the energy splitting of the Ge3d orbital, the doublet of the GeOx (1 ≤ x ≤ 3) peaks is not resolved, and these contributions are fitted with a single peak. The Ge3d5/2 peak associated with the bulk Ge-Ge bonds is located at 29.8 eV, while the peaks related to the Ge 1+ , Ge 2+ , Ge 3+ , and Ge 4+ oxidation states are shifted with respect to Ge3d5/2 to a higher binding energy by 0.8 eV, 1.8 eV, 2.6 eV, and 3.4 eV, respectively [START_REF] Diallo | CVD growth of high-quality graphene over Ge (100) by annihilation of thermal pits[END_REF] . Besides Ge, oxygen and carbon are detected on the Ge surface. The O1s peak (Fig. 1b) is fitted with two contributions located at 531.1 eV and 532.3 eV, which can be assigned to O-Ge-Ge and a combination of O-C and O-Ge-O (second neighbor effect) chemical environments [START_REF] Prabhakaran | Oxidation of Ge(100) and Ge(ll 1) surfaces: an UPS and XPS study[END_REF] , respectively, present in the native oxide and carbonaceous pollution. The reconstructed surface composition, calculated from the atomic concentration profile collected at various angles, is represented in Fig. 1c. In addition to carbon contamination, the atomic concentration profile shows that the native oxide formed on the Ge surface is 1.5 nm thick (depth at which the atomic percentage of Ge Bulk is higher than 90%). The native oxide is
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mainly composed of Ge 4+ except at the interface between the Ge oxide and Ge bulk, where the Ge 1+ oxidation state dominates. The Ge substrates are immersed either in concentrated HF for 5 minutes followed by an H2O rinse for 1 minute, or in concentrated HCl for 5 minutes (without rinsing). XPS analyses are carried out 5 minutes after the wet dip. In both cases, the XPS analyses reveal a complete removal of Ge 3+ -and Ge 4+ -based compounds, as depicted in Fig. 2a andb for HF-treated and HCl-treated samples, respectively. This is also accompanied by a strong decrease in the O1s peak intensity (Fig. 2c). The decrease is less in the case of HF treatment, certainly because the water rinse induces a quick surface oxidation by the dissociative adsorption of H2O [START_REF] Kuhr | H2O adsorption on a cylindrical germanium sample[END_REF] . After HF treatment, only traces of F-based compounds are detected (<1%, Fig. 3a). On the other side, after HCl treatment, we observe the For the purpose of Open Access, a CC-BY public copyright license has been applied by the authors to the present document and will be applied to all subsequent versions up to the Author Accepted Manuscript arising from this submission.

appearance of a Ge-Cl peak with a chemical shift of 0.6 eV, in this case [START_REF] Abrenica | Wet Chemical Processing of Ge in Acidic H 2 O 2 Solution: Nanoscale Etching and Surface Chemistry[END_REF] . The presence of this peak is confirmed by the Cl2p peaks located at 198.8 eV and 200.4 eV for the two spin-orbit peaks, 2p3/2 and 2p1/2, respectively (Fig. 3b). In addition, a broad peak centered at 198.5 eV, in yellow in Fig. 3b, is attributed to the Ge3s plasmon loss peak. For the purpose of Open Access, a CC-BY public copyright license has been applied by the authors to the present document and will be applied to all subsequent versions up to the Author Accepted Manuscript arising from this submission. The reconstructed atomic concentration profiles after wet treatment (Fig. 4a-b)

indicate that the surface layer is reduced to a 0.75 nm thickness and is mainly composed of Ge 1+ for both treatments. In the case of HCl treatment, a Ge-Cl layer coexists with Ge 1+ .

These results confirm the capability of HF and HCl wet cleaning to remove the Ge native
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oxide. The evolution of the surface composition as a function of the air exposure time has been investigated by XPS. For both HF-treated and HCl-treated samples, the Ge 3+ -and Ge 4+ -related peaks are visible after 110 min of queue time (air exposure), associated with a noticeable increase in the thickness of the oxide layer up to about 1 nm (Fig. 5a-b). In addition, the Ge-Cl bonds have been replaced by Ge-O bonds during the oxidation (confirmed by the disappearance of the Cl2p peak as showed in Fig. 5b).
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To evaluate the evolution of the oxygen content in the surface layer, we calculated the average oxygen content (𝑥) in GeOx as a function of the air exposure time (Fig. 6), using the following equation (Eq. 2):

𝑥 = ∑ 𝑖 × [𝐼 𝐺𝑒 𝑖+ ] 𝑖 2 ∑ [𝐼 𝐺𝑒 𝑖+ ] 𝑖 (𝟐)
Where, i is the degree of oxidation and I the peak intensity, i.e., peak area, of the associated peak for the collection angle of 76.25°. Fig. 6 suggests that the oxygen content,

x in GeOx, in the surface layer is low (x<0.7) in a thin oxide surface layer at the beginning of the air exposure and increases as the oxide regrows. Oxygen is relatively deficient at the beginning of the air exposure, resulting in the predominance of Ge 1+ at the Ge bulk surface in the initial state of oxidation after both treatments (Fig. 4a-b). After air exposure, the oxygen content rapidly increases, mostly due to the appearance and increase of Ge 3+ and Ge 4+ peaks after a few minutes of air exposure. This shows that the higher Ge oxidation states and their relative content in the surface layer increase over the course of air exposure, indicating that the surface layer is initially oxygen-deficient and becomes progressively richer in oxygen with x up to 1.05 and 1.2 for HCl-and HF-treated samples, respectively, the oxygen content will eventually approach an x value of 2 by increasing the queue time further, indicating a large majority of GeO2 in the surface oxide layer.
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FIG. 6: O content in the oxide layer determined with Eq. 2 as a function of the queue time after HF immersion (with rinsing) and HCl immersion.

To deeply investigate the oxidation mechanism, we determined the equivalent thickness of each GeOx compound during the air exposure in Fig. 7. The estimation of the equivalent thickness (in nm), d, for Ge-based components of the Ge3d core-level spectra (GeOx and Ge-Cl) is performed by Eq.3 [START_REF] Jablonski | Overlayer thickness determination by XPS using the multiline approach: Overlayer thickness determination by XPS using the multiline approach[END_REF][START_REF] Smith | Further developments in quantitative X-ray photoelectron spectromicroscopy: preliminary results from the study of germanium corrosion[END_REF][START_REF] Seah | Ultrathin SiO2 on Si II. Issues in quantification of the oxide thickness[END_REF] :

𝑑 = 𝜆 ln (1 + 𝑅 𝑒𝑥𝑝 𝑅 0 ) (𝟑)
Where Rexp = IGeOx/IGemet with IGeOx and IGemet being the measured peak intensity of the Ge3d peak in the oxide and metallic phases, respectively.

𝑅 0 = 𝐼 𝐺𝑒𝑂𝑥 ∞ 𝐼 𝐺𝑒𝑚𝑒𝑡 ∞ ⁄ with 𝐼 𝐺𝑒𝑂𝑥 ∞
and 𝐼 𝐺𝑒𝑚𝑒𝑡 ∞ being the equivalent intensities for the pure bulk materials. The literature around Ge is quite limited regarding the exact value of R0. Otherwise, the recommended value for R0 in the case of Si and an overlayer of SiOx is 0.93 50 . To simplify the Eq. 3, we have fixed R0 to be unity. λ is the corresponding photoelectron escape depth (in nm). In our case, the photoelectron emitted under the X-ray stimulation is not collected normally to the surface For the purpose of Open Access, a CC-BY public copyright license has been applied by the authors to the present document and will be applied to all subsequent versions up to the Author Accepted Manuscript arising from this submission.

but with a collecting angle set to 76.25°. The photoelectron escape depth is thus defined by Eq. 4:

𝜆 = 𝛬cos(𝜃) (𝟒)
Where 𝜃 is the collecting angle, and 𝛬 is the attenuation length of the Ge3d electrons from the bulk and within the oxide. As the energy of the peak from Ge bulk is close to that of the GeOx overlayer, the attenuation lengths of the Ge3d electron from the bulk and from the oxide are considered virtually identical. Smith et al. [START_REF] Smith | Further developments in quantitative X-ray photoelectron spectromicroscopy: preliminary results from the study of germanium corrosion[END_REF] have estimated 𝛬 with the CS2 formula [START_REF] Cumpson | Elastic Scattering Corrections in AES and XPS. II. Estimating Attenuation Lengths and Conditions Required for their Valid Use in Overlayer/Substrate Experiments[END_REF] , determining a value of 2.36 nm for a GeO2 matrix and a kinetic energy of 1456 eV. In our study, we took this value for the attenuation length. The Eq. 3 can be simplified as follows (Eq. 5) :

𝑑 = 𝛬cos(𝜃) × ln (1 + 𝐼 𝐺𝑒𝑂𝑥 𝐼 𝐵𝑢𝑙𝑘 ) (𝟓)
Where IGeOx is the signal intensity of the oxide-related component of the Ge3d core-level spectrum, IBulk is the signal intensity of the corresponding bulk component.

For the purpose of Open Access, a CC-BY public copyright license has been applied by the authors to the present document and will be applied to all subsequent versions up to the Author Accepted Manuscript arising from this submission. For the HF-treated samples (Fig. 7a), the equivalent thickness of the Ge 1+ -based compounds remains stable initially and then increases slightly after 30 min of queue time.

The oxide regrowth is mainly due to the growth of Ge 3+ -based compounds in the first steps of the oxidation and then Ge 4+ -based compounds after 30 min of air exposure. On the other hand, for HCl-treated samples (Fig. 7b), the GeCl equivalent thickness rapidly decreases to disappear after 45 min of queue time, while at the same time the Ge 1+ and Ge 3+
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thicknesses increase and then stabilize. This suggests that after 45 min of queue time all the GeCl bonds are turned into GeOx bonds, which is also consistent with the disappearance of the XPS Cl2p peak with the queue time as shown in Fig. 8. In comparison with the HFtreated samples, the equivalent thickness of Ge 4+ -based compounds remains low even after 110 min of air exposure following HCl immersion. Moreover, with the HCl treatment, the Ge 1+ -based compounds remain the dominant contribution to the oxidation over the entire period of queue time investigated here, while with HF, the amount of Ge 1+ and Ge 3+ in the oxidation layer is almost similar. Finally, after both treatments, the equivalent thickness of Ge 2+ -based compounds remains low and stable throughout the oxidation process. In comparison with the Ge as-received sample, the equivalent thickness of Ge 4+ -based compounds after HCl immersion is quite low even after 110 min of air exposure (dGe4+ = 0.36 nm, for the as-received sample), while the equivalent thickness of the Ge 3+ -based compounds reaches a plateau after around 30 min (dGe3+ = 0.15 nm, for the as-received sample). In conclusion, at these beginning steps of the queue time, we observe a faster growth of the 3+-oxidation state, in opposition to the predominance of the 4+-oxidation state in the case of the as-received sample. After HCl immersion, the regrowth of Ge 3+based compounds is slightly delayed, while virtually no regrowth is observed in Ge 4+ -based compounds.

For the purpose of Open Access, a CC-BY public copyright license has been applied by the authors to the present document and will be applied to all subsequent versions up to the Author Accepted Manuscript arising from this submission. valence band maximum of 0.36 eV for the as-received wafer (Fig. 9). For the given bulk Fermi level (EF = 0.256 eV above EVBM with the concentration of acceptor atoms, Na = 2.87 x 10 14 cm -3 , determined by wafer's resistivity measurements, ρ=12.21 Ω.cm), a slight downward band bending with a value of -0.10 ± 0.05 eV is observed for the as-received sample (Fig. 10a). After determining this "native" band bending value, the band bending after both treatments is measured and compared to the band bending of the as-received Ge sample. After oxide removal, for either HF-or HCl-treated samples, the EVBM exhibits lower values than the reference with 0.06 eV and 0.19 eV after HF and HCl immersion, respectively. This indicates a positive band bending after both treatments. The HF-treated
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sample exhibits a higher positive band bending with a value of +0.20 ± 0.05 eV (Fig. 10b), indicating a higher level of field-effect passivation after HF immersion. Conversely, the HCl-treated sample exhibits a lower positive band bending with a value of +0.07 ± 0.05 eV (Fig. 10c).

FIG. 9: Representative measurement for band bending determination of Ge reference sample (as received).

For the purpose of Open Access, a CC-BY public copyright license has been applied by the authors to the present document and will be applied to all subsequent versions up to the Author Accepted arising from this submission. The band bending at the surface is a combined effect caused by multiple charged defects and should satisfy the charge neutrality. Two different types of charges should be considered [START_REF] Zhang | Band Bending in Semiconductors: Chemical and Physical Consequences at Surfaces and Interfaces[END_REF] : (1) Qs, are the semiconductor surface charges resulting from the band bending, (2) Qsurf, are the fixed surface charges. The latter, in the absence of an external electric field, can be separated into three different contributions: the net charged interface traps, which are negatively charged [START_REF] Taoka | Nature of interface traps in Ge metal-insulator-semiconductor structures with GeO 2 interfacial layers[END_REF] , the net positive charges accumulated in the oxide layer [START_REF] Chang | First-principles study of Ge dangling bonds with different oxygen backbonds at Ge/GeO 2 interface[END_REF] , and the net charges induced by the surface bond's dipole moment. Due to the interface's net surface charges (Qsurf), the band will bend close to the interface and induce an accumulation (positive band bending) or depletion (negative band bending) of holes. As a result, we assumed that the different band bending between HF-and HCl-treated samples just after immersion is twofold. First, after immersion, we have determined that the surface layer is oxygen-deficient (Fig. 6). This oxygen-deficient layer is known to induce negative interface states formed by a dangling bond at a Ge atom back-bonded to two other Ge atoms and one oxygen atom (Ge2O≡Ge•) [START_REF] Houssa | Theoretical Study of Ge Dangling Bonds in GeO 2 and Correlation with ESR Results at Ge/GeO 2 Interfaces[END_REF] . After HCl treatment, the presence of Ge-Cl bonds close to the interface with the bulk material could chemically passivate the interface states induced by the Ge +1 -based compounds and reduce their number, as depicted in Fig. 7b. In addition, the different surface bonds between HF-and HCl-treated samples can induce a different dipole moment. It is possible to estimate the dipole moment (µ 0 ) of a surface bond with the following equation [START_REF] Kampen | Lead contacts on Si(111):H-1 × 1 surfaces[END_REF] (Eq. 6):

µ 0 = 𝑒 0 ∑ 𝑟 𝑐𝑜𝑣 (0.16|𝑋 𝐴 -𝑋 𝐵 | + 0.035(𝑋 𝐴 -𝑋 𝐵 ) 2 ) (𝟔)
With 𝑒 0 , the electric charge, 𝑟 𝑐𝑜𝑣 , and 𝑋 represent the covalent radius and electronegativity of the two elements involved in the bond, respectively. A dipole moment of 2.9 D for the Ge-O bond and 2.6 D for the Ge-Cl bond is determined. This difference induces a lower negative charge at the surface in the case of the HCl-treated sample. In addition, Fig. 3 shows traces of F on the surface of our sample. We attribute these F-based compounds to Ge-F bonds. The formation of Ge-F is barely possible due to thermodynamic considerations; however, there is a non-zero probability, as recently demonstrated on Si 55. In this case, this very small proportion of Ge-F could induce a high positive band bending due to a dipole moment of 5.6 D. Finally, due to the lower concentration of Ge 1+ -For the purpose of Open Access, a CC-BY public copyright license has been applied by the authors to the present document and will applied to all subsequent versions up to the Author Accepted Manuscript arising from this submission.

based compounds, the reduced dipole moment of the Ge-Cl bonds compared to Ge-O and Ge-F bonds, and the potential chemical passivation induced by these bonds, the Qsurf is lower after HCl immersion, which results a lower Qs due to the charge conservation and, therefore, a reduced surface band bending.

The Fig. 11a depicts the band bending evolution as a function of the air exposure duration after both deoxidations. With air exposure, the band bending decreases after the HF treatment to reach a value close to the one obtained for the as-received sample. We attribute this decrease to the increase in the density of positive fixed charges in the oxide layer due to the Ge 4+ regrowth. These positive fixed charges will counteract the surface charges induced by the bonds at the interface with the bulk material and by surface states.

In parallel, band bending is represented as a function of the total equivalent thickness of GeOx-based compounds, determined with Eq. 5, in Fig. 11b. Interestingly, a threshold between 0.3 nm and 0.4 nm in total oxide compound thickness seems to result in a significant decrease in band bending. Therefore, we propose that at low GeOx equivalent thicknesses (<0.4 nm), band bending is controlled by the dipole-induced charges of functional groups at the surface of Ge and interface states, while at higher thickness, fixed positive charges in the regrown Ge 4+ -based compound control band bending and lead to a lower band bending, proportional to the GeOx equivalent thickness.

On the other hand, the HCl-treated sample exhibits a slight increase in the band bending until 45 minutes of air exposure, followed by a decrease for longer times (Fig. 11a). This increase could be induced by the oxidation of Ge-Cl bonds into Ge-O bonds.

Interestingly, the band bending remains quite stable and positive after the HCl immersion even after 110 min of air exposure. This delay could be related to the delayed Ge 4+ -based
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compounds' regrowth after HCl immersion comparison with the HF (Fig. 7). Lastly, the band bending as a function of the total GeOx-based compounds' equivalent thickness seems to follow the same trend as the one observed for the HF-treated sample, exhibiting a threshold of around 0.3 to 0.4nm, however, as the HCl-treated sample exhibits a very low regrowth of Ge 4+ -based compounds, the band bending remains quite stable in the time domain investigated here, with a slight decrease observed after 0.35 nm of the total equivalent thickness of GeOx-based compounds.

To conclude our XPS investigations, both HF and HCl treatments have strengths and weaknesses. Depending on the user's requirements, surface composition can be favored by using HCl, which provides better oxide and suboxide elimination with chemical passivation by Ge-Cl bonds. Additionally, the growth of Ge4+ is delayed in comparison with HF, resulting in a positive and stable band bending even after 110 minutes of air exposure. Conversely, HF treatment could be favored for the higher positive band bending it provides.

For the purpose of Open Access, a CC-BY public copyright license has been applied by the authors to the present document and will be applied to all subsequent versions up to the Author Accepted Manuscript arising from this submission. 

B. Impact on the minority carrier lifetime and recombination velocity

To investigate the impact of both chemical and electronic structure on the Ge surface passivation, the minority carrier lifetime is determined after both HF treatment (with rinsing) and HCl treatment (without rinsing) in Fig. 12. The lifetime is monitored until 100 min of queue time. For the bare Ge surface with a native oxide (as-received
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sample, horizontal dotted line in Fig. 12), a low minority carrier lifetime of 50 µs, corresponding to a high surface recombination velocity (SRV, Eq. 1) of 175 cm/s is observed. For HF deoxidation (with rinsing), a minority carrier lifetime of ~ 200 µs (SRV ~ 35 cm/s) is measured immediately after treatment. This value rapidly decreases with air exposure duration, down to 60 µs after 100 minutes of air exposure, which is close to the minority carrier lifetime of the as-received sample. After HCl-based deoxidation and 5 min air exposure, the minority carrier lifetime is 350 µs (SRV ~ 35 cm/s), which is in accordance with previous reports [START_REF] Swain | Ambient stability of wet chemically passivated germanium wafer for crystalline solar cells[END_REF] . Surprisingly, the lifetime value is higher than with HF deoxidation, even though the band bending is less favorable. The higher coverage of Ge +1 depicted after HF immersion (Fig. 7a) is known to increase the defect density, reducing the chemical passivation which seems to dominate the surface passivation mechanism here.

Interestingly, the decrease in lifetime seems to be delayed after HCl immersion. According to Fig. 7b, this delay is likely due to the strong increase in Ge 1+ -based compounds equivalent thickness during the oxide regrowth process mostly due to the oxidation process of Ge-Cl bonds. In addition, as depicted in Fig. 11a, the band bending remains quite stable.

It allows for reaching a maximum carrier lifetime value (~ 380 µs) after around 10 min of air exposure. This could be interesting for device processing by relaxing the queue time constraint in the manufacturing line. Finally, with longer air exposure, the carrier lifetime decreases to 70 µs after 100 min, slightly above the one of the references samples.

To combine both favorable chemical passivation and high positive band bending, we investigated HF immersion for 5 min without rinsing. After this treatment, the minority carrier lifetime exceeds 800 µs (SRV ~ 11 cm/s). This value is higher than the one obtained after diluted HF (2-3%) treatment [START_REF] Swain | Ambient stability of wet chemically passivated germanium wafer for crystalline solar cells[END_REF] . This remarkably value is attributed to the low defect
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density at the Ge/GeOx interface after HF cleaning, possibly due to the presence of Ge-H bonds [58][START_REF] Zhang | Symp. VLSI Technol. VLSIT[END_REF][START_REF] Xie | High-k gate stack on germanium substrate with fluorine incorporation[END_REF] . Moreover, we expect a lower density of GeOx than in the case of the water rinse. Finally, we suppose a high positive band bending due to the presence of Ge-F bonds.

We expect a higher probability of Ge-F bond formation without the water rinse. In this case, this proportion of Ge-F could induce a high positive band bending due to a dipole moment of 5.6 D. Unfortunately, due to safety limitations at the XPS testing site, these assumptions could not be verified in our XPS setup and remain to be confirmed.

Our lifetime investigations provide insights into the impact of both chemical and field-effect passivation, provided by both surface composition and band bending modifications induced by HF and HCl treatments. The water rinse seems to be highly detrimental to surface passivation in the case of HF, mostly due to the dissociative adsorption of H2O, probably inducing a modification of both surface composition and electronic structure. For passivation purposes, our investigation would recommend using concentrated HF without water rinsing to maximize the field-effect passivation, which greatly impacts surface passivation.

FIG. 12: Lifetime as a function of the air exposure for HF (without rinsing), HCl (without rinsing), and HF+H2O treatment. The dotted line represents the lifetime our the asreceived sample.
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IV. CONCLUSIONS

The results presented in this study demonstrate that the cleaning procedure plays a critical role in the chemical composition, the surface band structure, the oxidation resistance, and the minority carrier lifetime of Ge. Our findings revealed varying oxide regrowth behaviors. For instance, Ge samples treated with HF exhibited a rapid regrowth of all degrees of oxidation, while those treated with HCl showed a reduced concentration of low degrees of oxidation following the cleaning and slower or negligible regrowth of high degrees of oxidation, even after 110 minutes of air exposure. This difference can be attributed to the presence of Ge-Cl bonds, which induce a distinct oxidation process compared to the Ge-OH bonds resulting from HF cleaning. As a consequence of these distinct surface compositions, Ge subjected to HF treatment with a water rinse displayed a pronounced positive band bending of +0.20 eV. In contrast, HCl-treated samples exhibited a lower band curvature of +0.07 eV, primarily due to the presence of Ge-Cl bonds on the Ge surface. Over the course of air exposure, an increase in the coverage of GeOx-based compounds led to a significant reduction in band bending after HF treatment, while HCl treatment maintained a consistent band bending. In summary, these factors collectively contributed to a reduction in the surface recombination velocity (SRV) after wet etching.

By combining chemical and field-induced passivation, we achieved a minority carrier lifetime exceeding 800 µs in HF-treated germanium without rinsing.

Our findings underscore the role of an effective chemical surface cleaning procedure in ensuring the optimal Ge surface passivation, shedding light on the temporal evolution under air exposure of the chemical composition, surface band structure, oxidation

FIG. 1 :

 1 FIG. 1: XPS data for the as-received Ge sample. (a) Typical Ge3d peaks at a collection angle of 76.25°. (b) O1s spectra at a collection angle of 76.25°. (c) Atomic concentration profile as a function of the depth.

FIG. 2 :

 2 FIG. 2: XPS data after wet etching. (a) Typical Ge3d peaks at a collection angle of 76.25° after HF immersion for 5 min and water rinse. (b) Typical Ge3d peaks at a collection angle of 76.25° after HCl immersion for 5 min. (c) O1s spectra at a collection angle of 76.25°, the dotted lines (1) and (2) represent the peak positions of O-Ge-Ge and O-C/O-Ge-Ge, respectively.

FIG. 3 :

 3 FIG. 3: (a) Typical F1s peaks at a collection angle of 76.25° after HF immersion for 5 min and water rinse. (b) Typical Cl2p peaks at a collection angle of 76.25° after HCl immersion for 5 min.

FIG. 4 :

 4 FIG. 4: Atomic concentration profiles as a function of the depth (a) after HF immersion for 5 min and water rinse, and (b) after HCl immersion for 5 min.

FIG. 7 :

 7 FIG. 7: Ge-based compounds' equivalent thickness extracted from XPS data: (a) after HF immersion for 5 min and water rinse, (b) after HCl immersion for 5 min.

FIG. 8 :

 8 FIG. 8: Typical Cl2p peaks at the angle of 76.25° after HCl immersion for 5 min for three different queue times: 5 min, 15 min, and 45 min.

FIG. 10 :

 10 FIG. 10: Schematic illustrations of the band bending for (a) the as-received sample, (b) after HF immersion and water rinsing and (c) after HCl immersion, respectively. The band bending values are determined after 5 min of air exposure.

FIG. 11 :

 11 FIG. 11: (a) Band bending as a function of the queue time. (b) The band bending value as a function of the total GeOx-based equivalent thickness for the HF-treated sample.
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resistance, and minority carrier lifetime. These findings emphasize the critical impact of the cleaning procedure on the performance of Ge surfaces, thereby highlighting the significance of careful surface treatment for enhanced device efficiency.
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