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Abstract: We have investigated with X-ray Photoelectron Spectroscopy (XPS) the impact of 

different wet cleanings on the surface of thick GeSn 13% direct band-gap layers grown on 

germanium strain relaxed buffers. The XPS time-dependent study showed a fast Ge re-oxidation 

after only a few minutes, while tin was more stable. A dip in (NH4)2S after the 5 min surface 

treatment with HCl/HF (1% / 10%) slowed germanium re-oxidation. Optimized surface cleanings 

enabled us to investigate GeSn band structure by momentum-resolved Photo-Emission Electron 

Microscopy (kPEEM). The obtained band structure images of an ex-situ prepared GeSn 13% 

surface were discussed. 

 

 

 

1. Introduction 

 

GeSn-based layers with high Sn contents have recently garnered huge interest, with 

demonstrations of lasing effects under optical [1, 2, 3, 4, 5] and electrical [6] pumping. The control 

of the Sn content and strain in thick GeSn alloys indeed offers possibilities of having direct band-

gap semiconductors and of tuning their lasing wavelengths [7]. In addition, GeSn is a promising 

candidate for use in next-generation Metal Oxide Semiconductor Field Effect Transistors 

(MOSFETs) [8]. Indeed, hole mobility is boosted in compressively-strained GeSn channels grown 

on Ge Strain-Relaxed-Buffers (SRBs), electron mobility should be improved in tensile-strained Ge 

channels on top of GeSn SRBs and so on [9,10]. GeSn was for instance used in compressive 

stressors to boost the hole mobility in Ge p-type MOSFETs [11, 12] and its direct band gap 

properties called upon to fabricate low power Tunnel-FETs [13, 14].  
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The surface preparation of those metastable alloys is being investigated to (i) efficiently 

contact GeSn layers, (ii) deposit high-k dielectrics on GeSn with a reduced interface state density 

for MOSFETs and (iii) passivate surfaces to improve optoelectronic devices performances. Having 

an efficient surface cleaning of GeSn alloys would also enable the precise characterization of their 

electronic properties by angle-resolved photoelectron spectroscopy (ARPES) with state-of-the-art 

laboratory instruments. To date, only a few works have been published on the surface preparation of 

GeSn layers. A HF/HCl wet cleaning was used on Ge0.94Sn0.06 layers prior to high-k dielectrics 

deposition [15, 16, 17, 18]. Dips in (NH4)2S prior to high-k dielectrics deposition were used to 

fabricate Ge0.958Sn0.042 channel p-MOSFETs [19]. A dip in diluted HF for 1 min followed by a 

(NH4)2S dip for 30 min was used to remove GeSn native oxides prior to Ge0.9Sn0.1 p-MOS 

capacitors fabrication [20]. The high air reactivity of GeSn alloys was monitored by ex-situ XPS 

[21] and in-situ XPS [22] using combinations of diluted HF and argon plasma on Ge0.85 Sn0.15 layers 

to efficiently remove surface oxides with a reduced impact on surface roughness. Those surface 

preparations were used to obtain efficient nickel stanogermanides on GeSn layers [23, 24, 25]. M. 

A. Mahjoub et al. evaluated the efficiency of dips in HF, HCl and HF/HCl to remove Ge and Sn 

native oxides on Ge0.9Sn0.1 surfaces [26]. All the above-mentioned studies were conducted on thin, 

fully compressively strained GeSn layers grown on Ge SRBs. 

By contrast, we investigate here the impact of wet treatments on thick, quasi-relaxed, and 

direct band-gap GeSn 13% layers. Thick GeSn layers contrary to pseudomorphic ones allow the 

effective light propagation into the active region to be used for lasers [1-6, 27], photodetection [28] 

or modulation [29]. Our aim is to remove surface oxide and adventitious carbon for future processes 

such as metallization or high-k dielectrics deposition and surface analysis by ARPES. A precise 

knowledge of the band structure of GeSn alloys is indeed key to better understand the physical 

properties of the material and its influence on device performances. We will focus here on the GeSn 

wet cleaning and surface preparation before photoemission electron microscopy (PEEM) 

measurements, to avoid fast native reoxidation of GeSn surfaces before ARPES measurements in a 

momentum-resolved photoemission electron microscope (kPEEM). We implement tentative 

kPEEM measurements on ex situ-grown GeSn alloys, ultimately aiming at reliably measuring their 

band structure and at improving our understanding of their surface electronics. Ultimately, we wish 

to link them to the performances of photonic devices, especially regarding the issue of inter sub-

bands absorption and relationship between hole mobility and surface stress state.  
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2. Experimental details 

 

480 nm thick GeSn layers were grown at 325°C on Germanium strain relaxed buffers (SRBs) in 

a 200 mm Epi Centura 5200 RPCVD tool using Ge2H6 and SnCl4 precursors (Figure 1a). 

Homogenous GeSn layers with a Sn content of 13% were obtained on the whole surface of 200 mm 

wafers (Figure 1b). Cross-sectional Transmission Electron Microscopy (TEM) investigation showed 

the high crystalline quality of those 480 nm thick GeSn 13% layers away from the Ge SRB/GeSn 

interface. Dislocation arrays can be seen at the Ge-GeSn interface and only a few dislocations are 

observed at the TEM scale in the Ge and GeSn bulk (Figure 1c).  Growth details and GeSn 

crystalline quality can be found in Refs. [30,31]. 

 

Figure 1: (a) Schematic of GeSn growth at 325°C, 100 Torr, (b) Picture of a 200mm wafer with a 480 nm 

thick GeSn 13% layer on top of a Ge SRB, (c) cross-sectional TEM image of that 480 nm thick GeSn 13% 

layer.  

 
 

Samples’ surfaces were treated with seven different strategies and compared to unprocessed 

samples (H1) (table 1): dips for 1 or 5 minutes in diluted HCl/HF 1%-1% or HCl/HF 5%-1%(H2 to 

H5), dips for 5 minutes in diluted HF with a 1% molar concentration in water (H6), dips in HCl/HF 

10%-1% for 1 minute (H7) and, finally dips in HCl/HF 37%-1% for 5 minutes (H8).  A diluted 

HCl/HF 5%-1% solution means that mother solutions of HCl and HF are diluted with deionized 

water to obtain a volumetric fraction of 5% HCl and 1% HF into a final solution of 100 mL. All 

surface treatments were performed at 22°C and all samples were dried under N2 after each 

treatment. The surface roughness before and after wet treatments was quantified with atomic force 

microscopy (AFM) measurements in a Bruker AFM Dimension ICON.  

The surface composition of the GeSn surface was first investigated by X-ray photoelectron 

spectroscopy (XPS) to estimate the relative amounts of germanium oxide and tin oxide. XPS 

measurements were performed under ultrahigh vacuum with an X-ray microprobe (beam size 100 
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µm) photoelectron spectrometer (PHI 5000 VersaProbe-II) fitted with a monochromatic Al K 

source (h = 1486.6 eV). The overall energy resolution (spectrometer broadening and X-ray 

bandwidth) was 0.6 eV. The binding energy scale was set to the 4f7/2 transition of clean gold (83.96 

eV) and the 2p transition of clean copper (932.62 eV). The Ge 2p3/2 and Sn 3d5/2 XPS peaks were 

recorded to study the oxidation of GeSn surfaces after the wet treatments listed in Table 1. 

Measurements were carried out at a take-off angle of 45°, yielding sampling depths of 2 and 5 nm, 

respectively from Ge 2p3/2 and Sn 3d5/2 photoelectrons.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1: Summary of wet treatments used to clean 480 nm thick GeSn 13% layers. 

 

Finally, ARPES measurements were performed at the micron-scale in ultra-high vacuum 

conditions and at ambient temperature using a NanoESCA MkI spectromicroscope 

(ScientaOmicron), consisting of a photoemission electron microscope (PEEM) and an aberration-

compensated imaging spectrometer [32,33]. The instrument is a separate UHV chamber from the 

XPS, thereby necessitating sample transfer between the two systems, after the XPS measurements. 

This was performed under inert N2 overpressure in a transfer vessel which was can be adapted on a 

special load-lock chamber of the PEEM set-up. An He I cold cathode lamp (hv=21.2 eV) was used 

as a laboratory, vacuum-ultra-violet (VUV) excitation source impinging the sample in an off-normal 

direction (65° with respect to the sample normal). So-called kPEEM, momentum-resolved images 

were acquired from a typical area of 20 µm on the surface, over the full 1
st
 Brillouin zone (±1.8 Å

-1
) 

and an energy range of 5 eV below the Fermi level. The high energy resolution momentum images 

were recorded at a spectrometer pass energy of 50 eV and a 1 mm diameter entrance slit of the 

imaging spectrometer (equivalent to an overall energy resolution of ~ 0.2 eV). The k-space scale 

was calibrated by measuring the known reciprocal lattice distances of a freshly prepared Cu (111) 

Acronym Chemical solution Treatment time 

H1 As grown - 

H2 HCl/HF 1%-1% 1 min 

H3 HCl/HF 1%-1% 5 min 

H4 HCl/HF 5%-1% 1 min 

H5 HCl/HF 5%-1% 5 min 

H6 HF 1% 5 min 

H7 HCl/HF 10%-1% 5 min 

H8 HCl/HF 37%-1% 5 min 



5 
 

single crystal surface with the same PEEM settings as for the GeSn samples. After the flat-field and 

dark-noise subtraction correcting for detector imperfections, the second derivative of each image 

series was used to enhance the contrast of the bands dispersion. 

 

3. Results and discussion 

3.1 GeSn surface preparation 

 

As only a few nm of material are probed, band structure measurements require high 

crystalline quality surfaces free from oxides. In Section 2, we described the eight wet treatments 

(table 1) based on HF and HCl we used to remove the GeSn native oxide and clean the surface. The 

chemical nature of Ge0.87Sn0.13 surfaces before and after wet treatments was first evaluated using 

XPS. The strong reduction of GeOx/GeO2 and SnOx/SnO2 contributions can be observed on the Ge 

2p3/2 and Sn 3d5/2 spectra in Figure 2a and Figure 2b, with a significant decrease of the surface 

oxides for H2 to H6 treatments with respect to the uncleaned sample (H1). The inset of Figure 2 

shows, as a function of the treatment applied, the fraction of oxidized germanium in both GeO and 

GeO2 states (a) and oxidized tin in the same states (b), both with respect to the overall germanium 

or tin content. These figures are obtained by peak fitting of the XPS core-level spectra using 

Multipack
TM

 software, and providing access to the various chemical-state components of the 

spectrum, as seen in more details further below (Figure 5).   

We can observe that the GeOx contribution area was not impacted by the dipping time (1, 5, 

or 10 minutes) and the addition or not of various amounts of HCl to the mixture. On the contrary, 

the SnOx contribution area was more influenced by the dipping time and the addition or not of HCl 

(inset of Figure 2b). The most efficient deoxidation for strategies H2 to H6 was achieved with the 

H5 recipe(5 minutes dip in a HCl/HF 5%-1% solution). The H7 treatment with a larger HCl 

concentration yielded even lower GeOx and SnOx contributions than strategies H2 to H6. 
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Figure 2: (a) Ge2p3/2 XPS spectra before and after 1 minute or 5 minutes dips in various types of HF/HCl 

mixtures (see Table I). Inset: GeOx relative concentration after the various surface treatments listed in the 

figure, (b) Sn3d5/2 XPS spectra before and after dips in various types of HF/HCl mixtures. Inset: SnOx 

contribution area extracted from XPS after the various surface treatments listed in the figure. 

 

AFM images of an as-grown GeSn 13% surface and the same layer after a H7 treatment can 

be found in Figures 3a and 3b, respectively. Surface root means square roughnesses were found 

similar: 1.37 nm for the as-grown layer and 1.28 nm after the H7 treatment. The surface was cross-

hatched in both cases. It was due to plastic strain relaxation in the Ge SRB underneath, with the 

threading arms of misfit dislocations propagating on (111) planes and leaving in their wake <110> 

surface undulations [7, 30, 31]. 

 

Figure 3: 10×10 µm² AFM images of (a) reference as-grown 480 nm thick GeSn 13% sample and 

(b) a GeSn surface after a dip for 5 minutes in HCl/HF 10%-1% (H7). 
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We then investigated by XPS the removal of carbon from the surface. The C 1s peak at 

around 285 eV was recorded for three following surface treatments: H6, H7, and H8. These 

measurements showed that the HCl solution was the most efficient to reduce the amount of carbon 

and the H6 the less efficient one. The H7 solution yielded the best trade-off between carbon 

removal and efficient surface de-oxidation (Figures 2a, 2b, and 4a) while preserving a good surface 

quality in terms of minimal roughness.  

 

In order to investigate the stability of the 13% GeSn surface after an H7 surface cleaning, we 

studied the GeSn surface re-oxidation upon extended exposure to the ambient air. A fast native 

oxide regrowth was observed after 5, 10, 20, and 30 min (Figure 4b). It typically took us 3 minutes 

to dry then load GeSn samples in the XPS spectrometer, and then, less than 15 minutes for the 

transfer in UHV (pressure in the 10
-8

 mbar range). The inset of Figure 4b shows the growth of tin 

oxide and germanium oxide versus time. A preferential regrowth of germanium oxide is observed 

(nearly 45 % of the Ge 2p3/2 total area for the longest air exposure) compared to the tin oxide 

(almost 20% of the Sn 3d total area). 

 

Figure 4: (a) C 1s spectra of Ge0.87Sn0.13 surfaces after a 5 min. dip in HF 1% (H6, blue curve), a 5 min dip in 

HCl/HF 10%-1% (H7, violet curve), and a 5 min dip in HCl 37% (H8, red curve). (b) Ge2p3/2 XPS spectra 

showing the GeOx re-growth after lengthy exposures to the air of GeSn surfaces that were regenerated 

thanks to 5 min dips in HCl/HF 10%-1% (H7). 

Several works showed the usefulness of Ge-S bonds to passivate Ge-based surfaces [26, 34]. 

We thus investigated the use of (NH4)2S to protect thick, quasi-relaxed GeSn surfaces. Three 

protocols were used (summarized in Table 2). The P1 protocol consisted of dipping GeSn samples 

for 5 min in HCl/HF 10%-1% (e.g. the H7 surface preparation) followed by a second dip in an 

(NH4)2S solution and a De-Ionized Water (DIW) rinsing. The P2 protocol was similar to P1, with 

the addition of another DIW rinse between the H7 surface preparation and the dip in (NH4)2S. 
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Finally, the P3 protocol consisted of a single dip in (NH4)2S followed by a DIW rinse. No HF/HCl 

treatment was indeed used in protocol P3. All surface treatments were performed at 22°C and 

samples were dried under N2 after each treatment. 

All treated GeSn samples were placed under ultra-high vacuum (10
-9

 mbar) after a 40 min 

air exposure. Figure 5 shows the deconvoluted XPS spectra of the GeSn 13% samples with the 

different contributions of the measured Ge2p3/2 orbital, after using those protocols. Upon 40 

minutes of air exposure after the H7 treatment (Figure 4b), the fraction of germanium oxide was 

45%. This figure decreased down to 21% with the P1 protocol, and 26% with the P2 protocol. 

Figure 5 shows that the use of a sulfur passivation after the H7 treatment allows to reduce the re-

oxidation rate after 40 minutes (21% with sulfur treatment, 45% without). Indeed, (NH4)2S 

treatment allows to passivate chemically germanium dangling bonds in surface and thus prevent 

oxide bonds. Further surface investigation may be carried out later to better. Therefore, we conclude 

that ammonium sulfur can be a good solution to protect oxide bonds at the GeSn surface. 

 

 

Figure 5: Ge2p3/2 XPS spectra after protocols P1 (a), P2 (b), with (NH4)2S solutions and H7 (c) showing the 

partial protection of Ge0.87Sn0.13-S bonds to oxidation after 40 min air exposure. 
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Table 2: Summary of wet treatments used to study the passivation of the GeSn 13% layers. 

 

3.2 Photoemission Electron Momentum Microscopy of the GeSn layer 

 

 Band structure measurements on Ge-based epitaxial layers are very challenging [35] because 

a perfect control of the surface crystallinity and cleanliness is required. For GeSn surfaces, optimal 

surface preparations prior to kPEEM measurements rely on ex-situ wet de-oxidation followed by 

removal of adventitious carbon atoms without any heating or harmful ion etching. Gas Cluster Ion 

Beams (GCIB, energy = 2eV/atom) in ultra-high vacuum were therefore used, in the XPS chamber, 

to gently remove unwanted carbon atoms after wet de-oxidation. The low GCIB incident energy 

ensured that only weakly bonded carbon atoms were removed without any impact on GeSn covalent 

bonding, preserving thereby the surface crystalline structure. After GCIB, the sample was 

transferred under an inert atmosphere into the PEEM load-lock chamber which is pumped overnight 

before kPEEM analysis. After the H7 optimal wet treatment followed by GCIB, it was not possible 

to observe by kPEEM any clear band structure on the GeSn 13% layer. The Sn surface segregation 

evidenced by XPS depth profiling and Time-Of-Flight Secondary Ion Mass Spectrometry (not 

shown) most likely hampered a proper band structure analysis. We therefore used a more HCl-

concentrated treatment in the form of the H8 recipe (Table 1). With this rough treatment, we were 

not looking for the most efficient way to remove the GeSn native surface oxide while preserving the 

surface quality. Here, the H8 treatment was just supposed to remove the surface tin excess and 

investigate the impact on the obtained kPEEM images. Evidence of a  preliminary band structure 

appeared with this treatment, as shown in Fig. 6 (a) and (b) with kPEEM images at -5.22 eV and -

0.5 eV below the Fermi level. A significant intensity is observed at the  point (center of the field 

of view) at different binding energies. In the following, we tentatively show the consistency of these 

data with the band structure of pure Ge (Fig. 6c). In Fig. 6a, the reciprocal distance of 0.89 Ȧ
-1

 

could be associated with the split-off band at -5.22 eV (Figure 6a), a value close to the 1 Ȧ
-1 

one for 

pure Ge. Looking now more closely at the image of Fig. 6b, we see that a cut in the first Brillouin 

zone of GeSn along K//x and K//y is expected to exhibit a 6-fold symmetry, which is what we have 

here.   
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Figure 6: kPEEM images of the GeSn 13% layer: (a) at an energy of -5.22 eV below the Fermi level, (b) at 

an energy of -0.5 eV below the Fermi level, (c) tentative comparison with the first Brillouin zone of a face-

centered cubic Ge lattice [36]. 

 

The reciprocal distance separating the Γ and K points (around 0.86 Ȧ
-1
) is a measure of 3π/aGeSn 

leading to a distance separating two parallel sides of the octagon of 1.64 Ȧ
-1

, theoretically (Figure 

6b).  A distance of about 1.72 Å
-1 

 is measured on the kPEEM image of Figure 6b. Therefore, the 

octagon observed at an energy of -0.5 eV would be a section centered at the point Γ of the first 

Brillouin zone (Figure 6b). For this comparison, we assume that (110) facets dominate the obtained 

kPEEM images, in agreement with our mention, earlier in the text (AFM section), that <110> 

surface undulations are the result of plastic strain relaxation. Unfortunately, the weak signal 

obtained in the kPEEM images, combined also maybe with the limited energy resolution, did not 

enable us to perform a clear band assignment. More work is necessary towards an optimized ex-situ 

surface preparation of the GeSn surfaces allowing to extract reliable quantitative informations from 

cleaner kPEEM images. Therefore the demonstration, at this stage, that kPEEM images are 

consistent with the Ge band structure is a first step reaching the final aim of preparing ex situ 

samples for ARPES measurements. 

 

(a) (b) 

(c) 
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4. Conclusion 

 

The impact of six different HCl/HF-based wet treatments on GeSn 13% surface native oxide 

removal was evaluated. A 5 min dip in HCl/HF 10%-1% (H7) was found to be the most efficient 

treatment to remove the GeSn 13% native surface oxide and significantly reduce the surface carbon 

contamination while maintaining good surface quality. A XPS time-dependent study showed a fast 

re-oxidation of germanium as opposed to a more stable tin. A (NH4)2S post-treatment solution 

extended the stability of chemically prepared GeSn surfaces exposed to the air, without fully 

protecting them against native oxide regrowth, however. Band structure measurements by kPEEM 

on cleaned GeSn surfaces yielded energy bands only after using a relatively aggressive surface 

treatment. The abnormal behavior of the GeSn surface might be due to an over-concentration of tin 

close to the GeSn surface (because of Sn segregation in such thick, plastically relaxed layers). After 

removal of the Sn-rich surface layer, preliminary band structure data were obtained, showing the 

validity of the overall procedure reported here. However, an optimized route for obtaining ex-situ 

prepared surfaces allowing reliable ARPES analysis is still needed. 
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