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The local arrangement of atoms in an alloy impacts its electronic band structure and, consequently, its fundamental 

physical properties. This work investigates the short-range order of tin atoms in binary Ge₁₋ₓSnₓ semiconductors 

epitaxially grown on Ge-buffered Si (001) substrates. Samples featuring Sn content up to 13 at. % were analyzed by 

X-ray absorption fine structure spectroscopy at the Sn-K edge. The study reveals how the growth method and its 

process parameters, like temperature, or the epitaxial built-up strain affect the local atomic ordering of tin within the 

alloys. While the deposition technique seems to have a marginal effect on the Sn short-range ordering, the growth 

temperature and Sn content systematically influence the bonding angles Sn. Ge-Sn next neighbor coordination shells, 

whereas the interatomic distances remain largely unaffected. In the first coordination shell Sn-Ge are strongly favored, 

over Sn-Sn, while the opposite happens in the next coordination shell, where Sn-Sn are systematically favored. These 

insights into the relationship of growth condition and layer properties enable to identify the nature of the large variety 

of electronic and optical properties measured in Ge₁₋ₓSnₓ layers. 

I. INTRODUCTION 

Within the last decade, there has been a remarkable 

rise in interest surrounding new semiconductors of 

group IV elements. In this respect, Ge1-xSnx 

semiconductor alloys are seen as the alloys that may 

potentially lead to monolithic integration of a broad 

range of applications in electronics, optoelectronics, 

spintronics, and thermoelectric using the mature Si 

technological platform[1], [2], [3], [4], [5], [6], [7]. 

The driving force is their peculiar electronic band 

structure which can be largely tuned by varying the Sn 

content and the strain condition[8]. Notably, a direct 

fundamental bandgap is achieved in strain-relaxed 

Ge1-xSnx alloys for Sn content above 8 at.% or even 

lower values under biaxial tensile strain conditions[9]. 

This peculiar physical property has been very 

successfully exploited to demonstrate group IV-based 

optically lasers operating at RT[9] and electrically 

pumped disk lasers based on the same material 

system[2], [10].   

The growth of Ge1-xSnx is a major challenge due to the 

low solid solubility of Sn in Ge (Sn < 1 at.%) and to 

the large lattice mismatch between α-Sn and both Si 

and Ge of approximately 20% and 15%, respectively 

[11], [12]. Therefore, growth conditions at far non-

thermodynamic equilibrium are required for the 

epitaxy of Ge1-xSnx alloys with Sn concentrations 

beyond the solubility limit[11]. 
_____________________ 

*these authors contributed equally to the work 

Molecular beam epitaxy (MBE) and chemical vapor 

deposition (CVD) are the most common growth 

methods for the epitaxy of Ge1-xSnx layers, but, the 

growth mechanism and their precursors type differ 

significantly. CVD uses gas precursors and features a 

relatively fast growth rate (>10 nm/min) and enables 

growth at relatively high temperatures (T> 300°C). To 

date is the only growth method offering high 

crystallinity material suitable for photonic 

applications[13], [14]. MBE offers the potential for 

very low-temperature growth (< 200°C), enabling the 

growth of Ge1-xSnx layers with Sn content up to 25 at. 

% [15]. However, achieving thick and strain-relaxed 

Ge1-xSnx film remains unattainable by MBE due to 

epitaxial breakdown induced by kinetic surface 

roughening[16], [17]. 

The distribution of Sn atoms within the Ge crystal 

lattice plays an important role in defining the physical 

properties of Ge1-xSnx films[18]. For instance, Sn 

clustering or short-range ordering (SRO) in Ge1-xSnx 

thin films has been shown to affect the electrical and 

optical properties, the bowing parameters[19], and the 

electronic band structure as a whole[20]. Several 

groups have recently started addressing this issue 

using different experimental methods sensitive to the 

local arrangement of atoms. Corley-Wiciak et al. used 

polarization-resolved Raman spectroscopy to 

evidence a non-random atomic distribution in the 

lattice through a Sn atoms SRO with a Sn-Sn 

repulsion[18]. Liu et al.[21] found via Atom probe 
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tomography (APT) a weak Sn–Sn atoms correlation, 

which depends on depth and strain in the layer along 

the growth direction, but not on the average film 

composition. Further, APT studies were carried out to 

compare the SRO of Ge1-xSnx grown by MBE and 

CVD[22] with Sn composition ranging from 7 to  20  

at. %, showing a stronger preference for Sn-Sn 1st 

nearest neighbor (1NN) formation in MBE Ge1-xSnx as 

compared  to CVD counterpart [22]. Mukherjee et 

al.[23] also found via APT a homogeneous 

distribution in CVD grown Ge1-xSnx films but SRO 

indication in ternary SiGeSn alloys. HAADF-STEM is 

a method that investigates local Sn distribution in 

GeSn alloys, utilizing atomic number contrast to 

visualize nanoscale inhomogeneities. Combined with 

energy-dispersive X-ray spectroscopy (EDS), it has 

been used to assess Sn incorporation, defect formation, 

and strain relaxation mechanisms. This approach gives 

direct insights into Sn clustering, compositional 

gradients, and their correlation with the structural and 

optoelectronic properties of GeSn films[24], [25].  

From the modeling point of view, density functional 

theory (DFT) studies indicate a much higher degree of 

SRO, characterized by suppression of Sn-Sn nearest 

neighbor correlations, with the redistribution of these 

Sn atoms to the third shell[26]. In a more recent paper, 

two types of SRO possibly coexisting in Ge0.75Sn0.25 

layers, namely regular short-range order (R-SRO) and 

enhanced short-range order (E-SRO)[20], have been 

reported together with their impact on the electronic 

band structure[20]. 

X-ray Absorption Fine Structure (XAFS) 

spectroscopy is an alternative method, particularly 

suitable for studying local ordering phenomena in 

alloys, as its chemical selectivity and local structure 

sensitivity allow information to be obtained about the 

chemical species, number and distance between 

neighboring atoms around the absorbing atomic 

species[27], [28]. In contrast to diffraction, where the 

signal originates from structures exhibiting 

translational symmetry, the XAFS signal is derived 

from the relative position of the atoms around the 

absorber, thereby offering complementary insights 

with respect to diffraction[29]. Extended X-ray 

Absorption Fine Structure (EXAFS) has been used 

previously to study changes in bond lengths as a 

function of composition in pseudomorphic Ge1-xSnx 

films[30], [31]. In an EXAFS study, Gencarelli et al. 

showed the presence of a short-range order in a Ge1-

xSnx epitaxial layer deposited by CVD on Ge/Si virtual 

substrates, with a reduction of the coordination 

number of the Sn following a repulsion of Sn 

pairs[27]. The reports on EXAFS studies on MBE-

grown Ge1-xSnx layers[30], [31], however, have no 

conclusive assessment of the impact of growth 

parameters or the Sn content on the local crystalline 

structure. Please note that no direct comparison 

between MBE and CVD grown Ge1-xSnx sample 

within a single EXAFS measurement campaign is 

available, insofar. To address this gap, in this study, 

Sn K-edge EXAFS is employed to compare the short-

range order behavior of a series of MBE and CVD 

grown Ge1-xSnx heteroepitaxial layers. In particular, 

the impact of Sn content, growth temperature, 

composition, and strain relaxation on the short-range 

order is here investigated. 

 

II. EXPERIMENTAL DETAILS 

Ge1-xSnx heteroepitaxial thin films were grown on 

1.5 μm Ge buffers on Si(001) substrates using MBE 

system under ultra-high vacuum (UHV) conditions 

with a base pressure of < 2 ⋅ 10−9 mbar. A dual 

filament effusion cell and electron beam evaporator 

were employed for Sn and Ge evaporation, 

respectively. In addition, 2 samples were grown with 

chemical vapor deposition (CVD)[6] for comparison 

with MBE grown Ge1-xSnx samples (Table Ⅰ). For 

CVD growth an industry-compatible 300 mm/200 mm 

AIXTRON TRICENT reduced-pressure CVD (RP-

CVD) reactor was used. The Ge1-xSnx epitaxy exhibits 

varying Sn contents from 7.4 at. % to 13.4 at. % and 

thicknesses ranging from 50 nm to 290 nm. Ge1-xSnx 

layers composition was measured using Rutherford 

backscattering spectroscopy (RBS) and confirmed by 

X-ray diffraction (XRD). The quadratic formula 

𝑎𝐺𝑒𝑆𝑛 = 5.658 + 0.872𝑥 − 0.041𝑥2 is used for the 

calculation of Sn content while. Experimental bowing 

parameter of 0.041 is used to calculate the Sn 

content[32]. Furthermore, a tetragonal distortion 

related to biaxial strain was assumed.  X-ray 

absorption spectroscopy (XAS) measurements were 

performed at the BM08-LISA[33]  beamline 

(Experiment Nr. MA5463) of the European 

Synchrotron Radiation Facility (ESRF) in Grenoble, 

France. Beamline optics include a Si (111) double 

crystal, fixed exit monochromator and pair of Pt 

coated mirrors, a first collimating mirror before the 

monochromator, and a second mirror, toroidal bent 

after the monochromator focuses the beam on the 

sample.  
 Sn-K edge (29.200 keV) XAS signals were measured 

in fluorescence mode using an ultrapure 9-channels Ge 

multidetector. Spectra extend up to about 800 eV 

above the edge corresponding to the photoelectron 

wavevector around k = 15 Å-1. XAS measurements 

were performed keeping the sample at liquid nitrogen 

temperature, and the sample surface oriented at a 

grazing incidence angle of approximately 10-15° with 

respect to the incident x-ray beam direction, to 

maximize the fluorescence signal from the thin 

Ge₁₋ₓSnₓ films. 
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. The fluorescence signals present spikes coming from 

the Bragg peak from the thin film substrates. Three to 

eight scans were measured slightly tilting the sample 

around the vertical axis (+/- 3°) allowing to 

individuate the Bragg peaks comparing the signals 

from different detectors/scans, and then to remove 

them cutting only specific regions of each signal, so 

optimizing the data collection and statistics[34]. The 

X-ray beam energy calibration was ensured by 

monitoring the X-ray absorption near edge structure 

(XANES) spectra from a Sn reference foil, regularly 

during the experiment. Data reduction of the 

experimental X-ray absorption spectra was performed 

with the program ESTRA[35]. The ESTRA program 

allows the data average and extraction of the EXAFS 

structural signal 𝜒(𝑘) following standard procedures 

which include linear pre-edge subtraction, edge jump 

discontinuity normalization, and bare atom 

background subtraction. The edge energy, Eo, used to  

 define the photoelectron wave vector 𝑘 =

√[2𝑚𝑒(𝐸ℎ𝑣 − 𝐸0)] ℏ2⁄  with me being the electron  
mass and 𝐸ℎ𝑣 the X-ray beam energy, was selected at 

half of the absorption edge discontinuity and refined  

during the analysis. The data in the near edge XANES 

region provides useful information to compare the 

valence state and coordination geometry of Sn atoms 

in different samples. The experimental EXAFS signals 

were quantitatively analyzed using the FitEXA 

program[35], which enabled the fitting of the raw 

experimental data to the model curves in k-space using 

non-linear least-squares algorithms implemented in 

the MINUIT library[36]. The model EXAFS curves 

are calculated using the standard EXAFS formula[37] 

with Gaussian disorder approximation. The 

photoelectron amplitude and phase functions were 

calculated for representative atomic clusters using the 

FEFF8.2 program[38]. The signals used for 

refinements were selected through an iterative process, 

ensuring their statistical significance and physical 

consistency. Only single scattering contributions were 

considered, as multiple scattering contributions were 

determined to be negligible owing to the absence of 

(near-)collinear atomic arrangements (focusing 

effects) in the structure. Constraints were imposed 

upon the refined parameters (see below) to reduce 

parameter correlations. 

Energy dispersive X-ray (EDX) analysis, atomic force 

microscopy (AFM), and X-ray diffraction (XRD) 

reciprocal space maps were performed to complete the 

Sample M7-200 M9-200 M11-200 M13-200 M7-100 C11-330 C12-360 

XRD at. % Sn 7.4 8.9 11.2 13.4 7.4 11.1 12.0 

Sn K-cell Temp. (°C) 990 1001 1010 1022.5 990   

h (nm) 93 87 80 50 98 90 290 

Growth. Temp.  (°C) 200 200 200 200 100 330 360 

Strain (%) -0.98 -1.2 -1.52 -1.59 -0.97 -1.51 -0.62 

Rel. GeSn/Ge (%) 0 0 0 15 0 0 61 

Roughness (nm) 0.4 0.4 0.5 0.6 0.6 - - 

Table Ⅰ: Summary of Ge1-xSnx materials growth condition and analysis of the Sn K-edge EXAFS. The Ge1-xSnx samples name 

convention is arranged in two classes, ‘M’ samples represent the MBE grown Ge1-xSnx layers, while ‘C’ samples correspond 

to CVD grown Ge1-xSnx layers. Sample name also includes Sn composition and growth temperature, for example, M7-200 is 

an MBE sample with a Sn content of 7.4% and a temperature of 200°C. 

 

RMS=0.9nm

80nmA B C [110]
Si

Ge

GeSn

11.2% Sn

Fig. 1A: XRD 2D-RSM around (224) Bragg reflections of the sample with 11.2% of Sn concentration. The signals originating 

from the Si substrate, the Ge buffer, and the Ge1-xSnx epi-layer are labeled accordingly in the figure. Fig. 1B EDX image of 

sample M11-200. Fig. 1C: AFM image of sample M11-200 with 5 𝜇m field of view and a RHEED image along [110] as inset. 
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material characterization regarding elemental 

distribution, sample roughness, and lattice strain.  

 

III. RESULTS AND DISCUSSION 

The physical characterization of the Ge1-xSnx samples 

discussed in this study is summarized in Table Ⅰ.  

  Accurate analysis of the EXAFS spectra was 

performed using a multi shell refinement. The 

structural parameters obtained, specifically 

interatomic distances (R), coordination numbers (N), 

and mean square relative displacement factors (σ²), 

characterizing the local environment around the 

average Sn absorber, are presented in Table II. The 

physical characterization of the Ge1-xSnx samples 

discussed in this study and the growth conditions are 

summarized in Table Ⅰ. The basis of the fitting model 

relies on the Ge crystal structure of the FCC diamond 

cubic, with a total of 4 atoms in the 1st shell and 12 

atoms in the 2nd shell.  

 3.1 Sample structure and morphology  

To facilitate a direct comparison as a function of Sn 

content M7-200, M9-200, and M11-200 were grown 

at the same growth temperature (200°C) and Ge 

deposition rate (0.25 Å/s) targeting different 

compositions in the 7-11 at. % range and the same 

nominal thickness of 90 nm.  Sample M13-200 

Ge0.87Sn0.13 is pseudomorphic grown on Ge to a 

thickness of only 50 nm to avoid plastic strain 

relaxation but is thick enough to be investigated in 

EXAFS. The exemplary layer quality of sample M11-

200 is shown in fig. 1. The structural properties and Sn 

concentration, extracted from XRD-RSM in the 

symmetric (004) and the asymmetric (224) 

diffractions. the asymmetric (224) diffraction is shown 

in fig. 1A. The diffraction peaks are in-plane aligned 

with the Ge buffer indicating pseudomorphic growth. 

The homogeneous Sn distribution within the epilayers 

is demonstrated by the EDX elemental analyses. (fig. 

1B). Moreover, fig. 1C shows surface topology 

measured by AFM in a 2 𝜇m scale. The spotty RHEED 

pattern appears as shown in inset fig. 1C, is an 

indication of epitaxial crystalline growth with a rough 

surface. 

 

3.2 The local structure around Sn, XAFS Analysis 

The Sn K-edge normalized XANES spectra measured 

on all the Ge1-xSnx films, are presented in fig. 2 along 

with their first derivative. The XANES spectra show 

no changes in shape or position. The good 

reproducibility and energy alignment show the same 

oxidation states of Sn and its electronic behavior in all 

MBE and CVD samples despite their deposition 

parameter changes.  

The Ge crystal phase has a diamond cubic structure, 

Fd-3m, with lattice parameter 𝑎𝐺𝑒 = 5.66 Å with each 

Ge atom covalently bonded to four other Ge at RGeGe 

= 2.46 Å in a tetrahedral arrangement as suggested in 

literature[39]. 4 atoms are assumed in the first shell 

and the second shell is made by 12 atoms. The 12 next 

neighbors connected through the Ge-Ge-Ge path with 

a tetrahedral bond angle 𝜃𝐺𝑒 = 109.45𝑜. Sn has two 

potential crystallographic structures: i) 𝛼-Sn, which is 

similar To Ge, with Fd-3m cubic symmetry and 

tetrahedral coordination, with a larger lattice 

parameter 𝑎𝑆𝑛 = 6.47 Å and RSnSn = 2.84 Å; and ii) β-

Sn with a tetragonal structure, I41/amd, with Sn 

Fig. 2: XANES spectra of all the investigated samples. XANES derivatives are presented in the insert. No changes are evident 

in the position of the raising edge, pointing out no changes in the Sn valence state. Only minor changes are visible in the near 

post-edge region, indicating minor changes in the Sn local coordination geometry between the different samples.  
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bonded to 4 neighbors forming flattened tetrahedra at 

larger distances RSnSn
Tetragonal

 = 3.05 Å[40]. It is 

noteworthy that the interatomic distances determined 

through EXAFS may slightly deviate from those 

obtained from XRD. This difference, which can be 

significantly larger than the statistical uncertainty, 

stems from an intrinsic difference between the two 

techniques (as example: J. B. Boyce and J. C. 

Mikkelsen, Jr., J. Cryst. Growth 98, 37 (1989))[41]. 

The diffraction signal is inherently dependent on the 

long-range order of the sample, revealing only 

structural features that exhibit translational symmetry. 

Consequently, diffraction data should be interpreted 

more precisely as distances between lattice positions, 

corresponding to the average atomic positions within 

the unit cell. In contrast, the XAFS signal provides 

direct information about the local atomic environment, 

specifically the interatomic distances between the 

absorbing atom and its neighboring atoms, 

independently of the long-range order in the 

sample[29]. The quantitative data analysis has been 

carried out fitting the k-weighted experimental spectra 

in the 3 Å-1 to 13 Å-1 range, balancing the demand for 

a wider k-range, high resolution, with the need for low 

noise data (restricted k-range) for better reliability of 

the results. To fit the EXAFS spectra, Sn is assumed 

to be substitutionally incorporated in the Ge cubic 

lattice and, starting from the first coordination shell, 

signals were progressively added verifying their 

statistical significance (F-test). The k2-weighted 

experimental EXAFS spectra 𝑘2𝜒𝑒𝑥𝑝 and the moduli of 

their Fourier transforms (|FT|) are shown in fig. 3 

along with their best-fit curves. The Fourier 

transforms provide a more intuitive description of the 

Sn local atomic structure in the films, though the phase 

shift effect move the peak position down by roughly 

0.5 Å: the main peak in the |FT| represents the position 

of the nearest neighbor shell. The next neighbor shells 

are evident but clearly weaker as a result of a number 

of concomitant factors including the reduced 

photoelectron mean free path, natural attenuation of 

spherical photoelectron waves (∼ 𝑅−2) and structural 

disorder[37]. The best-fit results are resumed in Table 

Ⅱ. 

The three main shells are found to be statistically 

significant to fit the experimental data, which allows 

to describe the average local atomic structure around 

Sn till about 5 Å. After preliminary tests, the same 

energy shift of Δ𝐸=8 eV and 𝑆𝑜
2 = 1.1 was used for all 

the analysis, which guarantees high sensitivity to 

slight changes in the structural parameters between the 

samples. Constraints based on the crystallographic 

models are applied to reduce the correlation among the 

parameters. Specifically, the total multiplicities (N) of 

each coordination shell were fixed to their 

crystallographic values: N1 = 4, N2=12, N3=12, the 

number of Sn and Ge atoms given by 𝑁𝑆𝑛 = 𝑥𝑖 ⋅
𝑁𝑖  and 𝑁𝐺𝑒 = (1 − 𝑥𝑖) ⋅ 𝑁𝑖 (i=1, 2), were obtained by 

refining the free parameters 𝑥𝑖 , representing the 

fraction of Sn-Sn neigbours in the i-th shell. For all the 

samples, excluding M7-200 and M7-100, attempts to 

include Sn-Sn1 contributions in the first shell (x1 > 0) 

worsen the fit. Therefore, the parameter x1was fixed 0 
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Fig. 3: The left panel presents the k2 weighted experimental spectra (dots) and best-fit curves (full lines) of all the investigated 

samples, vertically shifted for clarity. Moduli of the Fourier transforms |FT| of k2 weighted experimental data (dots) and best 

fit (full lines) are presented in the right panel, providing an intuitive image of the Sn neighbor distribution (see text).   
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for these samples. In the thicker MBE samples M7-

200 and M7-100, a statistically significant proportion 

of Sn-Sn1 neighbors, approximately x1 ≃10%, was 

observed (Table II).therefore the nearest neighbor 

coordination numbers were fixed to 4 in all these 

samples. 

For the second shell, the Sn-Ge2 and Sn-Sn2 EXAFS 

signals are strongly in antiphase, especially in the high 

energy (high-k) region of the spectra, resulting in a 

strong correlation between the disorder parameters for 

Sn2 and Ge2 contributions, if refined together. To 

reduce this correlation, the same disorder parameter 

for both has been used. This approach eliminates the 

correlation and provides confidence in the assessment 

of relative structural changes between samples, 

although it may be less accurate in the assessment of 

absolute values of the disorder. A third Sn-Ge3 shell is 

found statistically significant around 4.8 Å but the 

relatively weak contribution does not allow to reliably 

quantify an eventual fraction of Sn3. In the third shell,  

therefore, only Ge neighbors are assumed. An example 

of best fit with partial contributions used in the 

analysis is presented in fig. 4.  

In samples M7-200 and M7-100 a nearest neighbor 

Sn1 shell is indispensable for the fit. This results in the 

𝑅2 factor[35] decreases by 20 %, the F-Test[42] 

demonstrates a statistical significance and thus can be 

considered reliable. The 𝑅𝑆𝑛1
distance is equal to the 

Sn-Sn distance in 𝛼-Sn (2.84 Å) and much less than 

the Sn-Sn bond length in 𝛽-Sn (3.05 Å), which 

suggests that in these samples a fraction of Sn atoms 

segregate in a pure 𝛼-Sn phase. 

The 𝑅𝑆𝑛2
 and 𝑅𝐺𝑒2

distances are very similar around 

4.1 Å slightly expanded (+2.5%) with respect to the 

next neighbor distance in Ge crystal (𝑅𝐺𝑒2
= 4.00 Å), 

despite the quite different Sn-Ge and Ge-Ge bond 

lengths. This is not surprising, as it is well known that 

covalently bonded semiconductor alloys to reduce the 

structural deformation induced by the rigid covalent 

bonds by modifying the bond angles[43]. It is 

important to highlight that there is a significant 

reduction in the deformation of interatomic distances 

with respect to pure Ge going from the first to the 

second coordination shell with a 5% and 2.5% change 

of R, respectively. Thus, the EXAFS results 

demonstrate local strain is much larger than the film 

strain being around 1% (Table Ⅰ). 

In all the samples except M7-200 and M7-100, the Sn 

appears bonded to 4 Ge at roughly the same distance 

R=2.58 Å. The relevance of Sn contribution in the 

second shell is evident in all the samples, ranging 

between 28% (sample C12-360) and 38% (M9-200, 

M11-200 samples) and reaching the largest fraction in 

M7-200 (45%) and M7-100 (40%) samples. This is 

much higher than would be expected from a random 

distribution of Sn atoms (e.g. 7.4% for M7-100), 

where the number of neighbors should be similar to 

the concentration of Sn in the sample. This finding, in 

agreement with previous reports [26], [27],  points out 

Table Ⅱ: Results of the Sn K-edge EXAFS data analysis on the investigated samples. The thin films growth parameter is resumed 

on the top, for the convenience of the readers. For each shell (1-3) are reported the structural parameters, namely coordination 

(multiplicity) numbers N, distances R, and mean square relative displacement 𝜎2 for the Ge or Sn neighbors. Uncertainties on 

the last digit of the refined parameters are shown in parenthesis, constrained of fixed parameters (see text) are labeled by *. 

 

 

Sample (M7-200) (M9-200) (M11-200) (M13-200) (M7-100) (C11-330) (C12-360) 

   Deposition MBE MBE MBE MBE MBE CVD CVD 

    Sn (at. %) 7,4 8,9 11,2 13,4 7,4 11,1 12 

    d (nm) 93 87 80 50 98 90 290 

    Strain (%) -0,98 -1,2 -1,52 -1,59 -0,97 -1,51 -0,62 

    T (oC) 200 200 200 200 100 330 360 

S
h
el

l 
1

 S
n

1
 N 0.4(1)       0.3(1)     

R (Å) 2.85(2)       2.83(2)     

(x103 Å2) 4.0(3)       4.0(3)     

G
e 1

 N 3.6* 4* 4* 4* 3.7* 4* 4* 

R (Å) 2.57(1) 2.59(1) 2.59(1) 2.59(1) 2.57(1) 2.58(1) 2.59(1) 

(x103 Å2) 1.7(2) 2.3(2) 1.9(2) 3.1(3) 1.4(2) 2.1(2) 2.9(3) 

S
h
el

l 
2

 S
n

2
 N 5.4(3) 4.6(3) 4.6(3) 3.8(3) 4.9(3) 4.6(3) 3.3(2) 

R (Å) 3.99(2) 4.09(3) 4.11(3) 4.09(2) 3.98(2) 4.11(3) 4.15(2) 

(x103 Å2) 2.0(2) 3.2(2) 5.9(3) 12(1) 6.2(2) 5.9(3) 10(1) 

G
e 2

 N 6.6* 7.4* 7.4* 8.2* 7.2* 7.4* 8.8* 

R (Å) 4.02(2) 4.09(2) 4.10(2) 4.06(2) 4.06(2) 4.09(2) 4.10(2) 

(x103 Å2) 2.0* 3.2* 5.9* 12* 6.2* 5.9* 10* 

S
h
el

l 
3

 

G
e 3

 N 12* 12* 12* 12* 12* 12* 12* 

R (Å) 4.81(2) 4.88(2) 4.87(2) 4.83(3) 4.80(3) 4.86(2) 4.81(3) 

(x103 Å2) 17(1) 12(2) 16(2) 21(2) 16(2) 19(2) 22(2) 
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a non-random distribution of Sn around the average Sn 

site. While in the first shell, Sn-Sn bonds are 

energetically disadvantaged due to the quite long 

𝑅𝑆𝑛1
covalent bond, there is a preference for the Sn 

second neighbor above the random distribution. This 

non-random Sn distribution implies some variation in 

Sn concentration at the atomic scale, with Sn richer 

units, having a higher fraction of Sn-Ge-Sn links, and 

Sn depleted regions, richer in Ge-Ge-Ge paths.  

In general, we notice that while the interatomic 

distances are largely independent of Sn content or  

other deposition parameters, the structural disorder 

(MSRD,𝜎2) depict an evident trend. 

To examine the impact of the growth method on short-

range order, Ge1-xSnx films grown using MBE, at a low 

substrate temperature and growth rate, are compared 

with CVD grown samples that require a higher 

substrate temperature and growth rate. For direct 

comparison, the Ge1-xSnx samples M11-200 and C11-

330 have similar strain (-1.5%), Sn content (11 at. %), 

and thickness (dM11-200/C11-330=80/90 nm) (Table Ⅱ). 

The EXAFS analysis indicates very similar Sn local 

structure in both the samples either in the first 

coordination shell, with 4 Sn-Ge neighbors at 2.59 Å 

and similar disorder (𝜎2 ∼ 2 ⋅ 10−3 Å2) and in the 

second coordination shell with 𝑁𝑆𝑛2
(𝑁𝐺𝑒2

) ∼

4.6(7.4) at 𝑅𝑆𝑛2
(𝑅𝐺𝑒2

) ∼4.11(4.09) Å. The samples 

M11-200 and C11-330 have similar Sn content, 

thickness, and strain, although they were grown at 

TM11-200=200°C (MBE) and TC11-330 = 330°C (CVD), 

but no relevant Sn local structure changes (above the 

experimental uncertainties). This demonstrates that 

MBE and CVD techniques provide very similar Sn 

distribution in the films although growth conditions 

and methods are completely different.  

Comparing the local structure of CVD samples C11-

330 and C12-360, grown at comparable substrate 

temperatures (≈350°C) and Sn content (11 ≤ x ≤ 12%), 

offers information about the influence of lattice 

relaxation on the Sn short-range structure, as expected 

the thicker C12-360 sample has a smaller residual 

compressive strain (-0.6% strain), reflecting its 

increased relaxation. In the first shell, the Sn-Ge1 

distance is unchanged (within the error bar) for the two 

samples, reflecting the rigidity of the covalent Ge-Sn 

bond. On the contrary, the disorder is about 30% 

higher in the relaxed C12-360 samples. The effect of 

lattice relaxation is larger in the second Sn 

coordination shell that shows larger Sn2 distance and 

reduced Sn2 neighbors with respect to the strained 

layer. Also, in the second shell, the structural disorder 

increases for the relaxed sample pointing out a broader 
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Fig. 4: Example of best fit of the EXAFS for sample M11-200. The k2 weighted experimental data (dots), best-fit curve (full 

line), and partial contributions (vertically shifted for clarity) are shown in the left panel. The residual (experimental data – best 

fit) is also shown for comparison. The antiphase effect between the Sn-Ge2 and Sn-Sn2 is evident in the high k region of the data. 

In the low k regions of the spectrum (4-6 Å-1) the importance of the Sn-Sn2 contribution in reproducing the tiny structural features 

is clear. The right panel shows the modulus and Imaginary part of the FT of the k2 weighted experimental data (dots) and best-

fit curves (full lines). Imaginary parts of the FT of the partial contributions and residue are shown (vertically shifted for clarity).  

 

 



Contact author: gougam@ihp-microelectronics.com
 

Contact author: zoellner@ihp-microelectronics.com  

neighbor distribution, likely due to broader bond angle 

distribution.     

The impact of growth temperature on the local 

structure of Ge1-xSnx films has been a hot topic of 

scientific debate in several publications. For instance, 

Liu et al. suggested that Ge1-xSnx films grown at lower 

temperatures exhibit more disorder, although they did 

not specify the temperature range.[21] Whereas, Lentz 

et al. reported more disorder at higher temperatures, 

comparing growth temperatures between 275°C and 

320°C[28]. The M7-200 and M7-100 samples have the 

same Sn content (7.4 at. %), thickness (∼95 nm) and 

strain (-0.98%) but were grown at different substrate 

temperatures TM7-200 = 200°C and TM7-100 = 100°C, 

respectively. The EXAFS results (Table II) indicate 

the existence of Sn segregation in both samples and 

the overall Sn local coordination appears almost the 

same. However, note that M7-100 has a higher 

disorder in the second coordination shell, likely 

ascribed to the lower growth temperature.  

The effect of Sn content on the local ordering is 

concluded in fig. 5. Increasing the Sn content leads to 

more structural disorder of Sn in the first as well as in 

the second coordination shell in both MBE and CVD 

films. The effect is much larger in the second shell of 

the M7-100 sample and is ascribed to the low 

deposition temperature of 100°C but the Sn 

segregation observed in this sample may also play a 

role. Certainly, lattice strain shows a similar trend 

because lattice strain and Sn content correlate to each 

other.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ⅳ. CONCLUSION 

We exploit the XAFS technique to explore the Sn-

local atomic structure in a series of heteroepitaxial 

Ge1-xSnx thin films deposited by MBE and CVD, with 

different thicknesses and deposition temperatures.  

The local Sn structure is similar in MBE and CVD 

grown samples and the Sn-Ge/Sn interatomic 

distances in the first and second coordination shells are 

largely independent of the synthesis parameters. 

However, the deposition parameters have a significant 

effect on the local disorder around the Sn. In 

particular, increasing the Sn content and relaxation 

increases the disorder factors in the Sn coordination 

shells.  
Importantly, the Sn-K edge EXAFS data analysis 

reveals a peculiar local chemical order favoring the 

heteroatomic Sn-Ge bonds, while the Sn-Ge-Sn 

configurations in the second coordination shell are 

systematically higher than expected from a random Sn 

distribution. This implies atomic scale 

inhomogeneities of Sn concentration along the film, 

despite the overall homogeneous Sn distribution. This 

peculiarity must be considered in order to gain a 

comprehensive understanding of the macroscopic 

properties of these films and to establish a correlation 

between the optoelectronic properties and the growth 

parameters. 

Future studies, including a systematic investigation of 

GeSn films with varying thicknesses and relaxation 

states, will be necessary to fully understand this effect. 

Additionally, HAADF-STEM analysis can be 

beneficial to visualize Sn distribution directly in real 

space, further validating the local inhomogeneities 

concluded from EXAFS and offering a deeper 

understanding of strain relaxation and defect 

formation in GeSn films. 
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