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Abstract 

The last missing piece of the puzzle for the full functionalization of group IV optoelectronic 

devices is a direct-band-gap semiconductor made by CMOS compatible technology. Here we 

report on the fabrication of GeSn alloys with a Sn concentrations up to 4.5% using ion 

implantation followed by ms-range explosive solid phase epitaxy. The n-type single crystalline 

GeSn alloys are realized by co-implantation of Sn and P into Ge. Both the activation of P and 

the formation of GeSn are performed during a single-step flash lamp annealing for 3 ms. The 

band-gap engineering in GeSn as a function of the doping level and Sn concentration is 

theoretically predicted by density functional theory and experimentally verified using 

ellipsometric spectroscopy. We demonstrate that both the diffusion and the segregation of Sn 

and P atoms in Ge are fully supressed by ms-range non-equilibrium thermal processing. 
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Introduction 

Nowadays more than 95% of electronic devices are made of Si. The lack of direct band gap 

group-IV semiconductors require the integration of foreign compound semiconductors like 

group III-V materials on the same Si platform. The integration of III-V compound 

semiconductors with Si can be realized by direct growth of III-V on Si (heteroepitaxy) or wafer 

bonding techniques [1, 2]. III-V compound semiconductors are appealing solutions to replace 

Si in CMOS technology for fabricating optical and electronic devices with much higher electron 

mobility than that in Si. However, before realizing a CMOS technology based on III-V 

compound semiconductors, many challenges have to be overcome such as a high density of 

interface states, the lack of stable gate oxides, the lack of low-resistance ohmic contacts, and 

high leakage current in FETs [3-5]. The ideal solution would be group-IV direct band gap 

semiconductors. Ge can be converted from an indirect to a direct band gap semiconductor using 

either ultra-high doping with electron concentrations above 8×1019 cm-3 or biaxial tensile strain 

above 1.7%, or alloying Ge with Sn with Sn concentrations higher than 8% for cubic GeSn 

alloys or using Ge nanostructures [6-13]. Recently, it was shown that Ge alloyed with Sn can 

become a direct band gap semiconductor and shows lasing for a Sn concentration higher than 

12.5% [6]. All of the mentioned approaches are challenging, because n-type doping of Ge above 

3×1019 cm-3 is metastable, the formation of strained Ge layers with a strain value higher than 

0.5% is difficult and the equilibrium solid solubility of Sn in Ge is below 1%. Therefore, the 

direct-band-gap GeSn must be fabricated by non-equilibrium methods. The most common 

fabrication method for direct band gap GeSn is molecular beam epitaxy (MBE). It was shown 

that using MBE the GeSn alloy can be grown on Ge with a Sn content of up to 25% [14]. In 

addition, the grown GeSn layer can be in-situ doped with Sb or B to achieve either n-type or p-

type conductivity, respectively. However, the fabrication of planar devices and in-situ doping 

using the MBE technique is strongly limited. The alternative method to MBE to form GeSn 

alloys, is high fluence ion implantation of Sn into Ge followed by thermal annealing [15].  

In this work, we present the formation of heavily doped n-type GeSn alloys with a Sn content 

of up to 4.5 at.%. The Sn is incorporated into Ge using ion implantation followed by flash lamp 

annealing (FLA) for 3 ms. The n-type doping is realized by the co-implantation of P ions. The 

activation of the implanted P and the alloying of Sn with Ge take place during a single-pulse 

FLA step. The band gap of GeSn and the position of the Fermi level are theoretically predicted 

using density functional theory (DFT) and experimentally verified by near-infrared 

spectroscopic ellipsometry (SE). High resolution X-ray diffraction (HR-XRD) and Rutherford 
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backscattering spectrometry (RBS) were used to investigate the microstructural properties of 

the fabricated GeSn alloys.  

Experimental part 

The undoped (001) Ge wafers with resistivity higher than 50 cm (intrinsic electron 

concentration ne < 6 × 1013 cm-3) were implanted either with Sn only or co-implanted with Sn 

and P ions. The Sn ions were implanted at an energy of 200 keV with two different fluences of 

1.2 × 1016 cm-2 and 1.6 × 1016 cm-2 corresponding to a peak Sn concentration of 3 and 4.5 at.%, 

respectively. P was implanted at an energy of 80 keV with a fluence of 1×1015 cm-2 resulting in 

an overlapping depth distribution of Sn and P. To protect the Ge surface a 30 nm thick SiO2 

layer was deposited prior to ion implantation by plasma enhanced chemical vapor deposition. 

The SiO2 capping layer was removed by buffered hydrofluoric acid after annealing. Moreover, 

during the ion implantation process the sample temperature was kept below -120 oC in order to 

mitigate the implantation-related damages. The annealing was performed using rear-side FLA 

for 3 ms at an energy density of 65 Jcm-2 [16, 17]. Prior to this step, the FLA samples were 

preheated at 180 oC for 60 s. The implanted layer recrystallizes via explosive solid phase epitaxy 

during the FLA pulse. The ion implantation parameters are summarised in Table 1.  

The Sn and P distribution was simulated using SRIM code [18], and the thickness of GeSn 

layers was measured by RBS. The substitutional efficiency of Sn into the Ge lattice site was 

investigated using random and channeling Rutherford backscattering spectrometry (RBS/R and 

RBS/C). RBS was carried out using the 1.7 MeV He+ beam of the Rossendorf van de Graff 

accelerator. The Sn profile was then calculated by the help of the RUMP program [19]. Since 

we know the Sn distribution in implanted and annealed layers the thickness of the GeSn layer 

and Sn concentration can be determined. The thickness of the undoped and n-type GeSn layers 

is about 60 nm. The band-gap change in GeSn alloys was determined by means of spectroscopic 

ellipsometry. The thin-film complex dielectric function was obtained using a variable-angle 

spectroscopic ellipsometry (VASE, J.A. Woollam Co.) in a polarizer-compensator-sample-

analyzer configuration.  

The concentration of carriers in the implanted and annealed samples was estimated from 

temperature-dependent Hall effect measurements in a van der Pauw configuration. The 

microstructural properties were studied by HR-XRD. The X-ray measurements were carried 

out using an empyrean diffractometer operated with Cu-K radiation; the diffractometer was 

equipped with a Göbel mirror and a channel-cut (Ge220) monochromator on the source side. 
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For the 2 scans a small slit in front of a point detector was used. The reciprocal space maps 

were carried out using an area detector.  

Results and discussion  

The band structure and the position of the Fermi energy were calculated for undoped and fully 

relaxed GeSn alloys at 0K within the density functional theory (DFT) with the use of the FP-

LAPW WIEN2k code [20]. A 54-atom supercell (3x3x3 multiplication of the primitive 

diamond unit cell) was used, allowing the study of the alloy in 1.85% of Sn concentration 

intervals. Within the supercell, the Sn atoms were distributed according to special quasi-random 

structures (SQS) to approximate a perfect alloy [21]. A full geometry optimization was 

performed with the use of the GGA-WC [22] functional, while the electronic structure was 

calculated using the Tran and Blaha MBJLDA [23] functional to describe the band gap 

correctly. According to the theory, the minimum Sn content needed to convert strain-free GeSn 

from an indirect to a direct band gap semiconductor is in the range of 7±2%, but rises up to 

13% for biaxial compressively strained layers [24]. We recently reported that according to the 

theoretical study, the direct band gap in intrinsic and fully relaxed GeSn can be obtained for 

6.5% of Sn [25]. The minimum Sn content needed for the direct band gap formation in GeSn 

can be further reduced by high n-type doping. Figure 1a shows the shift of the Fermi energy 

within the conduction band minimum (CB) as a function of the doping level for GeSn alloys 

for two different Sn concentrations 3.7 and 5.55 at. %. In the lightly doped n-type Ge and GeSn 

alloys (ne< 5×1018 cm-3) the Burstein-Moss effect can be neglected, however, it may have a 

significant influence on the effective absorption edge (Eg) for an electron concentrations higher 

than 8×1019 cm-3 in a cubic Ge and GeSn alloys [26, 27]. According to our calculations shown 

in Fig. 1a, the GeSn alloy with 5.55 at.% of Sn becomes a quasi-direct band gap semiconductor 

for an electron concentration of about 1×1019 cm-3. If the doping level increases above 7×1019 

cm-3, the GeSn alloy will become a degenerated and quasi-direct band gap semiconductor for 

Sn concentrations as low as 3%. The calculated band structure of fully relaxed Ge0.963Sn0.037 

alloy shows that the Fermi level is located in the CB at the  point. The Ge0.963Sn0.037 alloy with 

ne>8×1019 cm-3 is a degenerated and direct band gap semiconductor (see Fig. 1b). The shift of 

the direct band gap in the GeSn alloy as a function of Sn concentration and doping level was 

investigated by near-infrared spectroscopic ellipsometry. Measurements were conducted at 

room temperature in the spectral range from 0.5 to 4.0 eV. The ellipsometry spectra were 

analyzed by a model consisting of a layer stack as follows: (from the bottom) the substrate, the 

GeSn or GeSnP film layer and a surface layer with a 50% mix of the dielectric function (DF) 
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of the top-most film and air. The optical constants of the modified thin layers were determined 

numerically by using a Kramers-Kronig consistent B-Spline approximation with a knot number 

choice approach described elsewhere [25]. The optical layer thickness showed a general 

agreement with the RBS measurement. The obtained fit agreed well with the experimental data 

with a mean square error (MSE) of less than 2.2. The reflected light was detected by a Si and 

InGaAs diode in the UV-VIS and NIR spectral range, respectively. Figure 2 (a) shows the plot 

of (h)2 vs. incident photon energy (h) obtained from a virgin Ge wafer and Sn implanted 

Ge samples followed by FLA for 3 ms at an energy density of 65 Jcm-2. The (h)2 vs. h 

corresponds to the direct band gap absorption close to the band edge. The direct-band-gap of 

virgin Ge and GeSn alloys can be obtained by extrapolating the experimental data fitting to the 

photon energy axis. A much more accurate determination of the direct band-gap was achieved 

by the extraction of the 2nd derivative of the imaginary part of the dielectric function around the 

E0 transition (see Fig. 2b). We have studied the shift of the optical transition around the E0 

critical point in bulk Ge and GeSn alloys with and without n-type doping. The inset of Figure 

2a shows the low energy part of the second derivative of the imaginary part of the dielectric 

function obtained from not intentionally doped and P doped GeSn alloys with 4.5 at.% of Sn. 

The direct band gap transition in intrinsic Ge extracted from the second derivative of the 

imaginary part of the dielectric function is found to be at about 0.81 eV which is in good 

agreement with literature [6]. In the case of GeSn, the direct band gap transition shows a red 

shift with increasing Sn content. For 3 at.% of Sn the heavy hole (hh) and the  valley transition 

is measured to be at 0.72 eV. The increase of the Sn concentration up to 4.5 at.% reduces the 

direct band gap transition down to 0.69 eV. In the fully relaxed GeSn alloys with 3 at.% or 4.5 

% of Sn the theoretically predicted direct band gaps are expected to be at 0.69 eV and 0.67 eV, 

respectively [25, 27]. The significant difference between the experimental data of fabricated 

GeSn alloys and the theoretically predicted direct band gap transitions in a cubic GeSn for a 

given Sn concentration is due to build-up of biaxial compressive strain in the recrystallized 

layer. The blue shift of the band gap in comparison with the calculated values for relaxed alloys 

is about 30 meV for 3 at.% of Sn and about 20 meV for 4.5 at.%, respectively. The lattice 

parameter of Ge is much smaller than the lattice parameter of relaxed GeSn, and the lattice 

parameter of GeSn increases with increasing Sn content. Due to the fact that the implanted layer 

recrystallizes epitaxially on a Ge substrate, the in-plane lattice parameter mimics the lattice 

parameter of the Ge substrate. This causes the biaxial compressive strain in the fabricated GeSn 

layers. The compressive strain is responsible for the blue shift of the band gap of the fabricated 

GeSn alloys [28-30]. Lin et al. have shown that the band gap change under biaxial compressive 
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strain in GeSn alloys is in the range of -85meV/% [29]. If we assume that in our case the 

differences between the experimental and theoretical values of the direct band gap in GeSn are 

caused by the strain only, the compressive strain can be calculated. Using a band gap change of 

-85meV/%, the biaxial compressive strain is 0.35% and 0.23% for Ge0.97Sn0.03 and 

Ge0.955Sn0.045, respectively. 

Figure 2b shows the change of the band gap in GeSn as a function of Sn content in the 

undoped and P-doped layer. The electron concentration in all P doped samples is in the range 

of 3×1019 cm-3 as estimated from the Hall effect measurements. In all cases the n-type doping 

leads to a red shift of the direct band gap. This is due to the band gap renormalization in heavily 

doped semiconductors [31, 32]. The existence of the band gap renormalization is a direct 

evidence for the formation of the highly doped n-type Ge and GeSn layers. The hole 

concentration in the undoped sample is measured to be around 9.5×1016 cm-3. Holes in ion 

implanted Ge originate from point defects like Ge vacancies which are known to be shallow 

acceptors with the energy level located about 20 meV above the valence band maximum [33]. 

Figs. 2c and d show the Hall resistance as a function of magnetic field measured at 3K obtained 

from the undoped and P doped Ge0.97Sn0.03 samples. The type of carriers determines the slope 

of the curve. The positive and negative slopes correspond to the p-type and n-type layers, 

respectively. The Hall measurement using the van der Pauw technique allows determining the 

sheet carrier density (ns) by measuring the Hall voltage (VH). If the thickness of the conductive 

layer (d) is known, the carrier concentration (ne) can then be calculated according to the 

formula: 

ne=ns/d×k   (1), 

where k is the slope coefficient; positive for holes and negative for electrons. The inset in Fig. 

2b shows the sheet resistance (SR) as a function of temperature obtained for undoped 

Ge0.97Sn0.03 and P doped samples. The SR of undoped Ge0.97Sn0.03 layer increases with 

decreasing temperature that is expected for intrinsic or lightly doped semiconductors. In the 

case of P doped sample, the SR shows small fluctuation in the temperature range from 200 K 

to 300 K and next slightly decreases with decreasing temperature. The decrease of the SR with 

decreasing temperature is typical for heavily doped semiconductors that exhibit metallic-like 

behavior [17].  

The strain engineering and the lattice parameter change in GeSn alloys were 

investigated by XRD and micro-Raman spectroscopy. The XRD -2 scans at the (004) 

reflection and reciprocal space maps (004, 224) provide information about the in-plane and out-
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of-plane strain distribution in the fabricated GeSn films. Figures 3a and b show -2 scans for 

two samples with different Sn concentrations. After the implantation and annealing an 

additional peak and thickness oscillations appeared at the low angle side of the Ge(004) 

substrate reflection describing an out-off-plane lattice expansion along [001].  

The shift of the diffraction peak increases with increasing Sn concentration due to the expansion 

of the out-of-plane lattice parameter (compare Fig. 3a and 3b). The insets in the figs. 3a and b 

show the Sn distribution in the GeSn alloys extracted from XRD data. Even if we assume no 

Sn diffusion during the FLA process, the formation of end-of-range defects during implantation 

and a non-box like implantation profile of the Sn atoms leads to a slow decay of the out-of-

plane strain at larger sample depths. The reciprocal space maps (Fig. 3c, d: Ge0.97Sn0.03) reveal 

that the in-plane lattice parameter of the GeSn corresponds to that of the Ge substrate. i.e. the 

system is fully biaxial compressive strained. The RSM is at the (224) reflection of the sample 

with a nominally Sn concentration of about 4.5% (Fig. 3e, f: Ge0.955Sn0.045) shows an onset of 

relaxation that has to be attributed to the upper most layer. Correspondingly, the estimated Sn 

concentration calculated from the simulation is slightly underestimated. The orange circles 

marked in the RSM images correspond to the expected position for Ge and GeSn alloys, either 

completely relaxed or fully strained. The strain relaxation towards the surface is consistent with 

the ellipsometry results. In case of P co-doped GeSn alloys the XRD does not show a change 

of the lattice parameter and the strain distribution due to the doping. In fact, the covalent radius 

of P is much smaller than that of Sn, but the P concentration is too small to significantly affect 

the strain in the fabricated layer. Moreover, the electronic contribution that normally expands 

the lattice will compensate any changes in the lattice parameter at this doping level [34]. 

Figure 4 shows the Raman spectra obtained in backscattering geometry for the 

implanted and annealed samples. The peak position of the transverse optical (TO) phonon mode 

shifts to smaller wavenumbers with increasing Sn concentration [35, 36]. For the sample with 

3% of Sn, the TO phonon mode of Ge-Ge is located at 299.4 cm-1 and for 4.5 % the TO phonon 

mode shifts to 296.0 cm-1. The Raman spectroscopy, similar to XRD, can be used to determine 

the composition and strain distribution in compound semiconductors. In relaxed GeSn, the shift 

of the peak position of the Ge-Ge Raman active phonon mode is caused by the mass difference 

(Ge vs. much heavier Sn) and the bond distortion (Ge-Ge bond vs. the much longer Ge-Sn 

bond). In fully relaxed Ge1-xSnx the shift () of the peak position of the TO phonon mode can 

be calculated according to [37]:  
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=GeSn – Ge = c×xSn   (2),  

where GeSn and Ge are the TO phonon modes in relaxed GeSn and intrinsic Ge, respectively. 

xSn is the Sn concentration in GeSn alloys and c=-82.8 after Ref. 35. Since the experimental 

peak position of the TO phonon mode and the Sn concentration in GeSn are known, the strain 

in the investigated layer can be deduced. In general, a peak shift of the phonon mode towards 

smaller wavenumbers indicates tensile strain while a peak shift towards higher wavenumbers 

is caused by compressive strain. In particular, the in-plane strain  for a given Sn content can 

be calculated according to  

strain=a×xSn+b×   (3),  

where  is the biaxial strain, a=-83.11 and b=-374.53, and strain is the shift of the TO phonon 

mode position with respect to the relaxed GeSn [37]. In our case strain is 1.4 cm-1 for 

Ge0.97Sn0.03 and 0.7 cm-1 for Ge0.955Sn0.045 which correspond to a biaxial compressive strain of 

= -0.46% and =-0.26%, respectively. The compressive strain values obtained from Raman 

spectroscopy are similar to the values obtained from SE and in turn consistent with the XRD 

results. For Ge0.97Sn0.03 and Ge0.955Sn0.045 the average  derived from XRD is - 0.45% and -

0.66%. In Ge0.955Sn0.045 sample the biaxial compressive strain decreases when approaching the 

surface. In figure 3f a weak intensity streak along the relaxation triangle (marked by dots) can 

be found. The orange cross marks the position corresponding to an in-plane strain of -0.26% 

and is perfectly placed within this intensity streak. Raman spectroscopy probes effectively only 

the first 30nm of the GeSn layer and is therefore only sensitive for this partially relaxed surface 

layer. Consequently the average strain estimated from the Raman spectra is much smaller (-

0.26%) than that (-0.66%) measured over the entire layer by XRD.  

In order to clarify the lattice position of Sn in the as-implanted sample and after FLA 

we have performed RBS spectrometry in random and channeling directions. Figure 5 shows the 

RBS/R spectrum obtained from as-implanted Ge0.955Sn0.045 and RBS/C spectra from as-

implanted Ge0.955Sn0.045, from annealed Ge0.955Sn0.045, and from virgin Ge. The RBS/C data 

obtained from as-implanted samples are used to calculate the thickness of the implanted layer. 

We found that the damaged layer created during ion implantation is 110 nm thick while the 

GeSn layer is about 60 nm thick. The difference between the damaged layer and the Sn 

distribution is due to the generation of end-of-range defects during ion implantation [38].  

In order to determine the concentration of Sn atoms in a substitutional position in annealed 

samples, the yield ratio min between the random and the channelling spectra was calculated. 
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The energy range between 1380 and 1480 keV corresponds to the detected  particles 

backscattered by the Sn atoms. The min value for Ge and Sn in the implanted sample is in the 

range of 7.8% and 10.5%, respectively. This means that more than 95% of Sn atoms are 

substituting the Ge lattice sites. It was shown that the maximum Sn concentration which can be 

implanted into Ge without porous formation is in the range of 15 at.% [15]. But the solubility 

of Sn in Ge is about thirty times lower [39] which makes such system extremely difficult to 

recrystallize without secondary phase formation e.g. Sn clusters. Moreover, we have to consider 

the recoil implantation of elements from capping layer into Ge [40]. Using SiO2 capping both 

O and Si will be co-implanted into Ge. Here the most critical is oxygen that incorporated into 

Ge degrades the optical and electrical properties of Ge and GeSn alloys. For low and middle 

fluences of Sn implanted through the SiO2 capping layer the O concentration recoil-implanted 

into Ge can be neglected. But for the high Sn fluence (Sn concentration > 6 at.%) oxygen co-

implanted into Ge can form oxide clusters. Therefore for the formation of Ge1-xSnx alloys with 

x > 6at.% using ion implantation followed by non-equilibrium thermal processing alternative 

capping layers must be considered e.g. amorphous Si. Using amorphous Si, Si recoil implanted 

into Ge should increase the solid solubility of Sn in the Ge matrix and partially compensate the 

biaxial compressive strain.   

Conclusions 

We have fabricated single crystalline n-type GeSn with Sn concentrations up to 4.5%. A band 

gap renormalization has been observed after non-equilibrium processing consisting of ion 

implantation followed by FLA. We have demonstrated that the use of rear side FLA allows one 

to suppress the diffusion and segregation of Sn in Ge and in turn enables the incorporation of 

Sn into Ge in concentrations one order of magnitude higher than the equilibrium solid solubility. 

The ms-range rear side FLA is proven to be a powerful tool for the recrystallization of 

metastable systems with impurity concentrations much above the solid solubility. Our results 

present an approach toward direct bandgap group IV semiconductors. 
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Figure captions 

 

Figure 1. The change of the Fermi energy position as a function of electron concentration in 

GeSn alloys containing 3.70 or 5.55 % of Sn calculated from the integrated density of states at 

0K (a) and the band diagram in Ge0.945Sn0.055 with an effective carrier concentration of 3×1019 

cm-3. 

Figure 2. The plot of (h)2 as a function of photon energy obtained from spectroscopic 

ellipsometry measurements (a). The inset in (a) shows the second derivative of the imaginary 

part of the dielectric function (d22(E)/dE2) around the E0 transition obtained from undoped and 

n-type GeSn alloys after r-FLA. The position of the E0 critical point as a function of Sn 

concentration extracted from the second derivative of the imaginary part of the dielectric 

function is displayed in (b) for an undoped and n-type layers. The inset in (b) shows the sheet 

resistance of undoped and P doped Ge0.97Sn0.03 samples as a function of temperature. (c) and 

(d) show the Hall resistance as a function of magnetic field measured at 3 K from undoped and 

P doped Ge0.97Sn0.03, respectively. 

Figure 3. XRD scans around the Ge (004) diffraction of implanted and FLA treated 

samples with nominal 3 at.% of Sn (a) and 4.5 at.% of Sn (b). The insets in (a) and (b) show the 

Sn distribution in the alloys extracted from XRD data assuming a pseudomorphic GeSn layer. 

Reciprocal space maps around the (004) (c) and (e) and around (224) (d) and (f) reflections 

obtained from Ge0.97Sn0.03 and Ge0.955Sn0.045 samples, respectively. The orange circles in the 

images of the reciprocal space maps describe the expected theoretical positions of a fully 

relaxed and pseudomorphic Ge and GeSn lattice and the orange cross in (f) marks the position 

of a partially relaxed surface layer with ||= -0.26%.  

Figure 4. Micro-Raman spectra of implanted and FLA treated samples with different Sn 

concentration. 

Figure 5. RBS spectra obtained from virgin Ge and Ge0.955Sn0.045 alloy made by ion 

implantation and FLA. 

  



14 
 

 

Table 1. Fabrication parameter of GeSn alloy using ion implantation and flash lamp annealing. 

 

Sample Ion art fluence Sn 
concentration

Thickness 
of GeSn 

Ge  - - -  

Ge:P P 1×1015 cm-2 -  

Ge0.97Sn0.03 Sn 1.2×1016 cm-2 3% 60 nm 

Ge0.97Sn0.03:P Sn+P 1.2×1016+1×1015 cm-2 3% 60 nm 

Ge0.965Sn0.045 Sn 1.6×1016 cm-2 4.5% 60 nm 

Ge0.965Sn0.045:P Sn+P 1.6×1016+1×1015 cm-2 4.5% 60 nm 
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