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Abstract: We present results on CVD growth and electro-optical 

characterization of Ge0.92Sn0.08/Ge p-i-n heterostructure diodes. The 

suitability of Ge as barriers for direct bandgap GeSn active layers in 

different LED geometries, such as double heterostructures and multi 

quantum wells is discussed based on electroluminescence data. Theoretical 

calculations by effective mass and 6 band k∙p method reveal low barrier 

heights for this specific structure. Best configurations offer only a 

maximum barrier height for electrons of about 40 meV at the Γ point at 

room temperature (e.g. 300 K), evidently insufficient for proper light 

emitting devices. An alternative solution using SiGeSn as barrier material is 

introduced, which provides appropriate band alignment for both electrons 

and holes resulting in efficient confinement in direct bandgap GeSn wells. 

Finally, epitaxial growth of such a complete SiGeSn/GeSn/SiGeSn double 

heterostructure including doping is shown. 

©2016 Optical Society of America 
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1. Introduction 

Group-IV light sources based on direct bandgap GeSn and indirect bandgap SiGeSn alloys, 

which can be monolithically integrated on silicon, receive rising attention currently. Indeed, 

the incorporation of Sn in the Ge crystal reduces the conduction band energy of Γ-valley 
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faster than the L-valley, resulting in a transition from indirect to direct bandgap 

semiconductor. This occurs at a Sn concentration of around 9 at. % for a cubic lattice 

structure [1] and depends sensitively on the residual compressive strain in tetragonal crystal 

structures [2]. The experimental proof of this transition has led to the first demonstration of 

optically pumped direct bandgap GeSn lasers in early 2015 [1]. This fundamental 

breakthrough increased the hope and the efforts for the realization of an efficient electrically 

pumped Si based light source for optoelectronic on-chip applications. 

The winning ways of III-V lasers can be taken as guidance for the development of GeSn 

light sources: the injection current threshold for lasing was dramatically reduced by the use of 

carrier confining heterostructures, such as double heterostructures (DHS) or multi quantum 

wells (MQWs) [3]. The charge carriers in those structures are spatially confined to the 

optically active region, leading to enhanced radiative recombination rates. Along these lines, 

the lasing threshold current density could be reduced by several orders of magnitude 

compared to homojunction structures, due to the dimensionality induced changes of the 

density of states. GeSn based heterostructures are thus most promising for the fabrication of 

electrically pumped group IV lasers and efficient light emitting diodes. 

Light emitting diodes (LED) fabricated from p-i-n GeSn homojunction structures have 

already been reported [4] and confirmed the expectation of enhanced light emission compared 

to Ge LEDs [5]. Different approaches in order to integrate GeSn active layers in LEDs have 

been explored in recent years, ranging from Ge/GeSn/Ge DHS [5–8] to more advanced 

structures as {Ge/GeSn} [9] and {Ge/SiGeSn} MQWs [10]. More detailed LED 

characteristics were investigated in [9]. The studies involved highly compressively strained 

GeSn layers, which maintain their indirectness and require large injection currents [5]. The 

realization of high epitaxial quality MQW heterostructures and control of doping leads to 

versatile semiconductor stacks important not only for LEDs. They also offer advantages for 

light detectors [11,12] or optical modulators based on the quantum confined Stark effect, 

where strong spectral shift of the absorption edge with an applied electric field can be induced 

[13,14]. Moreover, such heterostructures can improve tunneling effects, like negative 

differential resistance in tunneling diodes, recently demonstrated in [15] for p-i-n Ge0.89Sn0.11 

homojunctions. 

In this work we present the epitaxial growth and structural as well as electro-optical 

characterization of p-i-n Ge0.915Sn0.085/Ge DHS and MQW LEDs. We discuss, based on 

theoretical calculations, the limitations of Ge as barriers for both configurations employing 

GeSn wells with Sn contents between 0 - 15 at. %. We show that Ge layers are ineffective 

barriers for direct bandgap GeSn wells. Instead, we demonstrate that MQW heterostructures 

with direct bandgap GeSn wells, type I alignment for both L and Γ- valleys and reasonable 

barrier-well offsets can be obtained in {SiGeSn/GeSn} MQWs. 

2. Epitaxial growth and material characterization 

The GeSn based heterostructures were grown on top of 2.5 μm thick Ge virtual substrate (Ge-

VS) on Si(100) [16] by reactive gas source epitaxy (RGSE). Digermane (Ge2H6) and Tin 

tetrachloride (SnCl4) are used as precursor gases, which are introduced into the reaction 

chamber with a showerhead for homogeneous gas distribution for 200 mm wafers [17,18]. To 

allow efficient carrier injection and avoid ion implantation induced damage, the layers were 

in situ n-type and p-type doped employing phosphine (PH3) and diborane (B2H6), 

respectively. The complete {Ge/GeSn} MQW structure was grown at 375°C. All Sn 

concentrations are determined by Rutherford Backscattering Spectrometry (RBS). Details can 

be found in [17]. The bottom layer of the LED structure is a 115 nm thick, partially strain 

relaxed Ge0.92Sn0.08:B layer. It serves as hole injection layer with an active carrier 

concentration of about 4x10
18

 cm
3

, as determined by electrochemical capacitance-voltage 

profiling (ECV). This approach is beneficial compared to the use of in situ doped bulk Ge, as 

it allows a partial relaxation of the GeSn layers with a misfit dislocation network confined at 
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the GeSn/Ge interface below the optically active device layer stack. The epitaxial growth 

continues with the deposition of a 20 nm thick tensely strained Ge layer, followed by the 

MQW active region consisting of seven 20 nm thick Ge0.92Sn0.08 quantum wells separated by 

14 nm thick Ge barrier layers. The MQW stack is finalized by a 20 nm thick Ge barrier layer 

and capped by a 60 nm thick phosphorous doped Ge0.92Sn0.08 film with a doping concentration 

of 7.5x10
19

 cm
3

. The latter acts as electron injection layer, completing the LED 

heterostructure. For the purposes of comparison, a second set of samples was grown under the 

same conditions, comprising a p-i-n Ge0.92Sn0.08 homojunction. 

The cross-sectional transmission electron micrograph (XTEM) presented in Fig. 1(a) 

reveals a high crystalline quality with smooth interfaces between GeSn wells and Ge barriers, 

as shown in the inset. The chemical abruptness of the interfaces between GeSn and Ge is 

revealed by the secondary ion mass spectroscopy (SIMS) depth profile of Sn, shown as an 

overlay in Fig. 1(a). Additionally, phosphorous and boron atoms in the electron and hole 

injection layers could be resolved by SIMS, with rather sharp elementary boundaries. 

Residual strain of individual layers in the structure can be quantified by X-ray diffraction 

reciprocal space mapping (XRD-RSM) around the asymmetric (224) reflection as depicted in 

Fig. 1(b). The required elastic constants for the GeSn allys are taken from [19]. The GeSn:B 

buffer contains a residual compressive strain of roughly 0.71%, inducing a 0.48% tensile 

strain in the Ge barriers pseudomorphically grown on top. The Ge/GeSn MQW has the same 

in-plane lattice parameter like the partially relaxed GeSn:B layer without introduction of 

crystal defects, as indicated by the dashed line in Fig. 1(b). Additionally, distinct satellite 

peaks can be seen from a 2θ-θ scan (carried out around the (004) reflection) of the growth 

structure in Fig. 1(c). The simulation yields sample parameters (thickness of GeSn well and 

Ge barrier, Sn content of the well) in agreement with the nominal values. 

The comparison p-i-n Ge0.92Sn0.08 homojunction has a total thickness of the GeSn structure 

of around 500 nm, including an active region of about 350 nm, which allows for a larger 

degree of relaxation, with a residual compressive strain of 0.21% only. 

 

Fig. 1. (a) XTEM micrograph of the MQW heterostructure shows high crystalline quality and 

abrupt interfaces (inset). An overlaid SIMS profile confirms the layer morphology. (b) 

Residual strain of the GeSn well (0.71%) and Ge barrier (0.48%) can be extracted from 
XRD-RSM. (c) Satellite peaks in 2θ-θ scan match well the simulation. (d) Schematic profile of 

the fabricated light emitting diode. 

3. Device fabrication and characterization 

Fabrication of LEDs was performed by only employing standard Si process technology. First, 

the device mesas were etched by Cl2/Ar reactive ion etching (RIE). Mesa passivation was 

performed by a two layer stack containing 10 nm Al2O3 deposited by atomic layer deposition 
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(ALD) at 300°C and 150 nm SiO2 deposited by plasma enhanced chemical vapor deposition 

(PECVD) at 300°C. Optical lithography and Al2O3/SiO2 RIE was applied to open contact 

windows with CHF3 plasma. Low resistance metallic NiGeSn is formed by sputtering of 10 

nm Ni and forming gas annealing (N2:H2 / 4:1) at 325°C [20] followed by Al deposition as an 

additional contact layer. A schematic profile of the fabricated device is shown in Fig. 1(c). 

Electroluminescence (EL) measurements were performed in a liquid He cooled cryostat 

between 4 K and 300 K, with a 1988 Hz pulsed voltage excitation. The temperature 

dependent EL spectra, attributed to the Γ- valley emission, are shown in Fig. 2(a) for a 100 

µm diameter MQW diode at a current density of 420 A/cm
2
. The EL peak at room 

temperature is at 0.59 eV. The room temperature (RT) spectrum features oscillations, whose 

spacings are associated to Fabry-Perot modes between Ge-VS/Si and GeSn/air interfaces. 

With decreasing temperature the blue shift of the EL emission peak occurs (Emax(4 K) = 0.61 

eV), as expected from the temperature dependence of the bandgap. The integrated EL 

intensity features a slight decrease between 300 K and 100 K followed by a strong increase 

below 100 K, inset of Fig. 2(a). This behavior is related to the indirect bandgap of the GeSn 

QWs, with a Γ to L-valley separation of about ΔEΓL = 50 meV, as calculated by k·p and 

deformation potential model with strain, e.g [21]. (using parameters listed in [1] SI, and 

averaged valence band offset from [22]). This peculiar evolution of the EL integrated 

intensity with temperature is caused by an interplay of thermally activated carrier transfer 

from L- to Γ-valley, and the temperature dependence of recombination velocities of carriers in 

the L- and Γ-valley. With decreasing temperature the relative number of carriers gaining 

enough energy to overcome the potential hill between L- and Γ-valley decreases, leading to a 

decrease in intensity of the EL in the regime from 300 K to 200 K. Below 200 K the 

pronounced decrease in non-radiative recombination velocity leads to band filling of the L-

valley overcompensating the reduced thermal activation and thus causing a strong increase in 

light emission. The dependence of the EL emission on the injection current density for the 

MQW is shown in Fig. 2(c), together with that of a p-i-n Ge0.92Sn0.08 homojunction LED for 

comparison in Fig. 2(b). The injection current densities necessary to obtain clearly visible 

spectra are similar for both LEDs, with values ranging from 35 A/cm
2
 to 50 A/cm

2
, 

comparable to those reported in [7]. Compared to the homojunction LED, the blue shift of 

about 14 meV for the MQW EL peak position is mainly associated to the elevated residual 

compressive strain of 0.71%, since the theoretical expected energy shift for n = 1 (n = 

1(HH)) is 5.75 meV (2.96 meV). Despite the strong EL emission from both devices, no 

beneficial impact of quantum confinement in the MQW geometry on emission threshold 

current (necessary to produce a clear EL signal) could be observed. 

In order to gain a deeper understanding of the MQW emission spectra, the electronic band 

structure was calculated using the effective mass method for the conduction band and 6-band 

k·p model for the valence band. Electronic band alignment in the active region of the MQW 

sample is shown in Fig. 2(d). The theoretical calculations clearly indicate that the GeSn 

quantum wells are fundamental indirect bandgap semiconductors. Moreover, the structure 

lacks type I alignment in the conduction band. The heterostructure provides confinement for 

Γ- electrons, with a barrier height of ΔEΓ = 29 meV. For the L-valley electrons, the GeSn 

layers play the role of barriers, with ΔEL = 18 meV, and the carriers are confined in the 

strained Ge layers, thus the transition is indirect in k- and in real space. However, for both, Γ- 

and L-valley electrons, the energy offsets are near the thermal energy at room temperature 

(kBT ~25 meV). The holes are confined in the GeSn in heavy hole (HH) states with a barrier 

height of ΔEHH = 81 meV. Light hole (LH) states are found are energetically less favorable 

and the barrier is only ΔELH = 28 meV. The calculated band alignment indicates that the 

interplay between compressive strain in the GeSn well and the tensile strain in the Ge barrier 

does not offer sufficient carrier confinement. The resulting LED device is thus not efficient. 
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Fig. 2. (a) Temperature dependent EL spectra for a current density of 420 A/cm2. The inset 
shows integrated intensities for different injection current densities. (b,c) Injection current 

dependent El spectra for (b) p-i-n GeSn homojunction and (c) GeSn/Ge MQW LEDs of 100 

µm diameter. (d) The calculated electronic structure at RT for GeSn/Ge MQW with 0.71% 
strain in GeSn ( + 0.48% in Ge) showing no confinement of electrons. 

To optimize MQW LEDs for low current injection density thresholds and high emission 

efficiency, the most important requirement is to create a direct bandgap GeSn well with type I 

band alignment and suitable barrier heights (ΔE > kBT). In the next section an analysis of 

optimal configurations fulfilling these conditions is demonstrated. 

4. Band structure calculations for MQW configurations 

The electronic band structure calculations for MQWs were made using the effective mass 

approximation for electrons in the conduction bands and 6-band k∙p model for holes in the 

valence band [23]. To develop a general concept, we first address the band alignment in 

Ge/GeSn DHS as it depends on the Sn content and strain conditions. An optimized structure 

should have type I band alignment with pronounced band offsets for electrons and holes as 

well as a fundamental direct bandgap of the GeSn layer. The structure features a fully strain 

relaxed Ge1-xSnx buffer, which defines the actual strain in the pseudomorphically grown 

{Ge/Ge1-ySny} heterostructure on top of it. The Sn content in Ge1-xSnx buffer is varied in the 

epitaxially achievable range of 0-15 at. %. This leads to a wide span of strain values in Ge1-

ySny layers: from 2.35% compressive strain for Ge0.85Sn0.15 on a relaxed Ge buffer and up to 

+ 2.23% tensile strain for Ge on a relaxed Ge0.85Sn0.15 buffer. The regions in which the well 

material is a fundamental direct bandgap semiconductor is defined by strain and Sn content. 

The direct/indirect regions depend on the Sn content in buffer and well, as shown in Fig. 3(a). 

For small Sn concentrations both buffer and well have an indirect band gap (part I). In the 

remaining region, the GeSn well is a fundamental direct bandgap semiconductor. We can then 

further restrict the LED structure parameters by adding yet another requirement: type I 

alignment between barriers and wells, in order to have a large matrix element for radiative 

electron hole recombination. The remaining interesting region for LEDs is now restricted to 

part III in Fig. 3(a). Moreover, at a Sn content of 11 at. % in the buffer, the strain in the Ge 

barrier is sufficiently large to convert Ge into a direct bandgap semiconductor (right of the 

dashed line). In this region the bandgap of tensile strained Ge is close to, and at higher strains 

even lower than that of GeSn, as shown in Fig. 3(b). Therefore, in the area on the right of the 

dashed line in part III the band offsets are small, leading to a reduced confinement of carriers 

in the GeSn well, leaving only a small region of interest, on the left of the dashed line in part 
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III in Fig. 3(a), for GeSn LEDs fabrication. Nevertheless, the region of direct gap Ge could be 

interesting for Ge based LEDs. 

A high degree of carrier confinement inside the well is required when aiming at room 

temperature light emitting devices. The band offsets should therefore be higher than 25 meV 

(kBT at 300 K) while the lowest occupied state should be Γ-type in character. The calculated 

barrier heights for electrons in Γ- and L- valleys, coming from the combined effects of 

material composition and strain, are presented in Fig. 3(c), where the blue region indicates 

highest barrier values. The L barrier increases with increasing Sn content in the well, and is 

almost independent of Sn content in the substrate (and in fact the “well” layer is the barrier 

for L-electrons, as discussed above). The confinement of Γ electrons increases for higher 

values of Sn content in the well and lower Sn contents in the buffer underneath. However, 

throughout the practically accessible range of parameters considered here (alloy compositions 

and values of strain), the barrier heights for Γ (max. 40 meV) and L (max. 41.4 meV) bands 

hardly exceed 1.5∙kBT at 300 K. Hence the GeSn well will not confine electrons effectively, 

even in cases when the conduction band minimum appears at the Γ–valley, and even if 

quantization effects are negligible. 

 

Fig. 3. (a) Regions of the GeSn/Ge QW parameter space (the in-plane lattice constant being 

determined by the fully relaxed GeSn buffer composition, and Sn concentration in the well) 

delivering different structure behaviors. The yellow dot represents the position of the 
experimentally investigated {sGe/Ge0.92Sn0.08} MQW (neglecting quantization effects). The 

deviation of the dot position (7 at. % well Sn concentration vs. 8 at. % inside the grown 

structure) results from the residual strain inside the device structure because of a non-fully 
relaxed buffer underneath. (b) Bandgap evolution of GeSn and strained Ge in in-plane lattice 

matched Ge/GeSn heterostructures. (c) Barrier heights at L and Γ in a Ge/GeSn/Ge structure 

depending on Sn contents in the GeSn buffer and the well. (d), (e) Band structure of direct 
bandgap Ge/ Ge0.88Sn0.12 /Ge with different compressive strain values. (f) Effect of the well 

thickness on Ge0.88Sn0.12 bandgap: the quantization may change the semiconductor bandgap 

from direct into indirect (if the lowest Γ-quantized state comes above L, as the well becomes 
thinner). 

After this general discussion of cubic GeSn DHS, let us consider cases of experimentally 

achievable Ge/GeSn DHS, where the GeSn is a direct bandgap semiconductor, including 

residual compressive strain. In Figs. 3(d) and 3(e) we present the energy band calculations for 
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such a heterostructure harboring a Ge0.875Sn0.125 well with either 0.70% or 0.47% 

compressive strain, respectively. Details on growth of strain relaxed Ge0.875Sn0.125 and 

photoluminescence characterization can be found in [2]. At a compressive strain of 0.71%, 

Ge0.875Sn0.125 is a direct bandgap semiconductor with type II alignment in the DHS. Here, the 

conduction band minimum at the Γ point is only slightly above the conduction band minimum 

in the L-valley of the Ge barrier. Decreasing the compressive strain to 0.47%, as shown in 

Fig. 3(e), results in a reduced bandgap of the GeSn layer and type I heterostructure. Still, the 

Γ-valley in GeSn is only 13 meV below the L-valley in the 1.4% strained Ge barrier. 

Clearly, the GeSn/Ge DHS system has only a very limited applicable and a desired strong 

carrier confinement is missing. When moving further towards quantum well structures, 

quantization effects will further reduce the carrier confinement. Moreover, due to the smaller 

effective mass of Γ-electrons compared to L-electrons [24], quantization will increase the 

bandgap at Γ faster than at L, shrinking the region where the structure remains effectively a 

direct bandgap semiconductor, see Fig. 3(f). Consequently the use of Ge/GeSn multilayers as 

efficient MQW LEDs is questionable: most of the electrons therein will reside in the L- valley 

of the Ge barriers. 

Using indirect bandgap SiGeSn ternaries as barrier materials solves this problem. SiGeSn 

alloys indeed offer the possibility of tuning the bandgap and strain separately [25,26] and 

have been proposed as useful materials for group IV laser applications earlier [27,28]. 

Epitaxial growth of single layers or heterostructures with a large range of Sn compositions 

(up to 15 at. %) and Si contents (up to 20 at. %) has been reported [10,29,30]. Such SiGeSn 

alloys possess an indirect bandgap of up to 0.95 eV, much larger than the 0.5 eV for the direct 

gap Ge0.875Sn0.125 binary, used recently for GeSn laser demonstration [1]. Furthermore, 

incorporation of Si in GeSn reduces the lattice constant which even induces tensile strain in 

SiGeSn layers grown on GeSn. However, the CVD epitaxial growth conditions, i.e. 

temperature and precursor flow rates, reduce in practice the range of SiGeSn stoichiometry 

available [26]. At low growth temperatures e.g. below 350°C, required for the growth of 

GeSn alloys with Sn > 12 at. %, the incorporation of high Si contents is challenging. The 

latter is a direct consequence of the higher chemical stability of Si2H6 compared to Ge2H6 

leading to small number of reactive SiHx radicals on the surface at low temperatures. 

However, in order to create an efficient barrier layer for GeSn wells, large Si contents are 

desirable. 

 

Fig. 4. (a) Calculated energy band alignment for SiGeSn/GeSn heterostructure as a function of 
the Si content in the SiGeSn cladding layer. (b) Theoretical band alignment, and electron/hole 

quantized states (minibands) in a 20 nm /10 nm {SiGeSn/GeSn} MQW structure and (c) SIMS 

and TEM of a SiGeSn/GeSn DHS. 

Our theoretical considerations indicate that large offsets in type I SiGeSn/GeSn MQW can 

be obtained. Similarly as for calculations of GeSn/Ge MQWs the bandgaps, deformation 
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potentials, and effective masses were taken as listed in [28], average valence band offsets of 

constituents from [22], the bandgaps bowing for GeSn was taken from [31], and for SiGe and 

SiSn from [32]. Luttinger parameters for SiGeSn were calculated by first using quadratic 

interpolation of data from [24], (see also [1]-SI) for the (GeSn) part of the ternary alloy, and 

then linearly interpolation for Si(GeSn). Results in Fig. 4(a) show the evolution of energy 

offsets in SixGe0.9-xSn0.1/Ge0.88Sn0.12 heterostructures depending on the Si content in the 

SiGeSn buffer. For the active region of GeSn a residual compressive strain of 0.47% is 

considered including the assumption of coherently grown SiGeSn claddings. The 

incorporation of a high amount of Si enables the creation of heterostructures with a potential 

of high confinement due to band offsets of up to 0.26 eV (for 14 at. % Si). 

According to the goal of achieving efficient light emitters, we present in Fig. 4(b) the 

electronic band structure of a {SiGeSn/GeSn} MQW with {20 nm Si0.08Ge0.81Sn0.11 barriers/ 

10 nm Ge0.88Sn0.12 wells}. The band offset for Γ, L as well as HH and LH bands are given in 

Table 1. Furthermore, an optimized growth strategy allows to improve the band offset at the 

lower interface by introducing a Si0.15Ge0.81Sn0.04 layer as a large bandgap barrier. SIMS 

spectra of such epitaxially grown heterostructure including p- and n-type doping is shown in 

Fig. 4(c) on a TEM cross-section image. The different elements are clearly resolved inside the 

layer stack. The dislocation network is mainly located at the interface between Ge-VS and 

first SiGeSn layer, providing a good layer quality to the main part of the heterostructure 

(including the active GeSn layer). Applying such growth techniques in the future, additional, 

more complex SiGeSn/GeSn structures will be considered for the fabrication of efficient 

LEDs. 

Table 1: Material and band structure parameters for the investigated (Si)Ge(Sn)/GeSn 

DHS and MQW. All values of band offsets come from calculations. 

Structure 

Sn 

Content 
(%) 

GeSn 

Strain 
(%) 

ΔEΓ 

(meV) 

ΔEL 

(meV) 

ΔELH 

(meV) 

ΔEHH 

(meV) 

GeSn 

DBG* 

Type I 

at Γ 
point 

Type I 

at Γ and L 

GeSn 
homojunction 

(exp) 

8 0.34 0 0 0 0 No No No 

GeSn/Ge 

MQW (exp) 
8 0.71 27 17 31 150 No Yes No 

GeSn/Ge 

DHS (th) 
12.5 0.7 34 32 18 233 Yes Yes No 

GeSn/Ge 

DHS (th) 
12.5 0.47 33 31 3 233 Yes Yes No 

GeSn/SiGeSn** 
DHS (exp) 

12 0.47 475 / 171 81 / 24 141/47 196 / 84 Yes Yes Yes 

GeSn/SiGeSn*** 
MQW (th) 

12.5 0.47 171 24 47 84 Yes Yes Yes 

*DBG- fundamental direct bandgap 

**Si0.15Ge0.81Sn0.04/Ge0.88Sn0.12/Si0.08Ge0.81Sn0.11 

***Si0.08Ge0.81Sn0.11 

5. Conclusion 

We have presented the growth and electro-optical characterization of both p-i-n GeSn 

homojunction and {GeSn/Ge} MQW LEDs with Sn content of 8 at. %. Small injection 

current density thresholds (about 30-50 A/cm
2
) are needed in order to induce light emission in 

both types of LEDs, despite the still indirect bandgap of the alloys. Both experimental and 

theoretical investigations indicate that Ge can serve as a barrier material for electron 

confinement only for low Sn content, still indirect bandgap GeSn alloys. In our structures, 
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partially relaxed layers with Sn contents between 7 and 8 at. %, the Ge layers act as well and 

GeSn as barrier for L electrons. For fundamental direct bandgap GeSn alloys (with large Sn 

contents well above 8 at. % in buffer and well), Ge layers are rather weak barriers due to the 

induced tensile strain. Therefore an optimum Ge/GeSn configuration offers only band offsets 

of around 40 meV at L and Γ-point. However, calculations indicate that SiGeSn alloys, in the 

experimentally accessible Si and Sn concentrations range, could successfully be employed as 

barriers for direct bandgap GeSn wells with band offsets much larger than 25 meV. The 

growth of such a SiGeSn/GeSn DHS with corresponding band structure calculations was 

demonstrated, proving suitability and feasibility. Therefore a configuration of this kind is 

most promising for future light emitting devices. 
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