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[Paper accepted to be published in ACS Photonics]. Furthermore, the well region has to maintain its direct band-
gap (ΔEL-Γ,well ≥ 0 meV), while for the barriers an indirect bandgap (ΔEL-Γ,barrier ≤ 0 meV) is considered preferable 
in this work. The latter may not be a very strict requirement. It can be argued that an indirect barrier material is 
less efficient in contributing to losses by radiative processes. Also, theoretical considerations for III-V heterostruc-
tures predict lower thermionic currents at interfaces between direct and indirect semiconductors25. However, it 
is presently uncertain whether the injected charge carriers remain long enough in a direct bandgap barrier to 
recombine radiatively, and whether the non-radiative losses in it are weaker than in an indirect bandgap barrier.

The directness of the GeSn well, ΔEL-Γ,well, generally increases with its Sn content. At the same time, when 
increasing the Si content inside the SiGeSn barrier, the band discontinuity between SiGeSn barriers and GeSn 
wells increases, an effect which can be observed in all calculated structures. The Si content range investigated in 
this work is limited to values of 10 at.%, which is realistic for SiGeSn layers grown by CVD. For MBE processes 
higher Si contents have been achieved26. Under the assumption of a constant bandgap bowing of SiSn at the 
Γ point (see discussion of bSiSn,Γ in method section), it can be expected that Si contents sligthly above 10 at.% will 
lead to a stronger carrier confinement. But since it is unknown what effects might occur for high Si contents, this 
has to be investigated experimentally.

To illustrate the process of finding the strongest carrier confinement in e.g. Ge0.92Sn0.08/SiGeSn MQWs, the 
directness of SiGeSn, ΔEL-Γ,barrier, (Fig. 2a) and the band discontinuities for L- and Γ-valleys (Fig. 2b,c) are plotted 
for several barrier compositions. Since it was initially assumed that wells are unstrained, Sn contents >8 at.% 
guarantee that the GeSn well has a direct bandgap27. After excluding the region with a direct bandgap barrier 
(blue area), negative band discontinuity of the L-valleys (orange area), and including Sn contents close to the Sn 
content in the well (green area), which represent CVD-realistic Sn contents, a range of heterostructures which ful-
fill the previously stated requirements remains. Band discontinuities of 180 meV for the Γ-valley can be achieved, 
together with a directness ΔEL-Γ in the well region of 160 meV.

On the other hand, when the Sn content in the well increases, e.g. from 8 at.% (Fig. 2b) to 16 at.% (Fig. 3a), the 
green area in Fig. 3a decreases, leaving only a small parameter space for good carrier confinement (marked by 
a green circle). The reason for this is solely the increase of ΔEL-Γ in the SiGeSn barrier material, meaning that at 
high Sn contents the barrier becomes a direct bandgap semiconductor. Therefore, under the target requirements 
on carrier confinement, used in this work, high Sn contents in the barrier are not favorable, which has to be 
considered in the course of finding optimized laser structures. The issue of having a direct bandgap barrier can 
be overcome by increasing the compressive strain in the MQW or by higher Si contents, but the latter option is 
not presently realistic due to experimental limitations of CVD epitaxy. At an Sn content of 16 at.% in the well, the 
barrier (with a Si/Sn content of 10/16 at.%) becomes direct, which, as discussed above, is unfavorable and leaves 
only a small parameter space in the green marked areas (Fig. 3a). The material parameters in the green regions 
offer good carrier confinement, and are further filtered by choosing GeSn/SiGeSn stoichiometries with maximal 
band discontinuity at Γ. Extending the above procedure to a larger range of Sn contents in the well, leads to the 
results presented in Fig. 3b. For heavy holes (HH) and light holes (LH) the band discontinuities are found to be 
around 104 meV and 40 meV in all structures. The optimal Si and Sn contents in the barrier are 10 at.% Si and 
1 at.% less Sn than in the well.

Based on the results presented in Fig. 3, a 3 × {30 nm Ge0.84Sn0.16/ 40 nm Si0.10Ge0.75Sn0.15} MQW was chosen to 
calculate the material gain and the influence of strain and Si content on charge carrier confinement. This structure 
was chosen because of a trade-off between high band discontinuities and directness in the well, while maintain-
ing an indirect barrier. The band structure of this specific MQW is shown in Fig. 4a. The material interband gain 
for different carrier injection densities Ninj at 300 K is given in Fig. 4b. The gain calculation assumes Lorentzian 

Figure 2.  Directness of SiGeSn barrier (a), band discontinuity for Γ- (b) and L-valleys (c) for a Ge0.92Sn0.08/
SiGeSn MQW for different Sn contents in the barrier. The colored areas indicate regions where SiGeSn is an 
indirect semiconductor (blue), band discontinuities for L are negative (orange), and which correspond to CVD 
realistic layers (green).
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broadening with a half width of 30 meV at 300 K. Dashed lines indicate FCA values of bulk Ge0.84Sn0.16 to be 
deducted from this gain. Auger recombination has no direct influence on gain calculated as a function of carrier 
densities, though it can have a strong indirect influence, by decreasing the carrier lifetime and hence affecting the 
actual carrier densities achievable for a particular injection current or optical pump intensity. Since this paper 
gives the gain dependence on carrier density only, Auger recombination is not included in calculations. The 
injected carrier densities necessary for pure interband gain to overcome FCA losses are extracted to be of around 
2 × 1017 cm−3. At carrier densities between 1 × 1019 cm−3 and 1 × 1020 cm−3 (purple graph in Fig. 4b) net gain 
reaches a minimum before increasing again at carrier intensities exceeding 1 × 1020 cm−3.

By doping the active well, the population of charge carriers in the Γ-valley can be increased, which can 
enhance the performance of optoelectronic devices. Our results show that including n-type doping into the active 
material has dramatic consequences on the material net gain (Fig. 4c). Since the FCA increases with doping, espe-
cially due to ionized impurity scattering, doping concentrations above 1 × 1020 cm−3 at moderate injection carrier 
densities of 1 × 1018 cm−3 (green graph in Fig. 4b) lead to a significant material gain with a maximum of 400 cm−1. 
For injection carrier concentrations above 3 × 1018 cm−3 (blue curve in Fig. 4b) the net material gain decreases 
drastically for low doping concentrations. In conclusion, only a limited range of doping concentrations is bene-
ficial for the gain, while for higher doping the above mentioned limits cause a deterioration of the optical perfor-
mance. This is in contrast to indirect bandgap Ge, where a strong doping is necessary to achieve any significant 
Γ population at all, but in direct bandgap GeSn too large n-type doping leads to a decrease of gain due to FCA.

From the epitaxial point of view, especially regarding CVD technology, it is realistic to grow compressively 
strained GeSn wells (εxx ≈ −0.5%) with low Si contents in the SiGeSn barriers (Fig. 5). On the other hand, tensile 
strain can be induced by strain engineering techniques like Si3N4 stressor layers, under-etching of mesa struc-
tures28–31 or even by hetero-epitaxy31. Therefore, we have also analyzed the influence of strain on band alignment 

Figure 3.  (a) Band discontinuities of the Γ-valley in a Ge0.84Sn0.16/SiGeSn MQW for different Sn contents in the 
barrier. (b) Directness of barrier and well, and band discontinuities for L- and Γ-valleys in dependence of the 
well Sn content in GeSn/SiGeSn MQWs achieving best band alignment for Γ.

Figure 4.  (a) Band diagram of an unstrained 3 × {30 nm Ge0.84Sn0.16/40 nm Si0.10Ge0.75Sn0.15} MQW. Dashed 
lines represent quantized energies and wavefunctions of ground states of each valley. (b) TE-mode material 
interband gain at 300 K for different injected carrier densities. Dashed lines indicate FCA values for bulk 
Ge0.84Sn0.16. (c) Net gain dependence on n-doping density, where FCA has been subtracted from interband gain.
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value imposed by the substrate. As expected, compressive strain at the interfaces between dot and matrix exceeds 
relatively high values of 1%.

To investigate the carrier confinement in the above described QD, the wavefunction probability density |Ψ|2 
was calculated for the first three Γ-electron states with angular momentum of mf = 1/2 and plotted in the xz-plane 
(Fig. 8b–d). For all investigated QD structures, the first 6 Γ- electron states are confined in the dot, illustrating a 
strong localization of the electron wave function.

The optical cross section σε
if  indicates how strongly two states are optically coupled. Since the focus of this 

work is the investigation of GeSn/SiGeSn heterostructures for light emitters, only transitions between the conduc-
tion and valence band were considered. The selection rule for the quasi angular momentum mf for x-polarized 
light is Δmf = ±1, while for z-polarized radiation it is Δmf = 0. For the Ge0.82Sn0.18/Si0.10Ge0.74Sn0.16 QD it was 
found that for z-polarized radiation optical transitions between conduction band and valence band states are 
strongest for |mf| = 1/2. In the case of x-polarized light, transitions between |mf| = 1/2 and |mf| = 3/2 are strongest. 
In both cases transitions from the lowest conduction band state into the highest valence band state are the most 
important. In Fig. 9 we present the total optical cross section for emission of a carrier from the lowest state in the 
conduction band (having |mf| = 1/2) to states in the valence band. The results are shown for both polarizations 
and different Sn contents in the substrate. By increasing the Sn content in the substrate, the strain in matrix and 
dot turns from compressive into tensile, leading to lower band discontinuities and bandgaps (Fig. 10a). Moreover, 
the LH contribution of the highest valence band state decreases from 74% to 42%. Since for bulk material 

Figure 6.  Strain balanced barrier and well thicknesses averaged for GeSn0.08–0.20/Si0.10GeSn0.07–0.19 heterostructures 
with xSn,well = xSn,barrier + 1 at.% for different strain values in the well.

Figure 7.  Directness of the potential well (empty squares) and band discontinuity at Γ (solid circles) for (a) 
bulk Ge0.85Sn0.15/SiGeSn, (b) a Ge0.85Sn0.15/SiGeSn QD and (c) Ge0.82Sn0.18/SiGeSn QD. The meaning of the 
colored areas is the same as described for MQW calculations.
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transitions from the conduction band into the LH band are allowed for z-polarized radiation, the fact that the LH 
contribution decreases implies that absorption of z-polarized radiation also decreases (Fig. 9a).

On the other hand, for x-polarized radiation the HH contribution of the highest valence band state increases 
from 53% to 82%, which implies that absorption of x-polarized radiation increases (Fig. 9b).

Applying biaxial compressive strain to the SiGeSn matrix chosen here unfortunately causes a type-II align-
ment between matrix and the GeSn dot for the L-valley and the valence bands. By increasing the Sn content in 
the substrate, tensile strain in the matrix causes a lower L-valley energy (Fig. 10a). This effect can be countered 
by increasing the Sn and adjusting Si content of SiGeSn, where the former shifts the strain towards compressive, 
increasing the L-valley energy, and the latter keeps the matrix indirect at the same time (Fig. 10b). The directness 
of the dot is not influenced by this change.

Figure 8.  Strain field in the xz-plane of a biaxially strained Ge0.82Sn0.18/Si0.10Ge0.74Sn0.16 QD (a) and the wave 
function probability densities for the first 3 Γ-electron states with total angular momentum of mf = 1/2 (b–d). 
Dashed lines indicate the geometry of a conical QD. Biaxial strain is induced by a Ge0.90Sn0.10 substrate.

Figure 9.  Optical cross section σε
if  for z-polarized radiation for Δmf = 0 (a) and x-polarized radiation for 

Δmf = ±1 (b) in a Ge0.82Sn0.18/Si0.10Ge0.74Sn0.16 QD on various GeSn substrates.
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In order to get band alignment of valence- and conduction bands in different layers, the Si/Sn content depend-
ent average valence band energy was calculated for barriers and wells according to ref.40:

= − . ⋅ + . ⋅E eV x eV x0 48 0 69 (2)v av Si Sn,

In some recent publications different expressions from Eq. (2), ref.40, were used for Ev,av
10,41. Comparing the 

results from Fig. 3b with the corresponding results from these models shows no significant difference for the band 
alignment in the conduction band. Concerning the valence band, the average HH band discontinuity decreases 
from 104 to 63 meV, while for the LH band it increases from 40 to 50 meV. In any case, all three models lack a 
detailed experimental verification, and in all further calculations we have used Eq. (2) from ref.40. Ev,av and the 
split-off hole band energy ESO is used to calculate the valence band top energy Ev:

= . ⋅ + . ⋅ + . ⋅E eV x eV x eV x0 297 0 044 0 8 (3)SO Ge Si Sn

= +E E E /3 (4)v v av SO,

and then, from Eq.(1), also the energies of valleys in the conduction band of a particular layer. Applying strain 
additionally shifts the valence- and conduction band energies by ΔEi, which can be calculated by:

ε ε ε εΔ = + Δ = +ΓE a E a(2 ), (2 ) (5)c xx zz L xx zzL

ε ε ε εΔ = + Δ = −E a E b(2 ), ( ) (6)v xx zz v xx zzv HH

E E E E E E E E1
2

( ( ) 8 ) (7)SO SO SOLH,SO HH HH HH
2

HH
2Δ = −Δ − + Δ + Δ + + Δ

where εxx and εzz can be calculated using the interpolated lattice constant alattice by:

a a
a

C C, (2 / )
(8)xx

lattice substrate lattice

lattice
zz xx

,
12 11ε ε ε=

−
= −

= + + + − + −a a x a x a x b x x b x x(1 ) (1 ) (9)lattice Ge Ge Si Si Sn Sn SiGe Si Si GeSn Sn Sn

Since all these band energies, in different materials, have the same zero reference point (average valence band 
energy in unstrained Ge) the band discontinuities at interfaces are simply calculated as differences of the corre-
sponding band/valley energies in the two materials.

Gain calculations for the Ge0.84Sn0.16/Si0.10Ge0.75Sn0.15 MQW structure discussed in the main part of this con-
tribution were performed using Eq. 9.4.14 from ref.42, derived from k·p method:
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where ⋅ˆ pe cv  is the interband momentum matrix element, given in section 9.5.3 of ref.42, for transitions between 
c.b.-HH and c.b.-LH quantized states and 2γ is the (carriers scattering induced) broadening FWHM of the gain 

Figure 11.  Recalculation of directness and highest band discontinuities of GeSn/SiGeSn heterostructures as 
presented in Fig. 3, but using the bΓ,SiSn behavior extrapolated from ref.37.
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spectrum, chosen here to be 30 meV. For wells with thickness Lz the density of states ρr
D2  is defined using the 

reduced effective mass ⁎mr  as:


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Ihm
en  is the overlap integral of conduction- and valence-band envelope functions φn and gm for electron and hole 

states en and hm:
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The Fermi-Dirac distributions fc v
n
,  for electrons and holes with the quasi-Fermi levels Fc v,  are defined as:
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For strain balanced MQWs with nwell wells and nbarrier barriers, the barrier thickness dbarrier can be expressed in 
terms of other parameters of the structure, as:
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11/12
( )  being the elastic constants, ai the unstrained lattice constants and εi the strain.

The optical cross section σε
if used in this work for QD calculations is defined as:


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with the angular frequency ω, the refractive index n, the speed of light in vacuum c, the vacuum dielectric permit-
tivity ε0, the initial and final state energies Ei and Ef , the polarization dependent transition matrix element εMif  
and the broadening factor σ. Since there are no reliable data on the peak broadening for GeSn quantum struc-
tures, the broadening factor σ was chosen here to be 10% of the transition energy, same as used for III-V semicon-
ductor QDs22.

The datasets generated during and/or analysed during the current study are available from the corresponding 
author on reasonable request.
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