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Since the first demonstration of lasing in direct bandgap GeSn semiconductors, the research efforts for
the realization of electrically pumped group IV lasers monolithically integrated on Si have significantly
intensified. This led to epitaxial studies of GeSn/SiGeSn hetero- and nanostructures, where charge
carrier confinement strongly improves the radiative emission properties. Based on recent experimental
literature data, in this report we discuss the advantages of GeSn/SiGeSn multi quantum well and
quantum dot structures, aiming to propose a roadmap for group IV epitaxy. Calculations based on
8-band k-p and effective mass method have been performed to determine band discontinuities, the
energy difference between I'- and L-valley conduction band edges, and optical properties such as
material gain and optical cross section. The effects of these parameters are systematically analyzed
for an experimentally achievable range of Sn (10 to 20 at.%) and Si (1 to 10 at.%) contents, as well as
strain values (—1 to 1%). We show that charge carriers can be efficiently confined in the active region of
optical devices for experimentally acceptable Sn contents in both multi quantum well and quantum dot
configurations.

A significant outcome of technological development is the widespread use of network communications and data
centers. The amount of information that are processed in these data centers is constantly increasing, reaching
the limits of present day electronic chips concerning bandwidth and power consumption. Fundamental changes
in chip design and data communication are therefore necessary to meet increasing demands'. Integration of
photonic circuits with existing electronics is considered as one of these solutions, aiming to achieve on-chip or
chip-to-chip communication via photons instead of electrons®>.

State of the art chip technology uses Si-based materials, hence solutions based on group IV semiconductors
are favored. Si, Ge and their alloys are indirect bandgap semiconductors, meaning that radiative processes in these
materials are inefficient and slow. Therefore, finding suitable direct bandgap alloys based on group IV semicon-
ductors is of primary importance.

Ge is an indirect bandgap semiconductor with the lowest indirect conduction band valley (at the L point) only
150 meV below the direct valley at the I point. Since Sn has a negative bandgap at the I point, partial replacement
of Ge by Sn atoms changes the electronic band structure of GeSn so that the I'-valley energy E decreases faster
than the L-valley energy E|, increasing the directness AE; = E; — E. Eventually, this results in a transition into
a fundamental direct bandgap semiconductor at Sn concentrations around 8 at.% for unstrained GeSn*>.

Breakthrough in epitaxial growth of GeSn alloys, mostly due to advances in low temperature chemical vapor
deposition (CVD) methods and new precursors, enables alloy compositions that exceed the solubility limits of
Sn in Ge by an order of magnitude®'°. These advances led to the successful demonstration of lasing from thick
bulk GeSn/Ge/Si layers with Sn contents of 12.5at.% at temperatures up to 90 K°. By incorporating even higher
Sn concentrations, of up to 17.5at.%, the lasing temperature limit reached 180 K'2. On the way towards an
electrically pumped room temperature laser, GeSn research benefits from the previous development of III-V
semiconductor lasers, where heterostructures have been introduced in the 60s'%. To pursue this approach, a suit-
able barrier material for GeSn has to be found. Both the experiments and theoretical band alignment calculations
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Figure 1. (a) Schematic layer structure of the 3 x {30 nm GeSn/40 nm SiGeSn} MQW and (b) a cone shaped
GeSn QD embedded in a SiGeSn matrix as discussed in this work. (¢) Type-I band alignment between well and
barrier with the band discontinuities V5, = Er; sigess — Errcesn and well directness AE; -denoted.

indicate that Ge is unsuitable as a barrier material to confine carriers in direct bandgap GeSn wells'*. On the other
hand, a significant improvement in optical performance was demonstrated in GeSn/SiGeSn heterostructures'>'6.
Publications on GeSn/SiGeSn bulk heterostructures and quantum wells (QWSs) agree on the suitability of SiGeSn
as a barrier material for QWs, but an overview and investigation of the influence of doping and absorption pro-
cesses on material gain is still missing'”!%.

Regarding zero-dimensional GeSn/Si(Ge) quantum dots (QD), theoretical investigations indicate that
no favorable band offset for electrons in the I'-valley, V= E c.sn — Ergesn is possible if the direct bandgap
(AE,_p>0meV) in the dot is to be maintained"’.

This work presents band energy calculations of GeSn/SiGeSn multi quantum wells (MQWs) and QDs for
optoelectronic devices using 8-band k-p and effective mass methods. The range of Sn and Si contents has been
chosen to cover both the epitaxial accessibility and the reliability of the element dependent bandgap interpola-
tion procedure for alloys. The process of finding optimal parameters for efficient charge carrier confinement is
described in detail. Furthermore, the results are analyzed for optical properties like material gain in doped and
undoped structures, as well as optical cross section. The aim is to offer a solution for GeSn/SiGeSn heterostruc-
tures with the best chances to realize a room temperature group IV laser.

Calculation Details

Particular MQW and QD heterostructures were representatively chosen to perform detailed calculations on the
influence of strain and quantization using 8-band k-p method as it was formulated for the diamond/zinc blende
lattice in ref.?. For the MQWs, the well thickness was chosen to be 30 nm, separated by 40 nm thick barriers as
schematically shown in Fig. 1a. The reason for such high thicknesses is the negative influence on the directness
of the well material. Thin wells cause a strong quantization, while a low barrier thickness introduces band split-
ting. Since the electron effective mass in GeSn is much lower for the I'- than for the L-valley - and quantization
energy reciprocally depends on the effective mass — decreasing the well/barrier thickness will decrease the energy
difference between I" and L. For GeSn well thicknesses below 10 nm quantization results in a transition back into
an indirect semiconductor'*?!. Due to rather thick barriers, and hence weak coupling of neighbouring wells (par-
ticularly for their ground states) the MQW calculations have been performed for structures with only three wells,
which is good enough for investigating the material gain. Certainly, real MQW structures should have a larger
number of wells in order to provide a good modal overlap with the active layer, and hence the modal gain not to
be significantly lower than the material gain.

The crystal orientation in this work is taken to be (001), i.e. QWS are assumed to be grown on the (001) sub-
strate surface, as it is typical in epitaxy'®. The band structure calculation methods used in this work have been
described elsewhere!*2022, Bandgap energies E' " of unstrained (Si)GeSn alloys have been calculated using the
element concentrations (xg,, Xs,» X5;) dependent interpolation, with bowing parameters b derived from empir-
ical pseudopotential method and experimentally from photoluminescence (PL) measurements:

L oL nL L L L L
E™" = Eg xge + Eyxg + Egp Xgy — bgiGeXceXsi — Ygesi¥ceXsn — DsisnXsiXsn (1)

The temperature dependence of bandgaps of constituents was included via Varshni’s formula, and the effects of
strain via deformation potentials. The values of the parameters used for 8-band k-p calculations are summarized
in Table 1. A detailed description of band alignment calculations are added to the methods section.

The electron and hole quantized states in QW structures were calculated by effective mass method with non-
parabolicities (all these values, as well as band energies, coming from 8-band k-p model with strain included),
using the finite-difference method?, which gives the same results for subband edges (at zero in-plane wave vec-
tor) as the full k-p calculation. L-valley energies have been calculated using the simple effective mass method,
which is sufficient to get accurate energies of lowest states in the L-valley, while k-p calculations would require a
higher number of bands to be considered".
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Parameter [si Ge [sn [SiGe | Gesn SiSn
Lattice constants and deformation potentials (ac: for conduct. band at I'; av, bv & d: for valence band at I'; a; : for
conduct. band at L)

Attices Dlattice [A] 5.4307¢ 5.6579¢ 6.4890¢ | 0.026" —0.0418 0
a.[eV] —10.06¢ —8.24 —6d

a, [eV] 2.46 1.24 1.58%

b, [eV] —2.1 —2.9 —2.7i

d[eV] —4.8 53 —41m

a; [eV] —0.66/ —1.54 —2.14%

Bandgaps, bandgap bowings and Varshni parameters (Agq: valence band spin-orbit splitting, d;: Temp. dependence
of bowing parameters)

EynagapleV] 4185 0.898° —0.408°

EfndgapleV] 2176 0.744f 0.1202

Ago [eV] 0.044" 0.297° 0.807

br [eV] @ 0K dr- [eV/K] 0.215,0 | 2.245, —4-107*¢ | 3.915%,0
b, [eV] @ 0K, d; [eV/K] 0.3355,0 | 0.89° —7-107*" | 2.124¢,0
Qyarshoir [€V/K] By [K] 3.91-10~%, 125 5.82:10~*, 296f 0

Oyarshni, [€V/K] B [K] 4.774.107, 235" 4.774-1074, 2351 0

Elastic constants

C,, [GPa] 165.77% 128.53* 69°*

C,, [GPa] 63.93* 48.26* 29.3*

Luttinger’s parameters of the 6-band model

R 4.285 13.38 —12

gt 0.339° 4240 —8.45x

Nt 1.446* 5.69* —6.84%

Optical energies

Ep [eV] 21.6° 26.3* ‘ 23.8' ‘ ‘

Table 1. Parameters used for bulk bandgaps and 8-band k-p calculations. *ref.%3, bref.#4, cref.#%, dref.%S, ¢ref.”,
fref., eref.’, href.®, iref. %, iref.%!, ¥ref.2, Iref.>, Mref., "ref.%, °ref., Pref.5’.

Similar as in quantum wells, to calculate the energies of QD electron and hole states originating from I'-valley
we use the 8-band k-p model with the effect of strain taken into account. We consider cone shaped dots with a
cylindrical symmetry (Fig. 1b), which is a reasonable approximation to experimentally more common pyram-
idal shapes, and significantly reduces the computational effort. Moreover, since there are no experimental data
on GeSn QDs, this assumption is an appropriate first step to gain insight into the band alignment in GeSn QDs.
Thus, cone shaped structures were chosen with a base diameter of 20 nm and a height of 30 nm. Consequently,
electron and hole states can be labeled by the quantum number m;, which represents the z-component of the total
quasi angular momentum operator. The eigenvalue problem of the QD Hamiltonian was numerically solved using
the orthonormal function expansion method?®?. Strain distribution was modeled using a continuum mechanical
model and was numerically found using the finite element method?. To find the energies of QD conduction band
states originating from the L-valley, we used the effective mass model including strain effects, which was also
numerically solved using the orthonormal function expansion method, as described in ref.?.

The elemental concentrations considered here were chosen for wells/QDs to be 8/15at.% < xg, < 20 at.%,
and 8/10at.% < xg, < 20at.% and 1at.% < x5 < 10at.% for the SiGeSn barrier/matrix to be in the experimentally
achievable range in CVD experiments. The MQW barriers were initially considered biaxially strained and pseu-
domorphically grown on top of unstrained wells and substrate. The strain in the wells, related to strain-balance
requirements, is accounted for later. In case of the QDs, the strain stems from dots embedded in a matrix of dif-
ferent composition, being unstrained far away from the dot.

Gain calculations for intrinsic and doped MQW's were performed, and free carrier absorption (FCA), calcu-
lated for bulk Ge,g,Sn, ;6, was also included to find the net gain. Gain calculations are described in the methods
section at the end, while FCA calculations use the second order perturbation model for bulk semiconductors
described in ref.?*. This model includes acoustic phonon scattering, deformation potential scattering (L-valley),
intervalley scattering, ionized impurity scattering and alloy scattering.

Similarly as in MQW calculations, a specific QD structure was chosen to investigate the optical cross section
0 (see method section) and the influence of biaxial strain and Si content in the barrier.

Results and Discussion

GeSn/SiGeSn MQW heterostructures. All considered heterostructures were analyzed for their car-
rier confinement, aiming at high conduction band discontinuities of I'- and L-valleys between barrier and well:
Vi >100meV, Vi > 0meV (V, =E; ggesn — ELgesn)- A high band discontinuity for the I'-valley is needed, as has
been demonstrated in PL measurements on GeSn/SiGeSn MQWs in which presumably low band discontinu-
ities lead, at higher temperatures, to no measurable benefits of heterostructures, compared to bulk structures
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Figure 2. Directness of SiGeSn barrier (a), band discontinuity for I'- (b) and L-valleys (c) for a Ge, 9,Sng o¢/
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).

[Paper accepted to be published in ACS Photonics]. Furthermore, the well region has to maintain its direct band-
gap (AE; 11> 0meV), while for the barriers an indirect bandgap (AE;_jpumier < 0meV) 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 ITI-V heterostruc-
tures predict lower thermionic currents at interfaces between direct and indirect semiconductors®. 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, AE; |,.;» 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 achieved®. Under the assumption of a constant bandgap bowing of SiSn at the
I" point (see discussion of b, r in method section), it can be expected that Si contents sligthly above 10at.% 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. Gego,5n 44/SiGeSn MQWs, the
directness of SiGeSn, AE;_p4.rier» (Fig. 2a) and the band discontinuities for L- and I'-valleys (Fig. 2b,c) are plotted
for several barrier compositions. Since it was initially assumed that wells are unstrained, Sn contents >8at.%
guarantee that the GeSn well has a direct bandgap?’. 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 I'-valley can be achieved,
together with a directness AE;_-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 AE; 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 I'. 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 10at.% Si and
1at.% less Sn than in the well.

Based on the results presented in Fig. 3, a 3 x {30 nm Ge, g,Sn, ¢/ 40 nm Si ;(Ge, 7551, ;58 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 N;,; at 300 K is given in Fig. 4b. The gain calculation assumes Lorentzian
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Figure 3. (a) Band discontinuities of the I'-valley in a Ge, g,Sn, ,/SiGeSn MQW for different Sn contents in the
barrier. (b) Directness of barrier and well, and band discontinuities for L- and I'-valleys in dependence of the
well Sn content in GeSn/SiGeSn MQWs achieving best band alignment for I'.
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Figure 4. (a) Band diagram of an unstrained 3 x {30 nm Ge, 4,Sn, /40 nm Si, ;(Ge, 75510, ;53 MQW. Dashed
lines represent quantized energies and wavefunctions of ground states of each valley. (b) TE-mode material
interband gain at 300K for different injected carrier densities. Dashed lines indicate FCA values for bulk

Gey 4451 1. (€) Net gain dependence on n-doping density, where FCA has been subtracted from interband gain.

broadening with a half width of 30 meV at 300 K. Dashed lines indicate FCA values of bulk Ge,¢,Sn, ;¢ 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 x 10V cm™3. At carrier densities between 1 x 10 cm™ and 1 x 10* cm ™ (purple graph in Fig. 4b) net gain
reaches a minimum before increasing again at carrier intensities exceeding 1 x 10*cm™>.

By doping the active well, the population of charge carriers in the I'-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 x 10 cm ™~ at moderate injection carrier
densities of 1 x 10 cm ™ (green graph in Fig. 4b) lead to a significant material gain with a maximum of 400 cm ™.
For injection carrier concentrations above 3 x 10" cm ™ (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
I" 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 (e, &~ —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 Si;N, stressor layers, under-etching of mesa struc-
tures?®-*! or even by hetero-epitaxy”!. Therefore, we have also analyzed the influence of strain on band alignment
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Figure 5. Influence of strain (a) and Si content in SiGeSn (b) on band alignment parameters for a Ge 4,Sn, ¢/
Sip.10G€g755M0,15s MQW.

for a range of strain values from —1% to 1% in the Ge g,Sny 1¢/Siy 10Ge€y75510,,5 MQW structure (Fig. 5a). Strain
hardly influences the band discontinuity of I'- and L-valleys. The slightly compressive strain also decreases direct-
ness of both the well and the barrier. However, while the well bandgap remains direct within the whole range of
strain values, the bandgap of the barrier changes from direct to indirect as soon as the strain becomes compres-
sive. (Fig. 5a).

With lowering the Si content in the barrier, the deteriorating effect on carrier confinement is significant. The
value of AE; rin the barrier strongly increases, causing a transition into a direct bandgap barrier, and the band
alignment also becomes worse (Fig. 5b).

In addition to the above discussed influence of strain, strain balance requirements were added to MQW calcu-
lations. From the experimental point of view, when designing MQW heterostructures, strain balanced structures
are desirable in order to avoid plastic relaxation, which induces defects in the active region®. Therefore, strain
balance calculations for several compressive strain values in the well have been performed according to ref.’? to
determine the required barrier thickness to compensate the strain in the well. The Sn contents of well and barrier
were chosen so that xg, .1 = Xg, parrier + 1 at.%. The results show no significant dependence of barrier and well
thickness on Sn content for a fixed strain value under the above described material parameter conditions. The
deviation of the calculated barrier thickness is 2 nm for 45 nm thick barriers and 10 nm for 220 nm thick barriers.
When increasing the well thickness, the required barrier thickness continuously increases, going from 1.5nm
for 10 nm thick wells and strain in the well of —0.1% (green line in Fig. 6) to around 7 nm for well thicknesses
of 50 nm. When the compressive strain in the well is about —0.5%, barrier thicknesses of 220 nm are needed to
strain balance 50 nm thick wells (purple line in Fig. 6). The dashed lines in Fig. 6 indicate the well and barrier
thickness for the previously discussed structure. With a strain value of —0.4% inside the wells, the Ge ,Sn, ¢/
Sig.10Geg 755N 15 MQW would be strain balanced, while still maintaining a good carrier confinement (Fig. 5a).

QD calculations. The most important aspect of GeSn QDs is an even stronger influence of quantiza-
tion in three dimensions on band alignment and directness, compared to the case of MQWs. Comparing the
bulk (Fig. 7a) and QD results (Fig. 7b) for the band discontinuity Vs and AE; - inside the potential well for a
Gey 4551 15 QD gives an average decrease of 75meV in Vy-and 50 meV decrease in AE;_-when introducing quan-
tization in three dimensions. Similar to the MQW calculations described above, a range of Si/Sn contents of the
surrounding SiGeSn matrix was investigated. The same kind of general behavior for V,and AE, is observed
here as was found for MQWs.

When applying the same process of finding optimal material parameters, as previously described for MQWs,
structures with good carrier confinement are found, as indicated by the green area in Fig. 7. However, it is still
unknown whether the Si/Sn contents for QD systems are limited similarly as in the case of bulk and QW hetero-
structures, since there are no publications on the epitaxial growth of GeSn QDs in a SiGeSn matrix.

It should be noted that for the QD calculations presented here the strain of the QD was completely determined
by the lattice mismatch between the GeSn dot and the SiGeSn surrounding matrix, which is unstrained far away
from the dot. This explains why there are nearly no differences in band discontinuity V-and AE;_-for QDs with
different Sn contents (Fig. 7a,b). When increasing xg, 4, (for the same Si/Sn content in the matrix) — and therefore
increasing AE; 4, and V- the strain in the QD increases, which has the opposite effect of increasing the Sn
content in the GeSn dot. For conical, hydrostatically strained QDs, these opposing effects are more pronounced
than for MQW structures, and they largely cancel out each other, as can be seen in Fig. 7b,c.

There are many publications on the epitaxy of conical or lens shaped QDs in other material systems. In those,
however, strain inside the matrix is usually biaxial and determined by the substrate’>**. To investigate more com-
mon cases from the epitaxy point of view, a Ge4,Sn, ;3 QD with a Siy ,(Ge, 74,51, ;¢ matrix was chosen, where
biaxial strain was taken to exist in the matrix material. Strain was induced by GeSn substrates with Sn contents
ranging from 10-20at.%. The strain distribution in a Ge g,Sn, ;3 QD inside a Siy ;,Ge, 7,51, ;¢ matrix, itself biaxi-
ally strained by a Ge, 4Sn, ;, substrate, can be seen in Fig. 8a. Far away from the dot, the matrix adopts the strain
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colored areas is the same as described for MQW calculations.

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 |&|*
was calculated for the first three I'-electron states with angular momentum of m,=1/2 and plotted in the xz-plane
(Fig. 8b-d). For all investigated QD structures, the first 6 I'- electron states are confined in the dot, illustrating a
strong localization of the electron wave function.

The optical cross section g;; 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 m;, for x-polarized
light is Am = +1, while for z-polarized radiation it is Am;=0. For the Ge, 5,51, 15/Siy19G€;74Sng,16 QD it was
found that for z-polarized radiation optical transitions between conduction band and valence band states are
strongest for [m] = 1/2. In the case of x-polarized light, transitions between || = 1/2 and |m] = 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 |m4 = 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
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Figure 8. Strain field in the xz-plane of a biaxially strained Ge 4,Sn, 14/Sij 10Ge 7451014 QD () and the wave
function probability densities for the first 3 I'-electron states with total angular momentum of m;=1/2 (b-d).
Dashed lines indicate the geometry of a conical QD. Biaxial strain is induced by a Ge oSn, ,, Substrate.
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Figure 9. Optical cross section g;; for z-polarized radiation for Am;=0 (a) and x-polarized radiation for
Amg= =1 (b) in a Gey 3,51 15/Sip.10Geg 7451, 15 QD on various GeSn substrates.

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.
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Figure 10. Influence of strain/Sn content in the substrate (a) and different Si/Sn contents in the SiGeSn matrix
(b) on band discontinuities for I'- (dashed lines, empty circles) and L-valley (dashed lines, solid circles) and
directness AE;_in the matrix (solid lines, solid squares) and dot (solid lines, empty squares), in a Ge, g,Sn 5/
Sig10Gey 7451, 16 QD with 10at.% in the substrate.

Conclusion

This work presents the investigation of optimized material parameters for GeSn/SiGeSn heterostructures
intended for use in efficient light emitting devices. It was shown, using 8-band k-p calculations, that sufficiently
high carrier confinement can be achieved at 300K for both GeSn/SiGeSn MQW s and GeSn QDs in a SiGeSn
matrix. A broad range of epitaxially relevant Sn and Si contents were considered to determine ideal material con-
figurations. In MQWs maximum band discontinuities and directnesses of 180 meV (~7 kT @ 300K) and 160 meV,
respectively, can be reached in wells with Sn contents of 16 at.%. For unstrained wells with Sn content above
16 at.%, the barrier becomes a direct bandgap semiconductor, which could lower radiative processes inside the
well. Gain calculations for doped and intrinsic MQW structures indicate that considerable values of material net
gain, around 480 cm ™!, can be achieved despite FCA losses, for injection carrier densities exceeding 3 x 10¥cm ™
and doping levels of around 5 x 10 cm .

For zero-dimensional quantum dot heterostructures, high band discontinuities above 105meV for direct
bandgap GeSn dots with a directness of 75 meV were found. Nevertheless, sufficient charge carrier confinement
can be achieved in direct bandgap dots for (i) dots strained equally in every direction by the surrounding indirect
bandgap matrix and (ii) in cases where the strain in the matrix is induced biaxially by a substrate.

Methods

The k-p method calculates the band energies for a small range around the I" point. It was introduced in ref.* and
extended to 8 bands (3 valence bands and 1 conduction band with different spin states) and the diamond/zinc
blende lattice in refs?**. In this work the formalism from ref.? was used and the material parameters are given
in Table 1.

Concerning band energy calculations, recent publications cast doubt on whether the SiSn bowing can be
described by a single parameter, by, because there is strong evidence that it depends on the Si and Sn concen-
tration®”*8. The origin of this behavior could be related to ordering effects in SiGeSn*. To compare our results
with these experimental findings, we recalculated the carrier confinement for GeSn/SiGeSn MQW s using an
extrapolation to higher Sn concentrations of the b, data presented in ref.””. For high Sn contents the bowing
decreases to values in the range of the value we use for the calculations presented in this work (3.915¢eV), so that
the predictions in this region are effectively based on the latest experimental results. Applying the same procedure
as in the main part of this work and shown in Fig. 3b, we get the results in Fig. 11. The main difference occurs for
small Sn contents, where the band discontinuity at I is significantly smaller than for GeSn wells with high Sn con-
tents. In the latter case the achievable band discontinuities are similar and even stronger than for by, =3.915¢eV.
While the directness of the well is independent of b, the directness of the barrier decreases with increasing Sn
content. The reason for this is that around 17 at.% Sn the bowing is smaller than 3.915 eV, shifting the directness
of the SiGeSn barrier towards negative values. This has to be taken into account when finding the region of neg-
ative directness barriers. The extrapolation itself becomes critical at Sn contents exceeding ~19 at.% (grey area in
Fig. 11), because it leads to negative bowings. It is doubtful if this is physically realistic. For the structure we have
chosen for gain calculations (Fig. 4), the carrier confinement evaluation leads, for both bowing approaches, to
similar results. Due to the lack of sufficient experimental data, in the presented calculations b, is chosen to be
constant, which seems to be an adequate assumption, resulting in reasonable predictions.
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Figure 11. Recalculation of directness and highest band discontinuities of GeSn/SiGeSn heterostructures as
presented in Fig. 3, but using the b, behavior extrapolated from ref.?’.

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.*:

E,, = —048¢eV - x5+ 0.69 eV - xg, (2)

v,av

In some recent publications different expressions from Eq. (2), ref.*’, were used for E,,,'**!. 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.**. E,,, and the
split-off hole band energy Ej, is used to calculate the valence band top energy E,:

E¢p = 0.297 eV - x5, + 0.044 eV - x5; + 0.8 eV - xg, 3)

E, = Ev,av + Ego/3 (4)

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 AE,, which can be calculated by:

AEr = a.(2e,, + ¢,), AE; = a;(2e,, + &) (5)

AEv = av(zsxx + Ezz)’ AEHH = bv(sxx - Ezz) (6)

1
AEjy50 = —AEyy — E(Eso + AEyy ¥ \/(Eso + AEpy) + Ego + 8AEyy”) )

where ¢,, and ¢, can be calculated using the interpolated lattice constant a;,, by:

alattice,substmte — Wattice
Exx = » &z = (ZCIZ/CII)Exx
Uattice (8)
Aattice = geXGe + AsiXsi + AgXsy + bsiceXsi(1 — Xg) + bgesuXsull — Xg,) )

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 Ge g4Sn 14/Si 10Geg75510 15 MQW structure discussed in the main part of this con-
tribution were performed using Eq. 9.4.14 from ref.*?, derived from k-p method:

2
me 2 [ 2D4 2 i
(hw) = —¢ S é-
& n,ceomgw,§n| i fO 718 n (Efn + E, — hwl + 7
x [fI'(E) — f"(E)]dE, (10)

where \ é-p | is the interband momentum matrix element, given in section 9.5.3 of ref.*?, for transitions between
cb.-HH and c.b.-LH quantized states and 27 is the (carriers scattering induced) broadening FWHM of the gain

SCIENTIFICREPORTS| (2018) 8:15557 | DOI:10.1038/s41598-018-33820-1 10



www.nature.com/scientificreports/

spectrum, chosen here to be 30 meV. For wells with thickness L, the density of states prZD is defined using the
reduced effective mass m;* as:

*
2p M,

T whlL, (11)

Iy, is the overlap integral of conduction- and valence-band envelope functions ¢, and g _ for electron and hole
statese, and h,,:

en __ o
= 01, () 12
The Fermi-Dirac distributions f” for electrons and holes with the quasi-Fermi levels F, , are defined as:
1
FUE) = —
1+ exp (Eg + By B — E)/kBT 13
n 1
FI(E) = *
1 E, + By, + ““E, — F, | /kgT
+ expl(Eg + B+ 2, = £l »

For strain balanced MQWs with #,,,; wells and n,,,,;,, barriers, the barrier thickness dy, ;. can be expressed in
terms of other parameters of the structure, as:

d _ _ Myen ) Awell (xSi’ xSn) . abarrier(xSi’ xSn) 3 Eyell A
barrier — A well
Pparrier barrier (xSi’ xSn) awell(xSi’ xSn) Ebarrier ( 1 5)
(i)2
@ 2Ch

A, =c 4 cl) - =12
' cy (16)

with C{) , being the elastic constants, a; the unstrained lattice constants and ¢; the strain.
The optical cross section g;; used in this work for QD calculations is defined as:

(B — E - ﬁ“’)z

207

2

op(w) =

ol

1
= €xp
ficeyw o~2m

17)

with the angular frequency w, the refractive index 7, the speed of light in vacuum ¢, the vacuum dielectric permit-
tivity £, the initial and final state energies E; and Ep, the polarization dependent transition matrix element Mijc
and the broadening factor 0. Since there are no reliable data on the peak broadening for GeSn quantum struc-
tures, the broadening factor o was chosen here to be 10% of the transition energy, same as used for III-V semicon-
ductor QDs?2.

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

References
1. Vivien, L. Silicon chips lighten up. Nature 528, 483-484 (2015).
2. Soref, R., Buca, D. & Yu, S.-Q. Group IV Photonics: Driving Integrated Optoelectronics. Optics & Photonics News (2016).
3. Homewood, K. P. & Lourengo, M. A. Optoelectronics: The rise of the GeSn laser. Nature Photonics 9, 78-79 (2015).
4. Moontragoon, P, Ikoni¢, Z. & Harrison, P. Band structure calculations of Si-Ge-Sn alloys: achieving direct band gap materials.
Semiconductor Science and Technology 22, 742-748 (2007).
. Wirths, S. et al. Lasing in direct-bandgap GeSn alloy grown on Si. Nature Photonics 9, 88-92 (2015).
6. von den Driesch, N. et al. Direct Bandgap Group IV Epitaxy on Si for Laser Applications. Chemistry of Materials 27, 4693-4702
(2015).
7. Aubin, J. & Hartmann, J. M. GeSn growth kinetics in reduced pressure chemical vapor deposition from Ge2H6 and SnCl4. Journal
of Crystal Growth 482, 30-35 (2018).
8. Margetis, J. et al. Fundamentals of Ge,_,Sn, and Si,Ge-x-ySn, RPCVD epitaxy. Materials Science in Semiconductor Processing 70,
38-43 (2017).
9. Gencarelli, E. et al. Crystalline Properties and Strain Relaxation Mechanism of CVD Grown GeSn. ECS Journal of Solid State Science
and Technology 2, P134-P137 (2013).
10. Senaratne, C. L. et al. Direct gap Ge,_,Sn, alloys: Fabrication and design of mid-IR photodiodes Direct gap Ge,_,Sn, alloys:
Fabrication and design of mid-IR photodiodes. 025701, 0-9 (2016).
11. Margetis, J. et al. Si-Based GeSn Lasers with Wavelength Coverage of 2-3 pm and Operating Temperatures up to 180 K. ACS
Photonics, 827-833 (2017).
12. Reboud, V. et al. Optically pumped GeSn micro-disks with 16% Sn lasing at 3.1 um up to 180 K. Applied Physics Letters 111 (2017).
13. Alferov, Z. Double heterostructure lasers: Early days and future perspectives. IEEE Journal on Selected Topics in Quantum Electronics
6, 832-840 (2000).
14. Stange, D. et al. Study of GeSn based heterostructures: towards optimized group IV MQW LEDs. Optics Express 24, 1358 (2016).
15. Stange, D. et al. Short-wave infrared LEDs from GeSn/SiGeSn multiple quantum wells. Optica 4, 185-188 (2017).
16. von den Driesch, N. et al. Advanced GeSn/SiGeSn Group IV Heterostructure Lasers. Advanced Science 1700955, 1-7 (2018).

w

SCIENTIFICREPORTS| (2018) 8:15557 | DOI:10.1038/s41598-018-33820-1 11



www.nature.com/scientificreports/

17. Fukuda, M., Watanabe, K. & Sakashita, M. Control of Ge,_,_,Si,Sn, layer lattice constant for energy band alignment in Ge,_,Sn,/
Ge,_,,Si,Sn, heterostructures. Semiconductor Science and Technology 32, 8 (2017).

18. Ghetmiri, S. A. et al. Study of a SiGeSn/GeSn/SiGeSn structure toward direct bandgap type-I quantum well for all group-IV
optoelectronics. Optics Letters 42,387 (2017).

19. Moontragoon, P. Vukmirovi¢, N., Ikoni¢, Z. & Harrison, P. Electronic structure and optical properties of Sn and SnGe quantum dots.
Journal of Applied Physics 103, 103712 (2008).

20. Bahder, T. B. Eight-band kp model of strained zinc-blende crystals. Physical Review B 41, 11992-12001 (1990).

21. Stange, D. et al. Quantum Confinement Effects in GeSn/SiGeSn Heterostructure Lasers. In IEEE International Electron Devices
Meeting (IEDM) 589-592 (2017).

22. Vukmirovi¢, N. et al. Intraband absorption in InAs/GaAs quantum dot infrared photodetectors—effective mass versus k x p
modelling. Semiconductor Science and Technology 21, 1098-1104 (2006).

23. Alharbi, F. An explicit FDM calculation of nonparabolicity effects in energy states of quantum wells. Optical and Quantum
Electronics 40, 551-559 (2008).

24. Tsai, C. et al. Theoretical Model for Intravalley and Intervalley Free-Carrier Absorption in Semiconductor. Lasers: Beyond the
Classical Drude Model. 34, 552-559 (1998).

25. Tammaro, D., Hess, K. & Capasso, F. I'-X phonon-assisted thermionic currents in the GaAs/Al,Ga, _,As interface system. Journal of
Applied Physics 73, 8536-8543 (1993).

26. Fischer, I. et al. Growth and characterization of SiGeSn quantum well photodiodes. Optics Express 23, 25048 (2015).

27. Stange, D. et al. Optically Pumped GeSn Microdisk Lasers on Si. ACS Applied Materials & Interfaces 3, 1279-1285 (2016).

28. Millar, R. W. et al. Mid-infrared light emission >3 um wavelength from tensile strained GeSn microdisks. Optics Express 25, 25374
(2017).

29. Siiess, M. J. et al. Analysis of enhanced light emission from highly strained germanium microbridges. Nature Photonics 7, 466-472
(2013).

30. Guilloy, K. et al. Germanium under High Tensile Stress: Nonlinear Dependence of Direct Band Gap vs Strain. ACS Photonics 3,
1907-1911 (2016).

31. Wirths, S. et al. Tensely strained GeSn alloys as optical gain media. Applied Physics Letters 103, 192110 (2013).

32. Chang, G., Chang, S. & Chuang, S. L. Strain-Balanced GezSn1—z-SixGeySn1—x—y Multiple-Quantum-Well Lasers. IEEE Journal
of Quantum Electronics 46, 1813-1820 (2010).

33. Chen, Z. et al. Normal incidence InAs/AlxGal-xAs quantum dot infrared photodetectors with undoped active region. Journal of
Applied Physics 89, 4558-4563 (2001).

34. Schrey, F. F. et al. Intraband transitions in quantum dot-superlattice heterostructures. Physical Review B - Condensed Matter and
Materials Physics 72, 1-8 (2005).

35. Luttinger, J. M. & Kohn, W. Motion of Electrons and Holes in Perturbed Periodic Fields. Physical Review 97, 869-883 (1955).

36. Pidgeon, C. R. & Brown, R. N. Interband magneto-absorption and faraday rotation in InSb. Physical Review 146, 575-583 (1966).

37. von den Driesch, N. et al. SiGeSn Ternaries for Efficient Group IV Heterostructure Light Emitters. Small 13, 1-9 (2017).

38. Inga, A. Fischer et al. Optical critical points of Si,Ge,_,_,Sn, alloys with high Si content. Semiconductor Science and Technology 32,
7 (2017).

39. Mukherjee, S. et al. Atomic Order in Non-Equilibrium Silicon-Germanium-Tin Semiconductors. (2017).

40. Jaros, M. Simple analytic model for heterojunction band offsets. Physical Review B 37,7112-7114 (1988).

41. Lan, H.S. & Liu, C. W. Band alignments at strained Ge,_,Sn,/relaxed Ge,_,Sn, heterointerfaces. Journal of Physics D: Applied Physics
50 (2017).

42. Chuang, S. L. Physics of Photonic Devices (Wiley, 2009).

43. Madelung, O., Schultz, M. & Weiss, H. Semiconductors, Physics of Group IV Elements and I1I-V Compounds. (Springer-Verlag, 1982).

44. Ryu, M. et al. Temperature-dependent photoluminescence of Ge/Si and Gel-ySny/Si, indicating possible indirect-to-direct bandgap
transition at lower Sn content. Applied Physics Letters 102, 1-5 (2013).

45. von den Driesch, N. Epitaxy of group IV Si-Ge-Sn alloys for advanced heterostructure light emitters. (RWTH Aachen University,
2018).

46. Li, Y. H,, Gong, X. G. & Wei, S. H. Ab initio all-electron calculation of absolute volume deformation potentials of IV-IV, III-V, and
I1-VI semiconductors: The chemical trends. Physical Review B - Condensed Matter and Materials Physics 73, 1-5 (2006).

47. Moontragoon, P, Soref, R. A. & Ikonic, Z. The direct and indirect bandgaps of unstrained Si,Ge,_,_,Sn, and their photonic device
applications. Journal of Applied Physics 112, 073106 (2012).

48. Levinshten, M. E., Rumyantsev, S. L. & Shur, M. Handbook Series on Semiconductor Parameters. 1 (World Scientific, 1996).

49. Aella, P. et al. Optical and structural properties of Si,Sn,Ge; _,_, alloys. Applied Physics Letters 84, 888-890 (2004).

50. Krishnamurthy, S., Sher, A. & Chen, A. B. Generalized Brooks’ formula and the electron mobility in Si,Ge, _, alloys. Applied Physics
Letters 47, 160-162 (1985).

51. VD Walle, C. G. Band lineups and deformation potentials in the model-solid theory. Physical Review B 39 (1989).

52. Brudevoll, T., Citrin, D. S., Cardona, M. & Christensen, N. E. Electronic structure of -Sn and its dependence on hydrostatic strain.
Physical Review B 48, 8629-8635 (1993).

53. Lawaetz, P. Valence-band parameters in cubic semiconductors. Physical Review B 4, 3460-3467 (1971).

54. Roman, B.]. & Ewald, A. W.Stress-Induced Band Gap and Related Phenomena in Gray Tin. Physical Review B 5 (1972).

55. Aspnes, D. E. & Studna, A. A. Direct observation of the E0 and E0 + A0 transitions in silicon. Solid State Communications 11,
1375-1378 (1972).

56. Aspnes, D. E. Schottky-barrier electroreflectance of Ge: Nondegenerate and orbitally degenerate critical points. Physical Review B
12,2297-2310 (1975).

57. Groves, S. H., Pidgeon, C. R., Ewald, A. W. & Wagner, R.J. Interband magnetoreflection of a-Sn. Journal of Physics and Chemistry of
Solids 31,2031-2049 (1970).

Acknowledgements

This work was partially support by the BMBF in frame of the M-ERA.NET project GESNAPHOTO, and by
the German Research Foundation (DFG) through the project SiGeSn Laser for Silicon Photonics. ZI and DB
gratefully acknowledges The Royal Society International Exchanges grant IE131593. N.V. gratefully acknowledges
the support by the Ministry of Education, Science and Technological Development of the Republic of Serbia
(Project No. ON171017) and the European Commission under H2020 project VI-SEEM, Grant No. 675121. The
authors thank Dr. Natalia Demarina (PGI-2 FZ Jiilich) for fruitful discussion regarding data interpretation and
presentation.

Author Contributions
D.R. conducted the calculations and wrote the paper, Z.I. and N.V. developed the calculation codes. All authors
analyzed and discussed the results and contributed to the writing of the manuscript.

SCIENTIFICREPORTS| (2018) 8:15557 | DOI:10.1038/s41598-018-33820-1 12



www.nature.com/scientificreports/

Additional Information
Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
Cam | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS| (2018) 8:15557 | DOI:10.1038/s41598-018-33820-1 13


http://creativecommons.org/licenses/by/4.0/

	Investigation of carrier confinement in direct bandgap GeSn/SiGeSn 2D and 0D heterostructures

	Calculation Details

	Results and Discussion

	GeSn/SiGeSn MQW heterostructures. 
	QD calculations. 

	Conclusion

	Methods

	Acknowledgements

	﻿Figure 1 (a) Schematic layer structure of the 3 × {30 nm GeSn/40 nm SiGeSn} MQW and (b) a cone shaped GeSn QD embedded in a SiGeSn matrix as discussed in this work.
	Figure 2 Directness of SiGeSn barrier (a), band discontinuity for Γ- (b) and L-valleys (c) for a Ge0.
	Figure 3 (a) Band discontinuities of the Γ-valley in a Ge0.
	Figure 4 (a) Band diagram of an unstrained 3 × {30 nm Ge0.
	Figure 5 Influence of strain (a) and Si content in SiGeSn (b) on band alignment parameters for a Ge0.
	Figure 6 Strain balanced barrier and well thicknesses averaged for GeSn0.
	﻿Figure 7 Directness of the potential well (empty squares) and band discontinuity at Γ (solid circles) for (a) bulk Ge0.
	Figure 8 Strain field in the xz-plane of a biaxially strained Ge0.
	Figure 9 Optical cross section for z-polarized radiation for Δmf = 0 (a) and x-polarized radiation for Δmf = ±1 (b) in a Ge0.
	﻿Figure 10 Influence of strain/Sn content in the substrate (a) and different Si/Sn contents in the SiGeSn matrix (b) on band discontinuities for Γ- (dashed lines, empty circles) and L-valley (dashed lines, solid circles) and directness ΔEL-Γ in the matrix
	Figure 11 Recalculation of directness and highest band discontinuities of GeSn/SiGeSn heterostructures as presented in Fig.
	Table 1 Parameters used for bulk bandgaps and 8-band kp calculations.


