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GeSn and SiGeSn are promising materials for the fabrication of a group IV laser source offering a number
of design options from bulk to heterostructures and quantum wells. Here, we investigate GeSn/SiGeSn
multi quantum wells using the optically pumped laser effect. Three complex heterostructures were
grown on top of 200 nm thick strain relaxed GeosSno.1 buffers. The lasing is investigated in terms of
threshold and maximal lasing operation temperature by comparing multiple quantum well to double
heterostructure samples. Pumping under two different wavelengths of 1064 nm and 1550 nm yield
comparable lasing thresholds. The design with multi quantum wells reduces the lasing threshold to
(40 £ 5) kW/cm? at 20 K, almost 10 times lower than for bulk structures. Moreover, 20 K higher maximal

lasing temperatures were found for lower energy pumping of 1550 nm.

Keywords: Group IV Photonics; Heterostructures; Microdisk Cavities; MIR-Lasers; Multi-Quantum-Wells;
(Si)GeSn

Increasing demand for intra- and inter-chip data throughput (the so-called 1/0 bottleneck?!) requires
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modifications to current CMOS technology in order to extend the bandwidth and reduce power
consumption. In addition to power-optimized transistors?3, the integration of photonic circuits with silicon
(Si) electronics features the potential to meet such requirements*®. Laser sources based on IlI-V materials
and heterogeneously integrated on Si show excellent performance. However, compared to monolithic
integration based on epitaxial growth, wafer bonding remains a complex technology which is likely to
result in increased manufacturing costs. Lasing in llI-V materials grown directly on a Si recently underwent
substantial progress®’, in particular with the demonstration of electrically pumped lasers grown on non-
offcut Si substrates. However, the realization of a laser based entirely on Si-like non-polar group IV material
system, and thus without any anti-phase domains or contamination issues, could be a powerful enabler
for a more ubiquitous implementation of ultra-low cost transceivers at lower architecture levels® in high-

performance computing systems.

Direct bandgap GeSn semiconductors were first demonstrated in 2015° including the operation at
cryogenic temperatures of optically pumped Fabry-Perot (FP) waveguide lasers. This function is based on
modification of the Ge band structure by Sn incorporation. With increasing Sn concentration, the
conduction band at I" drops faster than at L, turning GeSn at a certain Sn content into a direct bandgap
semiconductor. A direct bandgap and lasing were demonstrated already in an unstrained alloy with 8 at.%
Sn'°, Since then, results have been reproduced and improved by other groups, leading to the fabrication
of GeSn lasers with Sn concentrations of up to 18 at.% and presently featuring lasing operating
temperatures up to 180 K723, Further development of GeSn lasers sets the main target as: i) increasing
the laser operating temperature to room temperature; ii) reducing the laser pumping threshold to values
significantly below the few hundreds of kW/cm? currently required and iii) fabricating an electrically

pumped laser.

One of the most serious problems, that has to be overcome, are material defects that cause non-radiative
recombination. For example, the laser material used for the demonstration of optically pumped lasing in
GeSn® has a misfit dislocation network located at the interface with the Ge strain-relaxed buffer
underneath and may also contain point defects in the volume of the material. To address this problem, we
focus here on the design and deposition of advanced heterostructures grown on Si (001) wafers, which
are based on the combination of direct bandgap GeSn alloys — the active layers — and SiGeSn alloys used
as cladding layers (confining potential barriers). A related goal is to separate carriers from the defective
interface(s). Quantum wells localize carriers, decrease the active material volume and modify the joint
density of states improving the material gain at lower carrier densities than in bulk!®. Both aspects

contribute to a reduction of the lasing threshold. In addition, in a quantum well, Auger recombination is



expected to be suppressed®®, which could become an important feature in view of the usually high Auger
coefficients in low bandgap materials®, like GeSn and will be of particular importance as the lasing

temperature is increased.

Previous studies of multi quantum well (MQW) stacks with indirect bandgap GeSn active layers have
shown that Ge is not an appropriate barrier material, in particular for the confinement of electrons?’.
Instead, employing SiGeSn ternary alloys enables confinement of electrons and holes simultaneously, as
demonstrated by an improved emission efficiency at low temperatures of light emitting diodes (LED)

grown in an MQW design®°,

In this letter we investigate the lasing properties of microdisk cavities fabricated from GeSn- MQW
heterostructures with SiGeSn barriers. The Sn concentration in the active layers was chosen moderately
high (~13 at.%). The strain relaxed GeSn buffer layer sandwiched between the Ge virtual substrate (VS)
and the heterostructure is intended to keep the misfit dislocations at the Ge-VS interface, distant from the
active material. Our study comprises the investigation of MQW lasers with different well thicknesses, and
a comparison with a double heterostructure (DHS) in terms of lasing threshold, emitted light intensity and

band structure.
RESULTS AND DISCUSSION

As-grown Layers

The growth details and structural characterization of the DHS and MQW laser stacks discussed here, are
given in reference [20], and the main parameters are summarized in Table 1. In the DHS design, although
the compressive strain is partly relaxed via the GegsSno1 buffer underneath, the thick GeSn active layer
with a higher Sn content builds up a large strain energy. This results in the formation of a second misfit
dislocation network between the bottom Sio 0s5Geo 835Nn0.115 cladding and the GeosssSno 145 active layer (see
Figure S1). This second misfit dislocation network is particularly undesirable, since it is in the immediate
vicinity of the gain material where carriers accumulate. This reduces the role of large energy band offset
of the bottom SiGeSn cladding layer, which is not able to separate misfit dislocations from the active layers.

The DHS laser thus shows similar characteristics as the bulk GeSn laser.

Structure | Sn content | thickness of Si/Sn content in Si/Sn content in Si/Sn barrier
Name in active active top cladding (at.%) | bottom cladding content in thickness
layer/QW layer/QW (at.%) barrier (nm)
(at.%) (nm) (at.%)

DHS 14.5 380 4.5/14.0 5.5/11.5 - -




MQW-A 13.3 22-(10x) - - 4.8/13.0 22

MQWw-B 13.5 12-(10x) - - 5.2/13.4 16

Table 1: Alloy compositions and layer thicknesses of the investigated heterostructures, measured by
atom probe tomography (MQW-A) and energy dispersive X-ray spectroscopy (DHS and MQW-B).

One way to eliminate the misfit dislocation network formation is the epitaxial growth of strain
compensating SiGeSn/GeSn wells. Two MQW:s with 10 periods of {Sio.0sGeo.825n0.13/Geo.87SN0.13} were grown
on the same buffer as the DHS. All quantum wells have identical compositions and layer thicknesses
throughout the MQW stacks. Well and barrier thicknesses are respectively 22 nm/22 nm for MQW-A and
12 nm/16 nm for MQW-B. A line scan of an energy dispersive X-ray spectroscopy analysis of MQW-A is
exemplarily displayed in Figure 1a. In contrast to the DHS structure, no misfit dislocations are visible at the
interface between the relaxed GeSn buffer and the MQW layers, indicating pseudomorphic growth of the
MQW on top of the GeSn buffer, cf. Figure 1b. This important feature is confirmed by the X-ray diffraction
reciprocal space mapping (XRD-RSM) in Figure 1c. Here, XRD of the (-2-24) reflex was measured and the
numbers in the figure are assigned to satellite peaks of different orders from the GeSn/SiGeSn superlattice.
It should be noted, that in the MQW structures the Sn/Si content, and therefore also the strain in the
active Gepg;Sno13 wells (-0.68%) and in SiposGeos2SNo.13 barriers (-0.43%), are different. This results in a
reduction of the averaged elastic strain in the stack compared to DHS. It allows a considerable increase of
the total stack thickness without any additional plastic relaxation. And particularly, the carriers in the
MQWs are separated by the SiGeSn barriers from the misfit dislocations located at the Ge-VS/Geg.sSno.1
interface.

From the model of People and Bean?, the critical thickness of a similar MQW stack grown on top of a GeSn
buffer is calculated to be 269 nm, exceeding the total stack thickness of MQW-A. However, for the
individual layers, SiGeSn barrier and GeSn well, the critical thickness amounts to 400 nm and 176 nm,
respectively, which is below the grown thicknesses of each layer. Therefore MQW-A is anticipated to be
metastable. The total thickness of MQW-B of ~270 nm is indeed in the range of the critical thickness of the

total stack.
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Figure 1 Structural characterization of DHS and MQW stacks. (a) EDX line scan of the MQW shows the
content of Si, Ge and Sn throughout the heterostructure. (b) X-TEM of MQW-A reveals an absence of
dislocations between the GeSn buffer and the MQW region. (c) XRD-RSM proving the coherent growth
of GeSn/SiGeSn quantum wells. The EDX elemental Si maps from (d) MQW-A and (e) MQW-B at the
same magnification show the regularity of the stacks and also illustrate the difference in layer
thicknesses.

The different well/barrier thicknesses between MQW-A and MQW-B are evidenced by the Si signals of
energy dispersive X-ray spectra (EDX) shown in Figures 1d and 1e: wells and barriers are regularly spaced,

with Si content varying between 0 and 5 at.%.

The effective bandgap values, given in Table 2, correspond to the energy differences between the first
quantized levels of heavy holes (HH) and I"-valley electrons in the actual structure. The calculations include
residual strain and also quantization effects. The quantum state energies are inversely proportional to the
effective masses of the conduction and valence bands. This affects the directness of the material (defined
as AE.r=E-Er), which is considerably reduced in thinner wells since the electron effective mass at I
(m*r[100]= 0.031me) is ~2.7 times smaller than at L (m*.= 0.117m.)?%. We define the effective well-barrier
energy offsets for electrons, cf. Table 2, as the energy difference between the lowest quantized I'-valley

state of the GeSn wells and the I'-valley/L-valley energy of the SiGeSn cladding, respectively. The



confinement for holes is weaker than for electrons and the barrier height here is between 56 meV and

24 meV.
Structure Bandgap E; Directness AE,. Offset Ersigesn-Er,Gesn Offset Ey sigesn-Er,Gesn
Name (meV) r (meV) (meV) (meV)
DHS 447 83 191/98 119/99
MQW-A 509 32 79 45
MQW-B 529 8 71 22

Table 2 Bandgap, directness and conduction band offsets for the three investigated structures calculated
at low temperatures. Quantization effects (energies of electron and hole ground states) are included in
the “effective bandgap” values of MQW-A and MQW-B. The two values of offsets between the active
area and claddings of DHS correspond to (i) the interface near the GeSn buffer and to (ii) the topmost

barrier, which have different Sn and Si concentrations, see Table 1.

Photoluminescence (PL) spectra of all three as-grown structures are depicted in Figures 2a and 2b. At low
temperatures, the emission intensity of MQW-A significantly outperforms the intensity of both, the DHS
and MQW-B structures. The measured peak emission energies of 0.48 eV for DHS and 0.51 eV for MQW-
A are in excellent agreement with the calculated effective bandgaps (see Table 2). Quantization effects are
evidenced in the emission energy shift between MQW-A (0.51 eV) and B (0.53 eV). For MQW-B one can
expect, that quantization will drastically reduce the directness of the GeSn well. This indeed results in a

smaller carrier population in the I'-valley and thus a weaker PL emission (cf. Figure 2a).
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Figure 2 Photoluminescence of as-grown structures at (a) 4 K and (b) 300 K. At low temperature, the

intensity for MQW-A (blue) is one order of magnitude higher compared to DHS (orange) and MQW-B



(green). (c) The ratio of integrated emission intensities from MQW-A and DHS vs. temperature (the
experimental data and the calculated ratio respectively shown with green squares and black line). (d)
Calculated electron fractional concentration (selectively integrated over respective layer thickness) of
I'- (red) and L-valleys (blue) in the active material, as well as in the barriers and GeosSno.1 buffer layer

(orange) for MQW-A (solid line) and DHS (dashed line).

The better performance of MQW-A, compared to DHS, with a PL enhancement by a factor of 7.45 at low
temperatures, is attributed to a number of factors: (i) The modification of the joint density of states due
to quantization improves the radiative recombination rates. This is a consequence of improved matching
of in-plane heavy hole and I'-electron effective masses, calculated to be ~0.021 and ~0.026 respectively?3.
We estimated the resulting improvement to be close to a factor of ~2, which alone would be insufficient
to fully explain the experimentally observed enhancement. (ii) An increase of non-radiative recombination
times associated to the reduced number of bulk defects and/or the spatial separation of carriers from the

misfit dislocations.

The temperature dependence of the PL ratio between MQW and DHS, shown in Figure 2c, comes from the
decreased electron population of I' (and increased population of the L- valleys) as the temperature rises.
Since the L-valley population increases earlier in MQW-A than in DHS due to its reduced directness — a
consequence of both, the lower Sn content and the quantization, as explained above — the PL
enhancement is reduced as the measurement temperature increases. Additionally, at temperatures above
~50 K, the electrons increasingly escape from the wells of MQW-A into the barriers and underlying buffer,
while for DHS delocalization from the active material only becomes significant above 100 K. The calculated
relative electron population of I'- and L- valleys in the gain material and of electrons inside the
cladding/barrier/buffer, are given in Figure 2d. A more detailed description of the calculation of carrier
concentrations can be found in the Sl. In these calculations at 4 K, we assumed a carrier concentration of
~4-10® cm3, derived from the PL pumping with a 532 nm laser, averaged over the entire stack, cf. SI. The
experimental data in Figure 2c is overlaid with a plot showing (cr - cun)maw-a / (Cr * cun)ons rescaled with an
overall proportionality factor chosen to fit the experimental data, where cr and cq are the I'-electron and
heavy hole concentrations in the MQW-A and DHS gain materials, respectively, taken from Figure 2d. The
temperature dependence is well reproduced, pointing to the electron concentration — associated to the
low barrier heights and low directness — as the limiting factor for the poor PL efficiency of the MQW-A

sample at higher temperatures.



Microdisk Lasers

Microdisk laser cavities were fabricated from all three samples. A tilted scanning electron micrograph
(SEM) of an MQW microdisk cavity with 8 um diameter is shown in Figure 3a. The undercut geometry
provides a high refractive index contrast between group IV materials and the surrounding air, which is very
favorable in terms of increasing the mode overlap with the gain material as well as reducing bending
losses. Additionally, the undercut leads to an elastic strain relaxation at the periphery of the microdisk and
hence improves the directness of the gain material®*. The strain distribution in such an under-etched disk,
anchored by a thin pillar, is rather complex. The active material is not able to fully relax, since the relaxation
is also constrained by the 200 nm GegsSno.1 buffer and the SiGeSn barrier regions that have smaller lattice
constants than the active regions. This is in contrast to the undercut single GeSn bulk films reported in
Ref.[10], which were almost fully relaxed. Here, the microdisk bows slightly, similarly to a bimetal, with its
rim moving downwards by (calculated) 43.1 nm relative to the center position. As a consequence, the
strain also depends on the position of the quantum well along the z-direction (details are given in SI,
Figure S2), with the top quantum well featuring a residual strain of -0.05%, which is significantly nearer to
zero, i.e. to being a fully relaxed layer, than the -0.2% of the bottom quantum well. The simulated strain
along the z-direction is shown in Figure 3b at the lateral position (x=0 um, y=2.9 um), indicated by the red
point in the inset, which shows a schematic top view of a microdisk. This position is close to the outer rim

and has a high overlap with the optical whispering gallery modes.
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Figure 3 Microdisk design and strain analysis. (a) Tilted SEM of an MQW microdisk with 8 um diameter
and 3.5 um undercut. (b) Modeled local strain along the z-direction at x=0 um and y= 2.9 um, i.e. at the
red circle of the top-view microdisk in the inset, near the disk periphery, where the optical whispering
gallery modes have large intensity. (c) Band diagram and confined states derived from the strain
distribution from (b) for the whole stack (left) and two central QW’s (right). Inside the wells, the bulk
(solid) and quantized state energies (dotted lines) are shown for each of the valleys. Although, the
biaxial symmetry is broken in the undercut disk geometry, notation as light and heavy hole bands is
used. Light holes are attributed to lower (yellow) and heavy holes to the higher (dark green) effective

mass in the direction perpendicular to the well plane, consistent with the quantization energies.

The corresponding band diagram along all 10 wells and along the two central wells of MQW-A is shown in
Figure 3c. The quantized energy states in the wells are denoted by dotted lines. Compared to as-grown
layers, due to strain relaxation the bandgaps are slightly red-shifted to values around 480 meV and the
directness AE.r is increased from 32 meV to values between 58 meV and 79 meV, depending on the
position of the well along the z-direction. After strain relaxation, the effective barrier height, defined

previously as the energy difference between the lowest state in the well and the barrier conduction band



edge, is reduced to about 77 meV in all the QWs. We obtain 5 meV for the energy spread of the interband
recombination energy, which is much less than the typically observed energy broadening of the PL and
also smaller than the gain spectrum broadening associated to carrier scattering?>?®. Therefore, we can

assume that all quantum wells contribute to the gain during lasing operation.

Undercut microdisks were optically pumped under the conditions described in the method section. Since
the emphasis in this work is on MQWs, the light-in light-out (L-L) characteristics of DHS and its temperature
dependence are presented in Sl, Figure S3. The threshold at 50 K is determined to be 250 kW/cm? and the
maximum lasing temperature at 1064 nm pump wavelength is 120 K, similar to the values found for the

corresponding bulk samples®®.

Figure 4 shows typical lasing characteristics of an MQW-A microdisk. Power dependent spectra of MQW-
A, taken at 50 K with a spectral resolution of 16 cm™ and pumping at 1064 nm, are presented in Figure 4a.
At 72 kW/cm? peak pump power density, the dominant mode appears at an emission energy of 495 meV.
A clear indication of lasing is given by the linewidth narrowing from 18 meV (at 27 kW/cm?) down to

2.9 meV (at 125 kW/cm?) shown in Figure 4b.
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Figure 4 Laser performance of an 8 um diameter MQW-A microdisk. (a) Lasing spectra at 50 K, taken
with a 16 cm™ resolution, for different Nd:YAG pumping powers. (b) Comparison of the emission spectra
below and above threshold, where the expected linewidth narrowing is seen above threshold. (c) Lasing
spectrum at 20 K, taken with a 4 cm™ resolution and 1550 nm pumping, shows the linewidths between

0.65 (at 187 kW/cm?) and 1 meV (at 670 kW/cm?).

The lasing spectra taken with a resolution of 4 cm™ (corresponding to 0.5 meV) taken at 20 K under
1550 nm optical pumping with a peak power density of 187 kW/cm? are shown in Figure 4c. The full width

at half maximum (FWHM) of these spectra are between 0.65 meV and 1 meV, indicating that the



resolution in Figure 4b is not high enough to determine the exact linewidth. A detailed mode analysis
shows that the three laser modes observed at 494 meV, 495 meV and 497 meV correspond to whispering
gallery modes (WGM) with the same azimuthal mode number but different radial numbers, i.e. with
different number of lobes along the radius of the microdisk. Once pumping levels exceed ~400 kW/cm?,
more modes at higher energies develop, cf. Figure 4a and c, and eventually become the dominant ones.
The occurrence of higher order modes for MQW-A is accompanied by a higher overall slope efficiency, as
shown in the 50 K L-L characteristic of Figure 5a. Similar effects were observed in the case of DHS
microdisk. Based on the calculated group indices of the circularly travelling modes, the corresponding
emission energy of 506 meV is consistent with an increase of the azimuthal mode number by one. The
highest temperature at which laser emission occurred in MQW-A was 120 K, which is also shown in the

temperature dependent emission spectra at a constant peak pump power density of 660 kW/cm?in Figure

5b.
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Figure 5 Lasing characteristics of MQW-A. (a) L-L curve of an 8 um diameter disk from MQW-A under
1550 nm pumping. (b) Lasing spectra for 1550 nm pumping at different temperatures and with roughly
the same pump intensity. At 140 K, the lasing action ceases and the spectrum reverts to the
characteristic spectrum of spontaneous emission. (c) L-L curves for MQW-A for different laser excitation
intensities at 20 K and 120 K (inset), showing large differences in output intensity.

The benefits of lower energy pumping are obvious in Figure 5c, comparing L-L curves for MQW-A pumped
by the Nd:YAG laser, with photon energy of 1.16 eV, and by the 1550 nm laser (0.79 eV, but ~30% lower
absorption than for the Nd:YAG laser). Two distinct features are apparent from measurements at 20 K: (i)
Laser emission starts saturating at a much lower pump power density for the Nd:YAG laser than for the

1550 nm laser. This is ascribed to the higher excess photon energy — defined as the difference between



excitation and emission - of the Nd:YAG laser (0.66 eV) compared to the 1550 nm laser (0.30 eV) and the
shorter pulse length. (ii) For the same reasons, the maximum lasing temperature is higher for pumping at
1550 nm (0.79 eV). At 120 K, the lasing has already ceased for Nd:YAG laser pumping, as seen by the

completely linear L-L curve in Figure 5c inset, while it is still ongoing for 1550 nm pumping.

In order to compare the lasing thresholds in the MQW and the DHS samples, two methods to determine
the threshold were used: from the PL peak emission at the lasing wavelength extracted from individual
spectra, and also from the L-L curves obtained from the lock-in amplifier signals (i.e. resulting from
integration over the full spectra). The threshold value is obtained from linear fit of these data sets in the
region shortly after the lasing onset and finding the intercept with the abscissa (excitation power). All
thresholds are shown as a peak power density, which contains an uncertainty due to the excitation spot
size. A detailed discussion on spot size extraction is presented in S5. Additionally, in Sl at 50 K and Nd:YAG
pumping, a threshold value of (43 + 7) kW/cm? is extracted for MWQ-A (Figure S4). This is close to the
value found with the 1550 nm excitation. The lower pumping energy required with 1550 nm pump does
not lead to a big difference in threshold values. It is used here to confirm the threshold behavior measured
with the Nd:YAG excitation. The lowest threshold of (40+ 5) kW/cm? was evaluated at a temperature of
20 K, as the average of thresholds for both lasers.

The clearly lower threshold of the MQW-A sample, compared to the DHS, is attributed to: (i) the reduction
of the active volume®, from 377 nm for the DHS active layer down to 220 nm for the cumulative well
thicknesses in MQW-A, and (ii) a reduction of the density of states (DOS), contributing to a reduction of
the transparency carrier concentration, and (iii) an increase in non-radiative lifetimes. Since the reduction
of threshold is larger than the associated volume reduction (1.7 times), by an additional factor of 3.5, we
tend to associate this additional factor to the DOS effect, reduced Auger and other non-radiative
recombination processes due to quantization, dimensionality and confinement, as discussed in the
analysis of the PL emission. To include these effects, as well as the dimensionality dependence of the
dipole matrix elements, a detailed simulation analysis is required. But even without it, we can conclude
that lifetime improvements due to localization of carriers in the present quantum wells are not yet as high
as expected. Further pump probe experiments, such as the one reported in ref. [?], may help in clarifying

that.
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Figure 6 Comparison between the two types of laser pumping for different heterostructures.
(a) Summary of threshold values of MQW-A (circles) and DHS (triangles) at different temperatures and
pump laser type, shown in a semilogarithmic plot. Threshold values of the bulk MD with 12.5 at.% Sn
from Ref. [10] are included in green. (b) 20 K integrated intensity versus peak power densities for MQW-

A and DHS (Nd:YAG laser pumping).

The extracted threshold values for both DHS and MQW-A with both laser excitation sources are
summarized in Figure 6a as a function of temperature. The values are obtained by the same method as
described in Figure S3. Obviously, as discussed above, the MQW-A substantially outperforms the DHS at
low temperatures and continues to outperform it up to temperatures of ~100 K. Once the temperature
exceeds 100 K, due to (i) the relatively low energy separation AE.r and (ii) enhanced band filling because
of reduced DOS increasing the electron quasi-Fermi level, both contributing to increased L-valley
concentrations, the dimensionality advantages are lost. This is in line with the temperature dependence
of the PL efficiency shown in Figure 2c. L-L-curves for both structures pumped with Nd:YAG are plotted in
Figure 6b, showing that MQW-A outperforms DHS by a factor of 3 in emission power at low temperatures
(20 K). Not that surprisingly, the sample with the higher PL efficiency (i.e. MQW-A) is also a more efficient
laser emitter. A summary of maximal lasing temperatures and thresholds, for DHS and MQW-A under each

pumping is provided in table 3.



Pumping wavelength 1550 1064
(nm)
Structure name Threshold at 20 K Max. lasing T Threshold at 20 K Max. lasing T
(kW/cm?) (K) (kW/cm?) (K)
DHS 421+ 10 120 300+ 25 100
MQW-A 45+ 3 120 35+4 100

Table 3 Summary of threshold values at 20 K and maximal detected lasing temperature in MQW-A and

DHS MDs for both pumping wavelengths.

Finally, we summarize the results for sample MQW-B. As explained above, quantization effects reduce the
directness AE..r to 8 meV and thus strongly suppress lasing by increasing the threshold pump intensity. In
fact, the strong quantization in wells may push the carriers into the buffer layer. Lasing spectra of
microdisks with MQW-A and DHS are usually shifted to lower energies than PL peaks on blanket films
because of strain relaxation. But this is actually not the case for MQW-B, where the low temperature PL
emission of the blanket MQW-B is observed at 0.535 eV (cf. figure 2a), while the laser emission in
microdisk occurs at 0.552 eV. Given that the bandgap of the Geo9Snoi intermediate buffer layer is
calculated to be 0.55 eV, it is likely that the observed lasing occurs in the GeSn buffer (AE.r(blanket)=
57 meV) layer itself, rather than in the well region. The spectra at 20 K are depicted in Figure 7. Under
Nd:YAG pumping, only spontaneous emission is observed under very high power densities, while pumping
at 1550 nm shows signs of a lasing onset. Since the Nd:YAG pump is absorbed in the upper GeSn/SiGeSn
MQW stack more than the 1550 nm pump, the output obtained with 1550 nm pump has >3 times larger

intensity.
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Figure 7 Spectra of MQW-B microdisk under optical pumping. For purpose of comparison, the intensities
are normalized to duty cycles. Even for very strong 1550 nm pumping, laser emission can be hardly
obtained. No lasing threshold has been reached with Nd:YAG pumping (in orange), only the

spontaneous emission is observed.

We have investigated GeSn/SiGeSn multi quantum wells and heterostructures as laser material using the
microdisk cavity geometry optically pumped with two pump photon energies. Theoretical predictions and
experimental verification show reduced thresholds at low temperatures for the MQW-A design. This
improvement, compared to the double heterostructures as well as to the previously investigated bulk
systems, is attributed to: (i) reduced dimensionality, (ii) enhanced radiative recombination due to the
localization of electrons and holes in quantum wells, (iii) spatial separation of lattice mismatch induced
interface dislocations from the GeSn active medium by means of an intermediate buffer region, (iv)
reduced non-radiative recombination rates associated to a reduced point defect density in the lower Sn
content gain material (Sn (MQW) < Sn (DHS)). Furthermore, we observed limitations when decreasing
guantum well thickness too much, because this leads to a considerable reduction of directness and thus
of the material gain, as shown for MQW-B with 12 nm thick wells. The currently best performing structure,
with a low threshold density of approximately 40 kW/cm?, was the 10 periods MQW-A sample, which
contains 22 nm thick barriers and 22 nm thick wells. To reach the longer-term goal of lasing at higher
temperatures, one can consider a reduction of the number of wells, in order to achieve a uniform strain

distribution, as well as using high potential barriers, with a higher Si content in the layers. Moreover,



strategies to reduce the point defects density, and thus the threshold density, will be necessary. Possible
approaches include passivation?® and/or high quality, lower Sn content GeSn materials in conjunction with

tensile strain to boost the directness of GeSn%.
METHODS
Epitaxial Growth

GeSn/SiGeSn heterostructures were grown by reactive gas source epitaxy in an industrial reduced-
pressure chemical vapor deposition reactor®. Disilane (Si;Hs), digermane (Ge;Hs) and tin tetrachloride
(SnCls) were used as precursors at growth temperatures between 350°C and 360°C. All heterostructures
were grown on Ge buffered 200 mm industry grade Si(001) wafers3l. A 200 nm thick, relaxed GepoSno1
layer was used as a buffer to accommodate the lattice mismatch between the Ge-VS and the GeSn/SiGeSn
stacks on top. Residual compressive strain in the latter was thus minimized. The incorporation of Si inside
the SiGeSn barriers is strongly dependent on the growth temperature, which is around 300°C for a
Geos7Sno.13 alloy. At these low temperatures, efficient cracking of the Disilane precursor becomes difficult,
Ref. [?>%2]. Hence, in the discussed heterostructures Si contents between 4.5 at.% and 5.5 at.% were

reached.

Processing

Microdisk cavities were fabricated using conventional CMOS processing technology. A more detailed
description of the used process can be found in Ref.[10]. It should be noted that, during the final
underetching, only the underlying Ge-VS is removed, yielding suspended microdisks with the GegsSno.1

buffer at the bottom (see Figure 3a).
Photoluminescence and Lasing Spectroscopy

Photoluminescence spectroscopy was performed on the three types of heterostructures using a chopped
continuous wave laser emitting at 532 nm wavelength as excitation source. The collected emitted light
was modulated in a Fourier-transform infrared (FTIR) spectrometer and detected by a liquid nitrogen
cooled InSb detector. The GeSn/SiGeSn microdisks were investigated in an infrared microscope equipped
with a 15x magnification objective of Schwarzschild type. Two laser sources coupled in a confocal fashion
to the samples were used for optical excitation: either (i) a Nd:YAG (1064 nm) laser, with a pulse length of
5 ns and repetition rate of 17 kHz (corresponding to a duty cycle of 8.5:10°) or (ii) a fiber laser emitting at
1550 nm, with a pulse length of 800 ps and repetition rate of 20 kHz (duty cycle of 1.6:107°). The emission

signal from the microdisks — collected via the same objective — was guided into an FTIR spectrometer and



measured by a similar liquid nitrogen cooled InSb detector. The excitation with 1550 nm laser is expected
to be beneficial, because the photon energy is here nearer to the bandgap of the active GeSn material.
This near-resonant excitation should reduce the heating of the generated carriers. However, the
absorption at 1550 nm is estimated to be lower by about ~30% compared to the near infrared (1064 nm)
case, after taking reflections at boundaries, absorption coefficients and thin film interference effects into

account.
Modeling of strain distribution

The strain tensor of the undercut microdisks was modeled using the COMSOL Multiphysics programming
package. The initial strain values of different layers in the as-grown samples — used in the modeling and
experimentally measured by high resolution (HR)-XRD — are summarized in Table 4. Elastic coefficients are

supposed to be those of Ge,

Structure Exx Eyy €z
Geo.9Sno.1 buffer -0.38:10 -0.38:10 0.28:102
Geo.s675n0.133 gain material -0.68:10 -0.68:107 0.51:10
Sio.0a8G€0.822SNo.13 barrier material -0.43-10? -0.43-10? 0.32-1072

Table 4 Initial unprocessed film strain values prior to microdisk fabrication and undercutting.
&x and g,y have been measured by HR- XRD. &, has been calculated based on the in-plane strain

value and the elastic coefficients from Ref.[33].

Band structure calculations

Bandgaps in the relaxed alloys were calculated by quadratic interpolation with bowing parameters of
bgesnr = 2.24 eV and bsis,r = 3.9 eV3* at the I'-point. The effective masses, necessary for calculation of
guantized states, were derived using the 8-band k-p method and the effects of strain was included via
deformation potentials®®>. The quantized states were calculated from the effective-mass Schrédinger
equation, with the band discontinuities at interfaces given by the commonly used expressions34, coming
from the average valence band energy data of Jaros®®. The bandgaps of GeSn active layers, the directness
AE.r (defined as E\-Er) and the conduction band discontinuity between the active and barrier layers for
DHS, MQW-A and MQW-B are listed in Table 2 for the as-grown stacks, hence without the elastic relaxation

achieved by underetching of the microdisks. All calculations were performed for a low temperature of 4 K.
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Double Heterostructure- Material
A cross-section transmission electron micrograph (X-TEM) of the DHS comprising a 380 nm thick

Geo8s55Nn0.145 active region sandwiched between 50 nm thick SiGeSn cladding layers is shown in Figure
SI1. The double heterostructure incorporates GeSn with a higher Sn concentration as the GeSn buffer, on
top of which it is grown. Therefore, a large strain builds up inside the heterostructure and the
heterostructure unintentionally relaxes further after the critical thickness is exceeded. The misfit
dislocations formed when relaxation takes place are located at the interface between the SiGeSn

cladding and the GeSn active layer, which is detrimental for radiative recombination efficiency.

Figure S1 A TEM of the DHS structure reveals misfit dislocation at the interface between the SiGeSn
bottom cladding and the active GeSn layer, which are generated by further strain relaxation of the

heterostructure stack.

Carrier density calculation
The ratio of the carrier densities, discussed in Figure 2d of the main text, is evaluated as follows. For both

layer stacks, a constant excitation power density of 3.4 kW/cm? is assumed for the 532 nm laser
wavelength. This results in an average carrier density of ~4:10'® cm? inside the MQW and DHS epitaxial
stacks, assuming recombination rates to be dominated by non-radiative recombination with a carrier
lifetime of ~300 ps (and almost equal total stack thicknesses). Carrier concentrations are expected to be
low enough for screening/band-bending effects to be neglected, i.e. the flat band condition is assumed.
In addition, carriers are supposed to be at thermal equilibrium, with the associated electron and hole
quasi-Fermi-levels Ef ,,, so that carrier concentrations averaged over the entire stacks are simply given

by



Lo Z pew(E)AE
w E— Efc,v]

rL/HELH 1+ exp[t kB—T
and are equal for electrons and holes due to overall charge neutrality. Here, w is the total stack
thickness, p.,,(E) is the local density of states for the conduction or valence bands in a given layer, kg
Boltzmann’s constant and T the temperature. The integral is taken over the entire stack and the
summation over all the relevant valleys, I, L for electrons and HH, LH for holes. In the first step, the
guasi-Fermi-levels required to obtain the targeted average concentration are iteratively determined. In
the second step, the carrier concentrations are determined in each of the valleys inside the active
material. By repeating the calculation at different temperatures, the data required to generate the
modeling curve in Figure 2d was obtained. As a final remark it should be noted that the relevant
assumptions are the flat-band condition, carrier concentrations according to thermodynamic equilibrium
relative to the quasi-Fermi levels, equal excitation densities and recombination rates dominated by
similar dark recombination rates — the specific carrier concentrations in the above are only given to

exemplify orders of magnitude.

Strain simulation
The calculated strain in the radial plane of the MQW-A microdisk is plotted in Figure SI2 for two different

wells. The top well (orange) exhibits a higher degree of relaxation than the bottom well (blue), i.e. -0.05%
vs. -0.2% residual compressive strain. This is due to elastic bending of the disk, stretching the top well more
than the bottom well. In contrast to that, the regions directly above the pillar show a different behavior
due to anchoring. The strongly varying strain values at the edges of the disk are calculation artefacts

without any physical meaning.
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Figure S2 Distribution of (e«+eyy)/2 strain component, along y (x=0) in the bottom and top wells of

MQW-A microdisk. The red line shows the direction along which the strain was calculated.

Double Heterostructure- Lasing
The performance of a 8 um diameter DHS microdisk laser, pumped at 1064 nm (Nd:YAG laser), is shown

in Figure SI3. Lasing spectra taken at 20 K for different pump powers demonstrate the transitions from
spontaneous emission to lasing and finally to spectrally multimode operation. The light-in light-out (L-L)
characteristics are presented for three different temperatures in Figure Sl4b. As shown previously122,
the slope efficiency of the GeSn laser sharply decreases as the temperature increases. For DHS, the
threshold at 50 K is determined to be 250 kW/cm?, which can also be seen in the emission spectrum
collapse in Figure 4a. At about ~700 kW/cm?, the slope efficiency of the L-L curve at 50 K markedly
increases. This regime coincides with the onset of multi-mode operation in Figure 4a. At ~1000 kW/cm?
the laser output power saturates due to thermal and band filling effects. In comparison to the bulk GeSn
based laser structures reported earlier'*?, the introduction of SiGeSn claddings does not appear to
improve the lasing threshold excitation density. This undesirable result is partially ascribed to the fact
that the (still existing) defective interface between the lower SiGeSn barrier and the active material, to
which carriers inside the well are directly exposed, continues to contribute to non-radiative carrier
recombination (NRCR). The generally higher threshold values reported for higher Sn content lasers in
Ref.? and Ref.} indicate that the defect densities likely increase for increasing Sn concentrations. The L-L
temperature characteristics for DHS shown in Figure Sl4b indicate that the lasing ceases at a
temperature of 120 K, since the linearity of the L-L curve throughout the whole range of pumping levels

implies a spontaneous emission dominated luminescence. In line with threshold density values, the



maximum lasing temperature has not essentially improved in this heterostructure. These results suggest
that other improvements paths such as 2D heterostructures have to be explored on the way towards

more efficient lasing.
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Figure S3 Emission characteristics of a DHS microdisk (8 um diameter). (a) Spectra for increasing

pumping powers showing spontaneous emission lasing near threshold and multimode lasing at high

pump power, respectively. (b) Light-in light-out curves taken at three different temperatures. The

Nd:YAG laser pumping was used for (a) and (b).



Threshold determinations
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Figure S4 Linear fit for threshold determination from two different data sets: the integrated emission
intensity obtained by the lock-in amplifier (in (a) purple) and obtained from the recorded spectra (in (b)

green), both measured at 50 K with Nd:YAG pumping.

A straight line is fitted to (i) values obtained directly by the lock-in amplifier (purple data points, Figure
Sl4a) and (ii) the emission intensity obtained from the integration of individual spectra (green data points,
Figure Sl4b) at the same temperature and for the same device at pumping powers around the lasing onset.
The threshold value is determined by the intersection of the fit with the abscissa. The average of both
values is given in the manuscript as threshold while their difference is given as the measurement

uncertainty. Combining both, a lasing threshold of (43 + 7) kW/cm? peak power density at 50 K is extracted.

Laser spot size determination

The laser spot size of the excitation lasers is used to determine the peak power densities used in the
manuscript. Therefore, the error on this determination influences the extracted threshold values. In the

following the determination procedure is described.

The laser power is measured with a power meter close to the sample position, while a razorblade is driven
through the laser spot at the sample position with a resolution of 1 um steps. The resulting intensity profile

is plotted in figure SI5a.
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Figure S5 Intensity profile of the excitation spot of the Nd:YAG laser in the horizontal and vertical

directions (a). The derivative of this profile shows a Gaussian beam (b).

With the derivative of this data, the Gaussian beam profile can be fitted in the x- (horizontal) as well as in
the y-direction (vertical). The beam size is determined as the FWHM of the Gauss function and the mean
value of the x- and y- directions is taken as spot diameter, assuming a circular excitation spot geometry. In
the case of Nd:YAG excitation, the spot diameter is determined to be (7.3+0.2) um, while the spot size for

excitation with 1550 nm is determined in the same manner and results in (6.9£0.7) um.



