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1. Material characterization

Transmission electron microscopy (TEM) was used to investigate the crystalline and structural quality
of the GeSn layer. A lamella was prepared using focused ion beam (FIB) and observed in a FEI Titan TEM
microscope operating at 200 keV. Figure SI-1a shows a high-angle annular dark field (HAADF) Scanning
TEM (STEM) micrograph of the GeSn layer. The 260 nm thick GeSn layer is partially relaxed through the
formation of dislocations at the Ge/GeSn interface. These dislocations are localized within the first 20 nm
of the GeSn layer as shown in the dark-field TEM micrograph in Figure SI-1b. No threading dislocations
(TDs) were observed in TEM micrograph, so the lower limit for the TDs density is taken equal to the TDs
density in the Ge-VS, 1 x 10’ cm™. A detailed analysis of TD density in Ge-VS was performed in Ref.
[1].

The composition of the layer was measured by Rutherford Backscattering Spectrometry (RBS) and
energy dispersive X-ray (EDX) spectroscopy. The plot in Figure Sl-1c shows the results of these
measurements along the growth direction. The average composition of the layer is 5.4 at.% of Sn, in
agreement with Rutherford Backscattering Spectrometry (not shown here). A small gradient of Sn content
of 0.7 % seems to be present along the growth direction, attributed to the strain relaxation of the layer. The
GeSn layer is, therefore, slightly richer in Sn close to the surface contributing to carrier diffusion from the
defective Ge/GeSn interface region towards the layer interior.
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Figure SI-1. (a) High-angle annular dark field STEM micrograph of the as-grown 260 nm GeSn layer. (b)
Dark-field TEM micrograph showing the presence of dislocations at the interface. (c) EDX line-scan along
the growth direction, indicating an average Sn content of 5.4 at.%. A slight gradient of -0.7 at.% over
260 nm of the GeSn layer depth is observed. (d), (e) Strain mapping in the in-plane and out-of-plane
directions, as obtained from Geometric Phase Analysis using bright field-STEM. The average in-plane
and out-of-plane deformation with respect to Ge are 0.3% + 0.3% and 0.9% + 0.5%, respectively. The (in-
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plane) material strain calculated from these data is -0.5% +0.3%.

Geometric Phase Analysis (GPA) was used to evaluate the strain distribution in the GeSn layer,
delivering information on local strain with respect to the Ge-VS template. The findings are summarized
in Figure SI-1d,e. The average in-plane deformation with respect to Ge is 0.3% = 0.3% while the out-of-
plane one is 0.9% = 0.5%, showing that GeSn has a tetragonal structure, being partially strain relaxed.
The strain calculated from the lattice deformation (w.r.t. cubic GeSn crystal) for Sn content of 5.4 at.% is
-0.5% + 0.3%, in reasonable agreement with XRD measurements (Figure 1 in the manuscript). The Z
contrast of the GeSn layer is highly homogeneous, indicating that Sn atoms are evenly distributed.

2. Processing and strain engineering

The GeSn layers were processed into microdisks, embedded in a silicon nitride (SiNy) stressor. The
process, somewhat similar to that used for the fabrication of SOI substrates, was adapted to take three
aspects into account: i) a stressor layer is included; ii) a heat sink layer is added; and iii) the
materials/processes are chosen such that their deposition/processing temperature is below the growth
temperature of the GeSn layer. The technological flow is schematically illustrated in Figure SI-2. On the
as-grown GeSn on Ge-VS, a 350 nm thick SiNx layer is deposited by plasma-enhanced chemical vapor
deposition (PECVD), followed by 1 um of aluminum (Al), deposited by e-beam evaporation (Fig. SI-2a).
While multiple choices, such as SiO2-SiO> or Al-Al, are available for bonding, Au-Au bonding process
was used in this proof-of-concept work. In order to avoid Au diffusion into Al during bonding at 320°C,
a 100 nm SiNx diffusion barrier was deposited by PECVD. The layers stack prior bonding is shown in Fig
SI-2b. The total thermal budget for bonding and subsequent annealing, to increase the bonding strength,
was maintained low enough to ensure the integrity of the GeSn layer by avoiding Sn segregation.
Additionally, further relaxation of the GeSn layer is avoided.
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Figure SI-2: (a)-(d) Schematic view of the process flow, illustrating different fabrication steps of the
strained GeSn disk. (a) Layer stack prior to bonding. (b) Bonding process. (¢c) Back-etching of the donor
wafer. (d) Formation of the suspended disk by under-etching of the Al layer. At this step the strain from
the bottom SiN stressor is transferred into the GeSn. (e) Final device structure: GeSn embedded in SiN.

Most of the Si substrate is removed by chemical mechanical polishing (CMP) down to 50 um
thickness followed by a selective wet etching of the remaining Si substrate. The Ge-VS layer acts as etch-
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stop, having a very large etch selectivity versus Si in KOH wet chemical solution. A sulfur hexafluoride
(SFe) plasma is then used to remove the 2.5 pum thick Ge-VS (Figure SlI-2c). At this step, about 40 nm of
the GeSn layer, including the defective interface with Ge-VS, is also etched away. The GeSn layer
thickness is reduced from 300 nm down to 260 nm. This transferred layer is then processed by standard
lithography to define microdisk mesas with diameters in the range 4-9 um. The mesas were etched into
the GeSn/SiNy stack down to Al layer by Cl, plasma in a reactive ion etching system. The choice of Al
for the metal was dictated by the high selectivity of KOH in etching Al versus GeSn and SiNy, allowing
for a precise under-etch control and, thus, tuning of the strain transferred into the GeSn layer. At the same
time, large Al pillars are targeted to allow for an efficient heat sink. The suspended microdisk structure is
shown in Fig. SI-2d. Once the metallic post was defined, a second SiNx stressor layer (intrinsic stress of -
1.9 GPa) is conformally deposited by PECVD, resulting in a GeSn microdisk embedded in SiNx (Figure
SlI-2e). The top SiNx is 400 nm and the bottom layer 350 nm thick.

3. Microdisk emission for different strain / technology steps

From the as-grown layer to the all-around disk different strain condition can be obtained. We can
indeed fabricate the disk directly from the as-grown layer, then one should get a strain-free suspended
GeSn layer cavity. A detailed analysis of strain in such a structure was performed in Ref. [2]. As shown
in figure SI-3, with the material being an indirect band gap semiconductor the lasing cannot be reached,
even under high pulsed pump power.

The next device is obtained following the steps shown in Fig SI-2, ending with the structure in FigSI2-
d. The result is GeSn layer bonded on a SiNx layer. The PL of the microdisk shows a red shift and a strong
enhancement of the emission as compared to the as-grown layer disk. The red shift is a signature of tensile
strain induced by the underlying SiNx after patterning. In this case no laser effect can be obtained, either.
The tensile strain is expected to be highly inhomogeneously distributed both along the disk diameter and
across the layer depth. A detailed analysis of single side stressor layer on the disk is performed in Ref.
[3]. FEM analysis shows that the average biaxial tensile strain in the layer is 0.5%, with the maximal strain
of 0.8% close the GeSn/SiN interface. In this strain configuration we were not able to get lasing, although
the defects removal has been performed. Finally after the formation of an all-around SiN structure, by
additional deposition of a second 400 nm SiNy stressor layer on top of the previous structure, the lasing is
achieved. The tensile strain reaches 1.4%, and has a highly homogenous volume distribution. This is the
case discussed in the manuscript.

The results presented above referred to a Geo.o46Sno.os4 layer that is an indirect gap semiconductor for
as-grown bulk conditions. The processing performed here can, however, offer laser emission for other (Sn
composition - strain value) combinations, if it turns into a direct bandgap semiconductor and close to it.
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Figure SI-3: Photoluminescence analysis under pulsed pumping for different strain conditions in the
GeSn layer used in this work i) suspended relaxed disk, ii) transferred layer with a single-bottom side
SiNy layer, iii) GeSn encapsulated in the all-around SiNx stressor.

4. Photoluminescence comparison and optical transitions assignment

Figure 1 in the manuscript shows PL emission of the layer in the as-grown and bonded (but still
unpatterned) form, measured by a highly sensitive InGaAs detector. For measurements of the final,
tensile-strained device, a liquid nitrogen cooled InSb detector with a longer cut-off wavelength was
used. Here we show the PL emission of the bonded layer and the final structure, GeSn disk embedded
in SiN layers, using the InSb detector (Figure SI-4). This detector’s sensitivity is, however, lower than
that of InGaAs, making it less suitable for detection of emission from the as-grown layer. A large red-
shift and a strong PL emission enhancement (about two orders of magnitude) are observed. These
changes are attributed to a tensile strain induced band-gap narrowing and to the change from an
indirect to direct character of the fundamental band-gap.
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Figure S1-4: The PL emission at 80K of the GeSn layer: (green) after bonding (no strain transfer) and

GeSn/Ge-VS interface etch, the direct transition I'-HH dominates the spectrum; (pink) final structure:
tensile strained GeSn embedded in SiN.
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Figure SI-5: (a). Temperature dependence of the PL spectra of the bonded layer. The indirect transition
L-HH dominates at 20K and the direct transition I'-HH at 300K. (b) PL power dependence of the layer
at low temperature, 15K.

In thin layers the PL at room temperature is dominated by the direct transitions for both indirect and direct
bandgap semiconductors. In our case, with the compressive Geo.g46Sno.os4 layer, this is the I'-HH optical
transition. The major difference in PL between indirect and direct semiconductors is seen at low T and
through the temperature behaviour. At cryogenic temperatures, the electrons occupy the lowest energy
band, which is the L —valley for an indirect semiconductor and I"-valley for a direct one. For our indirect
GeSn compressively strained layer at 15K the main PL emission comes from the fundamental L-HH optical
transition. The I'-HH optical transition can be observed when the I'-valley starts to be populated. This can
be obtained:



1- Under high pumping conditions. This is shown in Fig. SI-5b. For our Geo.946Sno.0s4 layer this happens
above 5mW.

2- Increasing the temperature. The electrons will be thermally activated to populate the I"-conduction band.
This thermal activation to direct conduction band occurs already at 80K due to the small energy
difference between the L- and the I'-valley, as extracted from the k.p modeling. Also very important is
that the oscillator strength for direct transition is orders of magnitude larger than for the indirect
transition. This makes the direct transition dominate over the indirect one at 80K and above.

Based on the above PL temperature behaviour we can conclude that the Geo.g46Sno.054 layer under -0.32%
compressive strain is an indirect semiconductor and assign the peak at 0.61 eV to the indirect L-HH
fundamental optical transition and the higher energy peak at 0.66 eV to the I'-HH direct optical transition.
This energy difference of 50 meV is comparable to the I'-L energy difference of 60 meV predicted by
modeling.

5. Thermal heating modeling

Modelling of the thermal heat distribution inside the GeSn disk under optical pumping was performed
using the same procedure, based on Finite Element Modeling (FEM), as in Ref. [4]. The pump power
absorbed by the active layer is set as a homogeneous heat source distributed on the disk surface. A factor
of 0.65 applied to the incident power takes into account the GeSn surface reflectivity at the pump
wavelength of 1550 nm. Under 8 mW of incident power focused into a 12 um spot diameter the intensity
is 7.1 kwW/cm?. The all-integrated absorbed power by the 9 um diameter is thus 2.9 mW within the active
GeSn layer, out of the total cw incident power of 8 mW. We assume that all the absorbed power is converted
into heat in the disk. The FEM modeling results are shown in figure SI-6a. The data for GeSn thermal
conductivity are scarce in the literature, but Sn alloying generally induces a significant drop in thermal
conductivity due to mass disorder induced phonon scattering. In Fig SI-6b the modelling was performed
for GeSn thermal conductivities of 1 Wm2K?, 2 Wm™K? and 10 Wm™K™. The thermal conductivity of
elemental Ge is 58 WmK™,
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Figure S1-6: (a) Finite element modeling of temperature in the microdisk under incident pump power



of 8 mW. (b) Maximum temperature, at the disk edge, as a function of incident pump power for
different GeSn thermal conductivities.

In Fig S1-6b the maximum temperature at the disk edge, where the whispering gallery modes form, is
shown for different thermal conductivities. For our case of 9 um diameter disks, a temperature increase of
about 30 K under 8 mW pump power, i.e. 7.1 kW/cm? intensity, is found. The modeling is performed
assuming a continuous heat source, and the results represent the steady-state temperature. Under pulsed
pumping, the pulse duration is only 3.5 ns, very short compared to heat transfer rates out of the disk, which
are in the ps range. One can thus take that the temperature reached in pulsed regime scales with the duty
cycle, i.e. for a given pulsed peak power the heating is much lower than in cw. Therefore, the temperature
increase under pulsed excitation, as used in this work, is estimated to be below 10 K, for pulsed peak power
range of 0-100 mW. Note that due to unknown thermal transport parameters in GeSn alloy, this value
should be taken as a rough estimate.

6. Lasing spectra and threshold analysis

The threshold extraction for the 9 um disk at 20K under cw excitation and for the 12 um diameter disk
under both cw and pulsed excitations is shown in Fig SI-7 a-c. The same fabrication method was used, and
also the same etching time as for the 9 um diameter disk, to allow identical under-etch of the GeSn disk.
The main difference is then only in the size of the Al pillar, directly related to the disk heat dissipation. The
result is an increase of the cw lasing temperature from 45K for the 9 um disk to 72K for the 12 um disk.
This is an increase by almost 30K for cw pumping and only 15K for pulse pumping. This indicates that cw
lasing is more temperature sensitive than the pulsed lasing. In our case, the cw lasing thresholds for the 9
pum and 12 um disk are almost identical at 20-30K. The cw and pulsed thresholds, similar at 20K, have
however different temperature behaviour, and the lasing quenches faster for the cw laser. Note that the
energy deposited in the disk by cw optical pumping is 11 times higher than in the pulsed pumping mode.
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Figure SI-7: Threshold analysis for: (a) the 9 um diameter disk under cw pumping, and (b) for the 12
pm diameter disk, showing equivalent lasing thresholds, and (c) Lasing threshold obtained for the 12
pm disk as a function of temperature and under cw and pulsed pumping. The maximum lasing
operation temperature is 72 K under cw, and 100K under pulsed excitation.

The power dependence of PL emission spectra from a 12 um disk, at the temperature of 72K are
presented in Fig SI-8a. The light-in-light-out characteristics at 72K is plotted in Fig. SI-8b.
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Figure SI-8: (a) The spectra and the (b) L-L curve at 72K for a 12 um GeSn disk.

7. Modal gain assuming SRH model
To investigate the effect of thermal activation of defects on the modal gain, we perform comparative

modeling of gain in two cases, shown in Figure SI-9. The energy difference AE_-T, also called directness,
corresponds to the one deduced from the k.p modeling of the photoluminescence (70 meV). The valence
band splitting AE_H-nH amounts to 172 meV. Two cases have been considered: one, where the carrier
density is kept constant at 10'® cm when increasing the temperature, and the second scenario, in which
the non-radiative lifetime follows the temperature dependence as given in Ref. [5]. In the first case, the gain
decreases with temperature because carriers thermally transfer from I" to the L valley. In the second case,
the injected carrier density decreases with temperature also due to activation of trap levels, following the
SRH model of the lifetime, and an activation energy of 19 meV was used, as in Ref. [5]. This results in the
modal gain sharply decreasing above 50 K.
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Figure SI-9: Modal gain versus temperature for two scenarios: i) the carrier density is kept constant

as temperature varies, and ii) the carrier density decreases due to the SRH-like decrease of the non-
radiative recombination time.

8. Steady-state electron distribution in conduction band versus temperature

The steady-state electron distribution was calculated using the band dispersion from the k.p model for
I', and the effective mass based dispersion for L-valley. Figure SI-10a shows the temperature dependence
of the equilibrium fraction of electron population in the I"-valley (the remaining part being in L-valley) for
an electron density in the active layer of 10*® cm™ (as in Fig. SI-9) for two different biaxial strain values.

Larger tensile strain, which increases the AE_r difference, is highly beneficial for I" population, being able
to compensate for the larger DOS of the L-valley. This is particularly useful at higher temperatures, where
electrons can access higher DOS regions well inside the conduction band. Since only I" electrons contribute
to gain and L-electrons only bring in the free-carrier absorption, the fraction of electrons in I" should be
reasonably large. Clearly, the 1.5% tensile strain in a Geo.04Sno.os alloy enables larger I" population, as large
as is achievable in relaxed or compressively strained GeSn with much larger Sn content. Increasing biaxial
tensile strain to 2%, more challenging technologically, will also enable a Nr/Nita population ratio over
50%, offering higher operation temperature.

While the large Sn content alloys suffer from a large density of defects/non-radiative recombination
centers, too large strain may also bring in material quality issues (bulk defects, device operating lifetime).
A trade-off between these two approaches needs to be found to enable room temperature lasing. Figure SI-
10b shows the temperature dependent electron population fraction in I" for different Sn contents in 1.5%
tensile strained GeSn alloys, which highlights the influence of this parameter on the electron distribution

in the T"-valley. As can be seen for the case of 6 at.% Sn content, with lower AE_-T splitting, electron

population decreases rapidly with increasing temperature, as seen experimentally in the manuscript.
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However medium Sn contents of 10 at.% give a larger directness, which allows larger I'-valley population.
This will increase the gain and result in higher operation temperature.
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Figure SI-10: (a) Electron fraction in I'-valley in GeSn alloy with Sn content of 6 at.% under tensile strain
of 1%, 1.5% and 2%. (b) Electron fraction in I"-valley for a tensile strain of 1.5% in GeSn alloys with Sn
content of 6 at.%., 8 at.%. and 10 at.%.
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