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Abstract: GeSn alloys are the most promising direct band gap semiconductors to demonstrate
full CMOS-compatible laser integration with a manufacturing from Group-IV materials. Here,
we show that room temperature lasing, up to 300 K, can be obtained with GeSn. This is
achieved in microdisk resonators fabricated on a GeSn-On-Insulator platform by combining
strain engineering with a thick layer of high Sn content GeSn.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The first demonstration of low-temperature lasing with direct band gap GeSn, published in 2015
[1], was followed by several breakthroughs like electrically-injected lasing up to 100 K [2] and
continuous wave (CW) laser operation up to 70 K [3]. An important milestone towards real-field
applications is the ability to operate at room temperature (RT). A critical parameter to have
a performant laser at high temperature is the directness of the band structure, defined as the
energy barrier between the zone center (Γ) and the indirect (L) valleys of the conduction band.
This energy barrier should typically be around 150-200 meV, to maintain the Γ-state electron
population up to room temperature and have an optical gain involving direct transitions with the
valence band hole states [4]. To reach such directness, a high amount of tin (Sn) in the alloys is
required, of the order of 16%. Such high Sn contents are challenging to achieve. In practice, the
use of Ge strain relaxed buffers (SRBs) on silicon was proven to be most appropriate to grow
GeSn alloys and mitigate the large lattice mismatch with Si substrates. However, increasing the
Sn content results in a large compressive strain that reduces the band gap directness and degrades
the gain. The mainstream approach, to overcome compressive strain issues, is to grow layers
definitely above their critical thickness for plastic relaxation, with a strain relaxation typically
around 75%. [5] However, dense arrays of misfit dislocations near the GeSn/Ge SRB interface
are then formed, resulting in non-radiative processes detrimental to lasing [6]. So far, the highest
temperatures achieved for laser operation were 273 K for 16% of Sn and 270 K for 17% of Sn,
although the directness parameter was expected then to be high enough to reach RT lasing in [7]
and [8]. In Ref. [7], bandgap directness was reinforced by some uniaxial strain.

To go to higher temperatures, we propose a strategy relying on a specific GeSn-On-Insulator
(GeSnOI) mesa structure with the use of SiN as stressor as recently proposed in Ref. [9].
The GeSnOI stack is fabricated with layer bonding onto a metallic film for improved thermal
management [10]. The main assets of this platform is, first, to enable the removal of the GeSn/Ge
SRB interfacial defects by simple etching after bonding. Second, the optical confinement is
improved compared to conventional GeSn /Ge SRB stacks thanks to the higher optical index
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contrast between GeSn and the SiN layer underneath. Third, the strain transfer yields a higher
directness of the alloy [4]. The combination of these advantages leads to RT lasing in microdisk
resonators, as shown in the following.

2. Fabrication

Our strategy was to use a 720 nm thick GeSn layer with 16.9% of Sn on top of a 2.5 µm thick Ge
SRB, itself on a silicon (Si) (001) substrate. A Ge2H6 + SnCl4 chemistry was used to grow that
layer, at 313°C, 100 Torr with a growth rate of 22 nm/min. Reciprocal Space Maps around the
(004) and (224) X-Ray Diffraction orders gave us access to the Sn concentration and macroscopic
degree of strain relaxation R of that GeSn layer. As expected from [11], we had some Sn
enrichment in the GeSn layer as soon as the built-in compressive strain started to plastically relax.
This resulted in a higher Sn content, less compressively strained GeSn layer (16.9%, R= 84%) on
top of a lower Sn content, more dislocated and almost fully relaxed GeSn layer (13.3%, R= 98%),
as shown in Fig. 1. The residual compressive strain in the top, optically active part of the GeSn
layer was thus -0.5%. Meanwhile, the Ge SRB underneath was slightly tensile strained. This was
due to thermal dilatations coefficients’ differences between the fully relaxed Ge SRB and the Si
substrate that came into play during the cooling-down to room temperature after growth [12].
This was the reason why the Ge SRB peak was not, in Fig. 1(a), on the Si fully Relaxed Line.

Fig. 1. (a) Reciprocal Space Map around the (224) X-Ray Diffraction order gave access to
the in-plane and out-of-plane lattice parameter of the bottom and top parts of the thick GeSn
layer on the Ge-buffered Si(001) substrate and thus, to their Sn contents and macroscopic
degrees of strain relaxation ([Sn] 13.3% and R= 98% and [Sn] 16.9% and R= 84%). RL
are acronyms for the fully Relaxed Lines (from the origin of the reciprocal space to the
Si or the Ge peaks ; if the GeSn layers were fully relaxed, they would be on the Ge RL).
Meanwhile, PL is an acronym for the Pseudomorphic Line (same in-plane lattice parameter
and thus, same qx coordinate than the Ge SRB; if the GeSn layers were fully strained on
the Ge SRB underneath, they would be on that vertical line). (b) cross-sectional scanning
electron microscope image of the GeSnOI stack (after bonding with BenzoCycloButene
(BCB) on a Si wafer) showing the active GeSn layer, the SiN stressor and the Al heat sink.
The Pt layer on top was used to protect the surface during the Focused Ion Beam (FIB)
etching of microdisk mesas. (c) 75 K photoluminescence spectra under continuous-wave
optical pumping of blanket GeSnOI and of a GeSnOI microdisk mesa. The spectrum of
the latter was vertically offset for clarity purposes. The microdisk emission is strongly
modulated by cavity resonances.

The GeSnOI layer was thinned down after bonding, with therefore a removal of interfacial
defects (Fig. 1(b)). The overall thermal budget was lowered as much as possible, as thermal
stress could result in local Sn precipitation [13]. Bonding, which lasted 30 minutes, was thus
performed at a temperature of 210°C, i.e. far below the GeSn growth temperature of 313°C
(and a similar duration). The final bonded layer thickness was 450 nm and we did follow the
procedure recommended by the supplier for the bonding. In the following, we will assume that
the Sn composition was the same in microdisks than in the epitaxial stack, as we did not observe
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any precipitation by transmission electron microscopy. After patterning into microdisk mesa,
the layer became slightly tensile-strained by the bottom SiN stressor layer, by 0.1%, typically.
The in-plane strain change, from -0.5% to 0.1%, resulted in a red shift, by typically 40 meV,
of the photoluminescence emission spectrum for the microdisk mesa as compared to the one
of the blanket GeSnOI stack (Fig. 1(c)) [9]. The emission spectrum of the microdisk mesa
showed typical cavity resonance patterns that were not present on the blanket photoluminescence
spectrum. The 40 meV shift was estimated from the envelope of the photoluminescence spectra,
i.e. without accounting for the resonances.

3. Optically pumped laser characterizations

Figure 2 shows a scanning electron microscopy (SEM) image of a microdisk mesa resonator
fabricated from the GeSnOI stack. The emission from the cavities is optically excited and
analyzed as a function of temperature and excitation power density using the setup and excitation
conditions shown in Fig. 2. Emission spectra at 293 K (20°C) from a 5 µm diameter GeSnOI
microdisk mesa under 400 kW cm−2 and 800 kW cm−2 pulsed excitation densities in Fig. 2 show
a clear change from a broad spontaneous emission regime to lasing.

Fig. 2. Experimental set-up. A SEM image of a GeSnOI microdisk mesa is shown in the
bottom left. The inset shows emission spectra of a GeSnOI microdisk mesa with a 5 µm
diameter, below and above lasing threshold, at 20°C.

We started our investigation of lasing at 273 K, i.e. the highest lasing temperature reported in
the literature. Figure 3 shows the emission spectra of a GeSnOI microdisk mesa with a 5 µm
diameter for different pump power densities, with a clear transition from a spontaneous emission
regime to lasing, also noticeable in the Light in-Light out curve in the inset. The threshold density
at 273 K was 240 kW cm−2 and lasing occurred at 0.355 eV, in line with the TE11,1 whispering
gallery mode resonance (at 0.358 eV from modeling). The adjacent TE10,1 and TE12,1 modes
were indeed at 0.333 eV and 0.38 eV (free spectral range around 25 meV), without a good overlap
with the maximum of optical gain.

The WGM resonances of the microdisk were calculated a two-dimensional (2D) analytical
model, as described in Ref. [3]. The resonance wavelength of the cavity mode with azimuthal
index m was calculated from the roots of the mth Bessel function Im

(︂
2πneff (λ)

λres
a
)︂
. The optical field

was plotted at the resonant wavelength to obtain the corresponding radial number of nodes, n,
along the disk radius (a). To account for the modal dispersion of vertically confined modes, the
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Fig. 3. Emission spectra at 273 K under different excitation densities, up to 500 kW.cm−2,
of a GeSnOI microdisk mesa with a 5 µm diameter. The TE11,1 lasing whispering gallery
mode profile is shown in the graph. The right inset shows the Light in-Light out curve
(Log-Log scale).

effective index neff (λ) was obtained from 1D slab modeling of TE-polarized waves propagating
in the GeSn layer. This 2D analytical model perfectly reproduced the WGM resonances obtained
with the aperiodic Fourier modal method, as detailed in Ref. [14].

The lasing spectra under excitation higher than 500 kW cm−2, as shown later on, become
multimode due to the optical gain spectral and spatial broadenings. A similar behavior was
reported in Ref. [6]. While this feature is generally explained in terms of homogeneous or
inhomogeneous broadenings, we emphasize that the spectral range with net positive gain is
spectrally narrow at high temperature, resulting in a drastic mode selection as shown thereafter.

Figure 4(a) shows the emission spectra of the 5 µm diameter microdisk mesa when the
temperature increases, starting from 273 K under a fixed pump power of 880 kW cm−2. At
this pump density, the lasing spectra are multimode between 273 K and 285 K. Above 290 K,
lasing occurs preferentially with the TE11,1 mode, i.e. the mode associated with the onset of
lasing at 273 K. Lasing is maintained up to 300 K and quenched at 303 K. This represents
a major achievement since room temperature lasing is demonstrated here. Figure 4(b) shows
the emission spectra as a function of pump power density at fixed heating temperature of 298
K. The corresponding Light-in Light-out (L-L) curve of the integrated signal is shown in the
inset. As already observed at 273 K, a clear laser transition is observed at a threshold density
of 400 kW cm−2, as also shown by the S-shape of the L-L curve plotted on a Log-Log scale.
Above the lasting threshold, the peak linewidth is ∼ 1 meV only. It is comparable to the lasing
peak linewidth of 0.5 meV for GeSnOI microdisk mesa at much lower temperatures, i.e. 74 K
under similar pumping excitations [9]. Furthermore, there is a clear linewidth narrowing of
the lasing peak by a factor close to two, as shown in the inset of Fig. 4(b). According to the
Schawlow-Townes theory, a linewidth reduction by a factor of 2 is a signature of the transition
from spontaneous emission to coherent emission.
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Fig. 4. (a) Temperature dependence, from 273 K up to 303 K, of the optical emission spectra
under 880 kW cm−2 optical excitation. Lasing is maintained up to 300 K and quenched at
303 K (b) Emission spectra for different excitation densities at a fixed cooling temperature
of 298 K. The right inset shows the integrated signal Light in-Light out curve (Log-Log
scale) together with the lasing mode linewidths extracted from emission spectra at different
pumping powers. The error bar accounts for the lower signal-to-noise ratio below threshold.
(c) Lasing threshold as a function of temperature. Dashed lines are exponential fits with
T0 characteristic temperatures of 420 K and 20 K, respectively. (d) Integrated signal as a
function of temperature for a fixed pump power density of 880 kW cm−2.

We studied the lasing threshold as a function of temperature over a wider range of temperature
as shown in Fig. 4(c). From 75 K up to 273 K, lasing characteristics are stable and the threshold
increases only by a factor of two. In that temperature range, the threshold increase is well
accounted by an exponential law with a characteristic T0 temperature as high as 420 K, i.e. 1.4
times Troom with a room temperature of 293 K. Such a characteristic shows that the optical
gain should potentially be maintained above room temperature. However, above 273 K, the
slope abruptly changes and the threshold increases much more rapidly, with a T0 of 20 K only,
then. The slope change above 273 K occurs simultaneously with the onset of a laser signal
decrease, as shown in Fig. 4(d). This steep decrease of the signal and the abrupt threshold
increase suggest that thermal activation of extra losses occurs in the gain region of the cavity.
The laser quenching may be due to carrier losses because of thermal activation of non-radiative
processes, for instance on the microdisk mesa sidewalls through photo-induced desorption or
adsorption of contaminants, as shown in Ref. [15]. Indeed, lasing whispering gallery modes
are close to the microdisk etched sidewalls and should be sensitive to surface contamination
there. It should be noted that the TE11,1 mode has the lowest lasing threshold at 273 K and
thus the best combination of Q-factor, spectral and spatial overlap with optical gain, enabling
it to still lase at higher temperatures. Other studies, beyond the scope of this work, would be
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helpful to better assess the role of surface contamination on lasing characteristics above 273 K.
Effective surface passivation of GeSn as proposed in Ref. [16] would be helpful in the future
to optimize the device performance robustness against temperature. Beyond the detrimental
impact of non-radiative surface recombination, the material could also present bulk defects, like
p-type vacancies as evidenced in Ref. [17], that may contribute to the fast laser quenching with
temperature above 300 K. In view of multiple unknown parameters related to material growth
conditions and processing, the fine modeling of optical gain in GeSn as a function of temperature
will require further experimental analysis to build a robust model.

4. Discussion

Since lasing is a highly non-linear process involving optical gain and carrier recombination
dynamics, a slight change of conditions can have a strong impact, explaining its abrupt quenching
with temperature. Additional heating from the optical pump, that has to be increased to reach
higher thresholds, contributes to this quenching. We can assume that the use of heterostructures,
with for instance SiGeSn ternary alloys as barriers [18,19,20] would be helpful to reduce surface
recombination and maintain lasing at higher temperatures with a reduced threshold. With the
GeSnOI approach, there is indeed no need to suspend the layer as in [20] [21] under-etched
microdisks, resulting in a better thermal management. The interest of the GeSnOI approach was
also proven in [22] by bonding GeSn microdisks on SiO2 layers (with Al2O3 intermediate layers
and no residual compressive strain, afterwards). Another advantage of the GeSnOI platform that
is thoroughly discussed in [22] is the removal of interfacial defects between the GeSn active
layer and the Ge strain buffer layer underneath, significantly improving the laser thresholds
characteristics in Refs. [9] and [6]. The low-temperature thresholds of the structures investigated
here are larger than those reported in Refs. [6] and [9]. The later used lower tin content as gain
media and lasing occurred at shorter wavelength, i.e. smaller than 2.4 µm against 3.54 µm here,
with then lower free carrier absorption losses. However, the robustness versus temperature is
much stronger here because of a significantly higher Sn content, and higher directness of the
band structure, a better thermal management and the use of shorter optical pulses.

We have shown that the room temperature hurdle for lasing with GeSn alloys can be overcome.
Our GeSnOI approach enabled to fabricate smaller micro-resonators than in [7] and [8], potentially
enabling their dense integration on a semiconductor-on-insulator photonic platform as shown
in [23]. Further optimizations of the GeSn structural quality, with for example a step graded
increase of the Sn content during growth, as in [7] or [24], and the right surface passivation
strategy should result in even better performances.

In the near future, one of the main challenges will be to fabricate electrically-pumped devices
taking full advantage of the GeSnOI technology. Pin GeSn diodes will then have to be grown
and bonded with the process flow shown here. The design of the laser cavity will have to be
adapted in order to minimize losses due to the use of metallic electrodes while having the best
possible carrier injection in the gain region. We have used here a cavity design, but many other
designs, like conventional Fabry-Perot ridge cavities, could be thought of. Our strategy is indeed
compatible with complex heterostructures and electronic band engineering, as in Ref. [2] with
100 K electrically pumped lasers.

5. Conclusion

To conclude, we have shown here that room temperature lasing can be obtained with thick
GeSn alloys with a tin content of 17% thanks to the use of a GeSnOI specific technology with
interfacial misfit dislocations removal, strain engineering, improved optical confinement and
thermal management. In numerous previous works with the same tin content alloys and lasers
fabricated from as-grown GeSn/Ge-SRB/Si, room temperature lasing was not reached despite
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advanced SiGeSn/GeSn heterostructures engineering [7–8,24–26]. The current study emphasizes
the potential of the GeSnOI technology.
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