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ABSTRACT

Recent advances in group-IV materials, particularly germanium-tin (GeSn) alloys, have reinvigorated the pursuit of CMOS-
compatible light sources. The optical performance of GeSn is governed by the coupled effects of Sn composition and lattice strain,
which together dictate optical gain and the maximum operating temperature. Here, through a tailored heterostructure design and
epitaxial strategy, we realize GeSn multi-quantum-well (MQW) heterostructures with ~15 at.% Sn in the wells and systematically
investigate their performance on two distinct platforms: GeSn on-Si bulk and GeSn-on-insulator. By engineering the lattice strain
from compressive to tensile, we reveal the fundamental trade-off between lasing threshold and maximum operating temperature.
The GeSn-on-insulator MQW platform delivers outstanding performance, enabling mid-infrared lasing at room temperature
(293 K) with a threshold of 500 kW cm~? in a simple mesa cavity, while the tensile-strained counterpart achieves a lower threshold
of 8 kW cm~2 at 77 K but sustains laser emission only up to 265 K. These results indicate that GeSn MQWs are a viable group-IV
gain medium for mid-infrared lasing and highlight their potential for integration into CMOS-compatible silicon photonic circuits.

1 | Introduction GeSn alloys have also emerged as efficient gain media for Si-
compatible lasers. Their epitaxial growth on Ge/Si virtual

substrates overcomes the limitations of indirect-

Group-IV photonics has advanced rapidly over the past decade,
emerging as a promising platform for integrating optical com-
ponents with CMOS-compatible processes [1, 2]. The advent
of direct-bandgap GeSn alloys opens new pathways for Al-
accelerated sensing and in-memory optical computing [3, 4],
where information processing and storage occur directly within
the photonic domain. Leveraging their mid-infrared opera-
tion, GeSn devices could enable intelligent edge computing
functionalities—such as real-time spectral analysis, chemical
detection, and adaptive optical response—crucial for edge Al and
neuromorphic systems [5].

(6, 7]
bandgap group-IV semiconductors through compositional
tuning and strain engineering. Mid-infrared lasing has
been demonstrated under pulsed [8, 9] and continuous-
wave optical pumping [10], confirming their potential
for on-chip light sources. Their tunable band structure
and CMOS compatibility make GeSn a versatile platform
for short- and mid-wave infrared (1 = 2-5 pum) emission,
complementing III-V semiconductors for sensing [11, 12],
lab-on-a-chip technologies [13] and integrated photonics
applications.
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Lasing has been demonstrated across a wide range of Sn com-
positions and cavity geometries, including microdisks [8, 14],
ridge waveguides [15, 16], photonic crystal resonators [17] and
even nanowire [18]. However, achieving low-threshold operation
at room temperature remains challenging. High Sn concentra-
tions are required to ensure sufficient I'-L valley separation
(>100 meV), enhancing direct-bandgap character and suppress-
ing intervalley scattering [10]. At the same time, higher Sn content
degrades crystalline quality, increases non-radiative recombina-
tion and optical losses, and introduces compressive strain that
promotes defects and limits thermal stability.

To address these limitations, layer-transfer techniques have been
adapted to GeSn-on-insulator (GeSnOI) platforms [9, 10, 19, 20].
This approach removes the defective GeSn/Ge interface and
enables integration of functional interlayers such as thermal
sinks or stressor layers. Biaxial tensile strain can mimic higher
Sn incorporation while preserving crystal quality, reducing the
carrier density required for population inversion and lowering
thresholds. Nevertheless, the tradeoff with Sn content remains
evident: the optically pumped threshold at 5 K is ~1 kW cm™2
tensile-strained Ge 4sSn, o5 layer [10], compared with 12 kW cm—2
for Ge, 4sSny 14 [9]. Higher Sn content also increases the maximum
operating temperature from 100 to 295 K, highlighting the balance
between optical gain and material robustness.

Progress in Sn-based epitaxy has enabled the growth of high-
quality GeSn multi-quantum-well (MQW) heterostructures [8,
21-25], employing binary GeSn wells and Ge or ternary SiGeSn
barriers. The MQW design significantly enhances optical con-
finement and gain, resulting in a pronounced reduction of
the lasing threshold. However, the maximum lasing tempera-
ture remains limited to ~ 150 K. This limitation arises partly
from the limited stoichiometric control achievable with current
epitaxial techniques and from uncertainties in key material
parameters that influence band-structure calculations and, con-
sequently, the optimization of the structure through modeling.
Furthermore, short-range ordering phenomena recently observed
in the lattice of SiGeSn alloys [26-28] add another layer of
complexity, underscoring the need for a deeper understanding
of the electronic structure in these multicomponent group-IV
systems.

Previous studies have primarily focused on specific Sn compo-
sitions or incremental cavity design improvements, providing
limited guidance for active-medium engineering based on fun-
damental physics. Here, we investigate an epitaxially grown
GeSn/GeSn (x > y) multi-quantum-well heterostructure as the
laser active medium across multiple strain configurations, high-
lighting electronic band-structure engineering as the main factor
controlling optical emission. To this end, two distinct cavity
designs are fabricated on both major technology platforms—
on Ge virtual substrates on-Si bulk (OS) and on-Insulator
(OI)—serving as complementary strain-engineering strategies.
By simultaneously tracking the evolution of emission spectra
from spontaneous emission at cryogenic temperatures to room-
temperature lasing, along with the temperature dependence of
the lasing threshold, we reveal the key band-structure mecha-
nisms governing efficient group-IV laser operation. These results
underscore the critical interplay among moderate Sn content,
strain control, and defect mitigation, establishing GeSn-on-

insulator MQW microcavities as a robust, CMOS-compatible
platform for mid-infrared on-chip light sources.

2 | Epitaxial Growth and Characterization of
GeSn MQW Architecture

The GeSn-based heterostructures were epitaxially grown in an
industrial reduced-pressure chemical vapor deposition (RP-CVD)
reactor on Ge/Si virtual substrates, consisting of a 300 nm Ge
heteroepitaxial layer deposited on 200 mm Si(100) wafers. A
compositionally graded GeSn buffer was subsequently grown, in
which the Sn content was progressively increased from 11 at.%
to 14 at.% and then slightly reduced to ~12 at.%. The result-
ing ~ 300 nm-thick buffer promotes in situ strain relaxation,
establishing an expanded in-plane lattice constant that serves
as a template for the growth of the optically active multiple-
quantum-well (MQW) stack. The MQW region consists of five
periods of alternating GeSn layers, with 37 nm Ge, 4sSn, ;5 wells
and 13 nm Ge;q,Sn,,, barriers. The first well, grown directly
on the graded GeSn buffer terminating at 12 at.% Sn, is lattice-
matched and exhibits a smaller band offset compared with the
subsequent wells. The modulation of Sn composition between
wells and barriers was achieved isothermally by adjusting the N,
carrier gas flow in the reactor, following the methodology detailed
in Ref. [29]. This growth approach ensures sharp compositional
interfaces, minimal Sn segregation, and high reproducibility of
the GeSn MQW heterostructure.

A comprehensive structural characterization of the epitaxial
GeSn-based MQW heterostructure has been performed. Figure 1a
presents high-resolution transmission electron microscopy (HR-
TEM) images acquired at different magnifications, together
with the corresponding two-dimensional Sn distribution maps
obtained by energy-dispersive X-ray (EDX) analysis. These com-
bined data sets confirm the high crystalline quality of the
structure and the well-defined atomic-scale distribution of Sn
across the MQW stack. These measurements reveal sharp,
dislocation-free interfaces between wells and barriers, as well as
abrupt Sn composition changes across the heterointerfaces. Such
abruptness is critical for carrier confinement and optical gain
in the MQW active region. Additionally, full-stack SIMS data,
Figure 1b, show that the Sn concentrations remain close to the
nominal values of 15 at.% for the wells and 10 at.% for the barriers.
High-resolution x-ray reciprocal space mapping (RSM) around
the (224) reflection, Figure 1c, confirms the pseudomorphic
epitaxy of the MQW stack on the underlying GeSn buffer layer.
While the 300 nm—thick Ge layer is slightly compressively
strained +0.15%, the GeSn buffer is about 80% strain relaxed
(close to the cubic line in reciprocal space). The Ge,gsSny;s
wells exhibit residual biaxial compressive strain of approximately
—0.4 % and the Ge,,Sn,; barriers are +0.23 % tensely strained.
Both the wells and the barriers are direct bandgap semiconduc-
tors. Electronic band structure of the as-grown heterostructures,
calculated at 5 K using a strain-resolved eight-band k-p model
reveals that both the wells and the barriers are direct bandgap
semiconductors and that they feature a type-I band alignment
with both I'—electrons and heavy holes (HH) confined and
quantized in the GeygsSn,;s wells, (Figure 1c). Temperature-
dependent photoluminescence (PL) emission spectra measured
between 5 and 300 K are shown in Figure 1f. At 5 K, a strong
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FIGURE 1 | Material characterization of the GeggsSng15/Geg g9Sng10 MQW heterostructure: (a) TEM image showing high crystalline quality and
smooth well-barrier interfaces. Insets (a;) and (a,) show a single well and a high-resolution zoom inside the well, respectively. (b) EDX map showing the
Sn elemental distribution. (c) SIMS profiles of Sn and Ge showing clear elemental modulation across the epitaxial stack. (d) X-ray RSM around the (224)
reflection confirming pseudomorphic growth of the MQW stack. (e) Calculated electronic band structure of the MQW heterostructure. (f) Temperature
dependent PL spectra and PL at 5 K under different electrical current densities.

emission peak is observed at approximately 0.442 eV, in excellent
agreement with the calculated bandgap of 0.44 eV. The emission
intensity decreases significantly above 150 K, which is attributed
to thermally activated nonradiative recombination processes,
possibly enhanced by carrier escape from the quantum wells,
indicating limited carrier confinement and suggesting a relatively
small band offset. Meanwhile, the linewidth exhibits only slight
thermal broadening, increasing from about 30 meV at 5 K to
40 meV at 250 K, as expected for high-quality multiple quantum
well (MQW) structures. The excitation power dependence of the
PL at 5 K is presented in the inset of Figure 1f.

3 | The Laser Cavities

To evaluate the laser emission performances of the
GeygsSn,15/Ger oSN ;0 MQW  heterostructure, four circular
laser cavities were fabricated using two designs: mesa- and
under-etched—type cavities. These were implemented on
two different material platforms: on Si (OS) and on-insulator
(OI) wafers. The OS platform involves direct patterning of
the as-grown heterostructure (Figure 2a,b), whereas the OI
platform is based on the patterning of a GeSn-based layers
stack transferred onto an insulating buffered Si wafers via a
layer-transfer process (Figure 2c,d). This latter architecture,
commonly referred to as GeSn-on-insulator (GeSnOI), also
facilitates the integration of additional interlayers between the
insulator and the Si wafer. In this work, the insulating layer is a
400 nm SiN, layer, which also acts as a stressor layer, inducing

biaxial tensile strain in the GeSn cavity through processing and
under-etching [9, 10, 30]. The additional interlayer is a thick Al
layer, which has been shown in previous studies to reduce the
laser cavity temperature by ~ 10-15 K [19]. This architecture not
only addresses key limitations of GeSn and Ge semiconductors
and provides a scalable pathway for performance optimization.
Scanning electron microscopy (SEM) imaging of the fabricated
8 um diameter cavities reveals well-defined circular geometries
with vertical and smooth sidewalls on both the bulk and GeSnOI
platforms. These observations confirm the structural integrity
and reproducibility of the fabrication process, as reported in Refs.
[22, 31]

This work focuses on the influence of the electronic band
structure on lasing performance. To achieve end, different cavities
and platforms are employed to systematically tune the GeSn
MQW strain from biaxial compressive to biaxial tensile, thereby
controlling the band structure at the disk periphery where optical
whispering-gallery modes (WGMs) are confined. In the mesa
cavity on Si (mGeSnOS) the quantum wells retain their as-
grown biaxial compressive strain, which lifts the valence-band
degeneracy and positions the heavy-hole (HH) band as the top
valence band. In under-etched cavity on Si (u-GeSnOS), partial
strain relaxation occurs in the suspended peripheral region of
the disks [32], slightly improving the I' — L directness while
preserving the HH character of the valence band. In contrast, in
the under-etched GeSn-on-insulator (u-GeSnOI) cavity, the all-
around SiN stressor layer induces biaxial tensile strain, leading
to strong bandgap narrowing, enhanced I'—L directness, and,
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FIGURE 2 | Microdisk laser cavities: (a-d) SEM images of the fabricated GeSn MQW microdisk laser cavities: (a) mesa GeSn MQW on Si bulk
(m-GeSnOS) ; (b) under-etched GeSn MQW on Si bulk (u-GeSnOS) ; (c) mesa GeSn MQW on insulator (m-GeSnOI), and (d) under-etched GeSn MQW
on insulator (u-GeSnOI). (e,f) Schematic band diagrams illustrating the energy band alignment for mGeSnOS and p-GeSnOl, respectively. (g) Emission

spectra taken at 77 K for all cavity types, showing the emergence of whispering-gallery modes (WGMs and emission energy shift for different cavity

configuration.

importantly, a valence-band reordering in which the light-hole
(LH) band becomes the valence-band maximum. The electronic
band structures for the biaxial compressive and tensile cases are
schematically shown in Figure 2e,f, respectively, highlighting the
inversion of the heavy-hole (HH) and light-hole (LH) bands in the
valence band.

The strain variation is directly evidenced by photolumines-
cence (PL) measurements, as reflected in the energy shifts of
the whispering-gallery modes (WGMs). Figure 2g presents the
emission spectra acquired under continuous-wave excitation at
1.55 um, showing a ~ 15 meV redshift for the under-etched
cavity relative to the mesa cavity on the bulk Si platform, and
a significantly larger ~ 100 meV redshift for the under-etched
cavity on the insulator platform (u-GeSnOI). These pronounced
shifts demonstrate the effectiveness of strain engineering in
tailoring the optical response of group-IV laser cavities. The
emergence of sharper WGMs in the GeSnOI platform stems
from enhanced optical confinement within the cavity, which
suppresses scattering losses and, thereby, increases the quality
factor.

4 | GeSn MQW Lasers on Si Bulk (GeSnOS)
Platform

The fabricated laser cavities were characterized under optical
pumping using a pulsed laser source with a central wavelength
of 1.55 pym and a pulse width of 2 ns. The emission spectra of
8 um diameter mesa and under-etched cavities fabricated on as-

grown wafers are presented in Figure 3 and their 3D sketches
are shown as insets. The optical emission was measured at
77 X under various pump power densities ranging from 450 to
6500 kW cm~2. For the mesa cavity the spectral response consists
only of spontaneous emission without any threshold behavior
indicative of lasing even under high-excitation conditions.

A markedly different behavior is observed for the under-etched
cavities. A sharp optical resonance at ~ 0.46 eV emerges once
the pump fluence exceeds 110 kW cm~2, indicating the onset
of stimulated emission. The lasing threshold, extracted from
the inflection point of the light-in - light-out (L-L) charac-
teristic, corresponds to the pump density at which the optical
gain surpasses total cavity losses. A more rigorous thresh-
old determination is obtained from the second derivative of
the L-L curve, where a pronounced peak marks the transi-
tion from spontaneous to stimulated emission; this approach
remains valid for both single- and multi-mode onset as long
as a nonlinear change in output power occurs. The first las-
ing mode exhibits a threshold of 110 kW cm~2. With Further
increase in pump fluence, the device undergoes mode com-
petition, starting at about 210 kW cm~2: the initial lasing
mode is quenched, while a higher-energy mode emerges and
dominates.

The superior lasing performance observed in the under-etched
cavity compared to the mesa cavity is associated with three main
factors: (i) enhanced directness resulting from strain relaxation
in the suspended disk region, which increases the material gain;
(ii) improved optical mode confinement due to the significantly
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FIGURE 3 | GeSn MQW microdisk cavities on Si: (a) 3D schematic of the mesa GeSn MQW cavity on Si bulk (mGeSnOS). (a,) Emission spectra of

an 8 ym diameter mGeSnOS cavity under pulsed optical excitation, showing no evidence of lasing. (b) 3D schematic of the under-etched GeSn MQW
cavity on Si bulk (u-GeSnOS). (b;) Emission spectra of an 8 um diameter p-GeSnOS cavity under increasing pulsed pump power, exhibiting single-
mode lasing at threshold that transitions to multimode operation at higher excitation levels. (c) Second derivative of the L-L characteristic used to
extract lasing thresholds. The first and second lasing modes exhibit thresholds of ~110 and ~210 kW cm™2, respectively. (d) Temperature-dependent PL

spectra under a constant excitation density of 600 kW cm™
temperature-dependent lasing thresholds, summarized in (e;).

higher refractive index contrast at the GeSn/air interface (An
= 437 at 1 = 3 ym) compared with the GeSn/Ge interface
(An = 0.35) [33, 34] and (iii) the removal in the under-etched
WGM region of the highly defective heterointerface between the
GeSn graded layer and the Ge buffer, which otherwise acts as a
non-radiative recombination center [32]. Together, these factors
enhance radiative carrier recombination and provide positive net
optical gain, thereby facilitating lasing emission.

2, showing sustained laser emission up to 140 K. (e) L-L characteristics used to determine

The maximum lasing operating temperature is a key figure of
merit for laser performance. From the temperature—dependent
emission spectra measured under a fixed pump excitation density
of 660 kW cm? (Figure 4a), a maximum lasing operation tem-
perature of 140 K is observed. The clear “S-shaped” of the L-L
characteristics at low temperatures, showing the gain saturation
regime following the initial exponential increase of the amplified
emission, progressively flattens and becomes almost linear at
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FIGURE 4 | GeSnOI MQW cavities at 77 K: (a) 3D sketch of the mGeSnOI laser cavity; (a;) Emission spectra of an 8 um diameter mGeSnOI cavity
under pulsed laser operation under different optical pump powers and (a,) its L-L characteristic indicating a 17.8 kW ¢cm~? lasing threshold. (b) shows
a sketch of the u-GeSnOl laser cavity, (b;) Emission spectra of an 8 um diameter p-GeSnOI cavity under pulsed laser operation under different optical

pump powers and (b,) its L-L characteristic indicating an 8 kW cm~2 lasing threshold.

150 K, consistent with the disappearance of lasing as shown in
Figure 3b. The laser threshold, extracted from the L-L character-
istics, rises sharply from 110 kW cm~2 at 77 K to ~ 450 kW cm~2 at
140 K. This pronounced increase is attributed not only to thermal
carrier scattering between the I'- and L- valleys, as observed
in bulk GeSn lasers, but also to quantum well-specific effects.
In particular, carrier redistribution into higher-energy sublevels
within the quantum wells with reduced optical gain and carriers
escape over the quantum well band offset, further lower the
population inversion and contribute to the increased threshold.

5 | Strain Engineered GeSn MQW Lasers on OI
Platform

The GeSn on-Insulator technology has been shown to signifi-
cantly enhance the performance of thick GeSn bulk lasers [9, 10,
19, 20]. Herein, a complex GeSn-based MQW heterostructure is
transferred onto a receiver wafer. Figure 4a,b schematically show
the MD laser cavities whose properties are directly compared
to those of the mesa and under-etched GeSnOS. The under-
etched cavities (u-GeSnOl) are fabricated by selectively etching
the Al layer beneath the cavity, a process that induces biaxial
tensile strain in the GeSn MQW layer by relaxing the compressive
strain in the SiN, stressor layer underneath. To ensure a uniform
tensile strain distribution throughout the GeSn MQW stack, the
entire cavity is encapsulated with a 400 nm thick SiN, layer.
Further fabrication details can be found in Ref. [10]. The optical
emission spectra at 77 K for mesa (mGeSnOI) and under-etched
(u-GeSnOl) cavities, measured under the same optical conditions
as the GeSnOS counterparts, are presented in Figure 4a,,b;,.

In contrast to the mGeSnOS (Figure 3a), where only weak
spontaneous emission is observed, the mGeSnOI cavity exhibits
strong, well-defined laser emission. Multimode lasing occurs e.g.,

under a pump density of 110 kW cm ™2, indicating broad and high
optical gain. From the L-L characteristic at 77 K (Figure 4a,), a
lasing threshold of ~17.6 kW cm~2 is extracted. This threshold,
lower than that reported for bulk GeSn with comparable [9] or
even lower Sn content [19], is attributed to carrier quantization,
which reduces the required population inversion, and to carrier
confinement within the MQWs, which suppresses diffusion losses
and promotes efficient radiative recombination. In contrast to the
laser cavities on bulk Si, the key distinction here arises from the
complete removal of the partially relaxed GeSn graded buffer and
its dislocated interface with the Ge layer, leaving only the high-
quality crystalline GeSn MQW stack transferred onto the receiver
wafer. The improvement in cavity quality factor is already evident
from the WGM spectra shown in Figure 2.

The emission spectra at 77 K of the p-GeSnOI cavity are
shown in Figure 4b,. Pump power-dependent measurements
show single-mode lasing that transitions to multimode emission
above ~22 kW cm~2. This behavior reflects a broadening of the
optical gain spectrum with increasing carrier injection, enabling
population inversion over a wider spectral range; as the excitation
density rises, higher-order whispering-gallery modes (WGMs)
reach the lasing threshold, giving rise to the observed multimode
emission. From the L-L characteristic, presented in Figure 4b, a
lasing threshold of 8 kW cm~2 at 77 K is extracted using the second
derivative method. This threshold is 50% lower compared with
the mGeSnOI cavity and an order of magnitude lower than the
p-GeSnOS counterpart. Notably, this threshold is also lower than
any previously reported values for GeSn cavities of any geometry
or alloy composition, including both bulk and MQW devices [19].

The enhanced performance of the tensile-strained p-GeSnOI cav-
ities arises from the synergistic interplay between band structure
engineering and cavity design. Biaxial tensile strain favors the
direct I' - LH transition, which has larger transition matrix
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FIGURE 5 | GeSnOI MQW cavities at elevated temperatures: Emission spectra of a (a) mesa GeSnOI (mGeSnOI) and (b) under-etched GeSnOI
(u-GeSnOI) cavities under a constant optical pump of 660 kW cm™2 as a function of temperature. Temperature dependence of the lasing threshold for
the (a;) mGeSnOI cavity and (b; ) u-GeSnOI cavity. PL spectra of the (a,) mGeSnOI cavity at 293K and (b, ) u-GeSnOlI cavity at 265K under different pump

powers.

elements than the less favorable I' — HH transition in other
strain configurations. This increases optical gain and lowers the
carrier density required to reach the lasing threshold, owing
to the reduced density of states in both the I'- and LH bands
[10, 35]. As mentioned above, tensile strain further increases the
material’s directness by lowering the I'-valley energy, suppressing
intravalley scattering, and narrowing the bandgap. At 77 K,
the emission redshifts to ~3.9 um (~0.318 eV), compared with
~2.9 um (~0.428 V) in unstrained material, demonstrating that
biaxial tensile strain provides an effective handle to tune the laser
emission wavelength in GeSn MQWs.

The temperature-dependent emission spectra of both mesa
(mGeSnOI) and under-etched (u-GeSnOI) cavities are shown
in Figure 5 for a pump density of 660 kW cm~2, well above
threshold. At low and intermediate temperatures, both cavities
exhibit multimode lasing, which gradually evolves into single-

mode operation before lasing is quenched. This transition reflects
the combined effect of (i) reduced overlap between the opti-
cal gain spectrum and the WGM cavity modes, and (ii) the
decreased quality factors of higher-order modes due to increased
absorption and carrier scattering, allowing the dominant mode to
prevail. This behavior underscores the delicate interplay between
thermal effects and modal dynamics in group-IV lasers [9,
10, 19, 20]. Remarkably, the mGeSnOI cavity sustains lasing
up to room temperature (293 K, ~ 20°C), constituting, to our
knowledge, the first demonstration of room-temperature lasing
from a GeSn multiple quantum well heterostructure. For the
under-etched p-GeSnOI cavity, a maximum lasing temperature
of only 265 K is reached. Although this value exceeds that of
previously reported GeSnOlI lasers [10, 19], it remains below the
lasing temperature of the mGeSnOI cavity. The temperature-
dependent lasing thresholds of GeSn MQW microdisk lasers on
bulk and insulator platforms show distinct behaviors. The bulk
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device (u-GeSnOS) exhibits a uniform threshold increase with
temperature, corresponding to a nearly constant characteristic
temperature of T, ~70 K (Figure 3e;), indicative of moderate
but stable thermal sensitivity. In contrast, the m-GeSnOI laser
displays a nearly temperature-independent threshold up to 200 K
(Figure 5a,), corresponding to an effectively infinite T,, followed
by a pronounced transition where the threshold rises rapidly,
yielding T, ~30-40 K. A similar two-regime behavior is observed
for the tensile-strained u-GeSnOI: an enhanced low-temperature
performance with T, ~ 90 K between 80 and 150 K, followed by
a strong degradation above ~150 K with T,~30 K (Figure 5b,).
Notably, the onset of rapid threshold increase occurs at a lower
temperature for the tensile strain case compared to the bulk
structure, indicating an earlier activation of loss mechanisms.
Overall, while strain engineering and improved carrier confine-
ment significantly enhance low-temperature lasing performance,
all non-bulk structures exhibit a pronounced reduction in T, at
elevated temperatures, pointing to a common limitation governed
by intrinsic recombination processes. Despite the 50% lower
threshold for the tensile strained cavity at 77 K, both structures
have indeed similar thresholds of ~ 500 kW cm~2, at their
maximum working temperature. This was already observed in
the literature [9] also for bulk GeSn lasers and for different type
of laser cavities. While a clear explanation is not presented it is
supposed to be related with heat dissipation due to the low lattice
thermal conductivity of GeSn [36-38]. Finally, for completeness,
Figure 5a,,b, presents the emission spectra as a function of
excitation power at the maximum operating temperature of each
cavity: 293 K for the mGeSnOI (Figure 5a,), and 265 K for the
u-GeSnOI (Figure 5b,).

6 | Discussions and Outlook

The literature reported figures-of-merit for GeSn-based quantum
structures are benchmarked in Figure 6. The maximum operating
temperature typically increases with the Sn content in the
quantum wells, as expected by increasing the energy separation
between the Gamma and the L-valley, reducing the carrier intra-

valleys scattering. All the on Si bulk heterostructures present a
reduced operation temperatures, with the current GeSn MQW
structure containing 15 at.% Sn in the well, acgieving the highest
temperate of 140 K. The on-insulator transferred GeSn-based
MQW reached 265 and 293 K, depending on the cavity design, as
shown above, highlighting the effectiveness of strain engineering
combined with enhanced thermal management [22-24, 39]. Since
no room-temperature lasing has been reported for GeSn quantum
well structures to date, the laser threshold can only be compared
at cryogenic temperatures. The uGeSnOI microdisk exhibits the
lowest threshold value of 8 kW c¢cm~2, roughly 50% that of the
mesa-type GeSnOlI cavity and an order of magnitude lower than
previous bulk-like structures with similar Sn content. Most prior
laser studies provide only punctual insights, typically focusing
on a specific Sn composition or isolated cavity design optimiza-
tions, with limited emphasis on the systematic, physics-driven
engineering of the active medium. This advances the field by con-
ducting a comprehensive investigation of the emission properties
of GeSn MQW heterostructures with a primary focus on strain-
driven band-structure tailoring. Technological enhancements to
the laser architecture are treated as a secondary, enabling factor
rather than the central design driver.

Optical mode confinement and heat dissipation undoubtedly
influence the lasing behavior. A simple optical confinement
analysis indicates that the optical mode overlap with the GeSn
active region increases from approximately 30% for the mesa
structure on bulk Si to approximately 90% for the underetched
microdisk geometry, owing to the localization of the whispering-
gallery mode within the suspended GeSn rim [33, 34]. For the
GeSn-on-insulator platform consisting of GeSn on SiN on Al,
the GeSn layer forms the highest-index region of the struc-
ture, while the SiN layer provides strong optical confinement
and the Al layer suppresses downward optical leakage through
reflection, resulting in an estimated optical mode overlap of
approximately 70% even without underetching. In contrast to
the bulk-Si platform, underetching is therefore not expected to
provide a substantial additional improvement in optical confine-
ment, as the whispering-gallery modes are already predominantly
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localized within the outer suspended region of the GeSn active
layer. Thermal management also plays an important role: the
mGeSnOI cavity is fully supported by an Al layer, an effi-
cient thermal conductor, and therefore operates at temperatures
approximately 10-15 K [19] higher than the p-GeSnOI cavity,
where heat is extracted only through a narrow Al pedestal.
Although both optical confinement and thermal effects con-
tribute to the observed performance differences, they cannot fully
explain the markedly different lasing thresholds or, more sur-
prisingly, why the tensile-strained MQW cavities cease lasing at
lower temperatures despite the intuitive expectation of improved
performance under tensile strain.

The origin of this behavior lies in the strain- and temperature-
dependent electronic band structure of the GeSn MQW het-
erostructure. In tensile-strained GeSn, the combined effects of
Sn composition and biaxial strain can bring the inter-band
I'-LH transition into resonance with intra-valence-band (IVB)
transitions involving the HH, LH, and split-off (SO) bands [2].
This resonance introduces parasitic absorption (i.e., negative
optical gain), which competes with and ultimately suppresses
stimulated emission, thereby limiting the lasing temperature
despite the nominally favorable band structure under tensile
strain.

In GeSn-based MQW structures, this situation becomes even
more intricate: both wells and barriers are direct-gap semi-
conductors whose strain states concurrently reshape their elec-
tronic band structures. Consequently, in addition to standard
emission and absorption within the wells, resonant coupling
can occur in which photons emitted from the wells are reab-
sorbed in the barriers. Using standard deformation-potential
estimates, tensile biaxial strains of a few-tenths of a percent
up to ~ 1 % can produce valence-band splitting and band-
edge shifts of 10-100 meV (see Figure 5) precisely the energy
range needed for a I' —» LH transition in the well to res-
onate with intra-valence band transitions in the barrier. For
quantum structure specifically, the band offsets between the
wells and barriers are an additional degree of freedom that
strongly influences the lasing behavior. The complexity is further
enhanced by the strong temperature dependence of the band
structure.

A fully comprehensive treatment of the coupled strain-
composition—quantization-temperature interactions in
GeSn-based MQW heterostructures is beyond the scope of
this work. Accurately determining the strain conditions that
induce resonance requires full k-p or ab-initio modeling that
incorporates band offsets, alloy bowing, quantum confinement,
and the temperature dependence of both electronic energies
and lattice strain. Looking ahead, machine-learning-assisted
band-structure frameworks provide a promising pathway to
efficiently optimize GeSn/GeSn MQWs for low-threshold,
room-temperature lasing.

The recent availability of reliable material parameters for GeSn
alloys—including T'-valley electron effective masses [41], hole
effective masses, Luttinger parameters [42], and lattice ther-
mal conductivities [36-38] - together with continued advances
in group-IV epitaxy, now enables the realization of sophis-
ticated quantum-well architectures based on binary GeSn,

ternary SiGeSn and GeSnC, and quaternary CSiGeSn alloys
[18]. These developments open the door to data-driven, Al-
guided design of next-generation group-IV laser heterostructures,
achieving unprecedented precision while bridging fundamental
band-structure physics with scalable, CMOS-compatible pho-
tonic platforms. Nevertheless, fully exploiting these capabil-
ities will require the coordinated integration of experimen-
tal validation, strain-engineering methodologies, and thermal-
management strategies to translate computational insights into
high-performance devices.

7 | Conclusion

In this work, a comparative investigation of GeSnx/GeSny multi-
quantum-well (MQW) lasers on both bulk-Si and on-insulator
platforms is presented, establishing explicit links between het-
erostructure design, strain state, and laser performance. On
bulk Si, GeSn MQW microdisk cavities exploit whispering-
gallery modes to achieve strong optical confinement and low
lasing thresholds at cryogenic temperatures; however, defec-
tive interfaces and limited heat dissipation restrict operation
to temperatures below ~140 K. In contrast, the layer-transfer
on-insulator platform enables strain-driven band-structure engi-
neering together with improved thermal management through
Al interlayers. This approach yields the first demonstration of
room-temperature lasing in a GeSn-based MQW system and,
in partially suspended microdisk cavities, ultralow thresholds
of 8 kW cm™ at 77 K. The extension of laser emission to
~3.9 um, well beyond the range accessible to other silicon-based
light sources, further expands the application space of group-
IV photonics toward mid-infrared sensing, spectroscopy, and
free-space communication.

These results highlight the importance of the interplay
between band-structure engineering, strain management,
optical confinement, and thermal dissipation in determining
the performance of GeSn MQW lasers. The combination of
low-threshold operation, extended wavelength coverage, and
room-temperature lasing positions the GeSn-on-insulator
MQW platform among the most promising group-IV laser
technologies reported to date. While further refinement
through advanced band-structure modeling is required to
optimize the balance between optical gain and resonant
absorption, the present work establishes GeSn-based
heterostructures as a promising platform for energy-efficient
and scalable mid-infrared lasing. By bridging the gap between
cryogenic and room-temperature operation, these results
contribute to the ongoing development of silicon-photonics-
compatible light sources and integrated group-IV photonic
systems.
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