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Despite having achieved drastically improved lasing characteristics by harnessing tensile strain, the current methods of
introducing a sizeable tensile strain into GeSn lasers require complex fabrication processes, thus reducing the viability
of the lasers for practical applications. The geometric strain amplification is a simple technique that can concentrate
residual and small tensile strain into localized and large tensile strain. However, the technique is not suitable for GeSn
due to the intrinsic compressive strain introduced during the conventional epitaxial growth. In this paper, we
demonstrate the geometrical strain amplification in GeSn by employing a tensile strained GeSn-on-insulator (GeSnOI)
substrate. This work offers exciting opportunities in developing practical wavelength-tunable lasers for realizing fully

integrated photonic circuits.

Silicon (Si) photonics has the potential to enable a wide range of
exciting applications, including optical data communications and sensor
technologies.[1] Currently, Si photonics relies on III-V heterogeneous
integration to provide an on-chip laser.[2] Despite remarkable progress
with this hybrid integration approach, III-V materials are fundamentally
incompatible with the industry-standard complementary metal-oxide-
semiconductor (CMOS) technology. Germanium (Ge) has been
extensively explored as a suitable candidate for developing on-chip
lasers[3-5] owing to its CMOS compatibility and near-direct bandgap
configuration (~140 meV offset between the direct I'- and indirect L-
conduction valleys).

By introducing a considerable mechanical tensile strain, the energy
difference between the direct I'- and indirect L-valleys can be reduced,
and with enough strain, Ge can become a direct bandgap material, thus
drastically improving light emission.[6-16] Low-threshold lasing at
cryogenic temperatures has been demonstrated in Ge under both large
uniaxial[11,12] and biaxial[13] tensile strains. An even larger tensile
strainis required to improve the directness towards room-temperature
operation.[17] However, it is practically challenging to introduce such a
large tensile strain into a suitable lasing geometry.

Alloying Ge with tin (Sn) to form the binary alloy GeSn is another
promising approach to achieve a CMOS compatible light source.[18-24]
An optically pumped laser was demonstrated at cryogenic
temperatures in a direct bandgap Geos7sSnoi2s waveguide[18], which
motivated many researchers to further increase the Sn content in order
to achieve higher operating temperatures.[19,20,25] By increasing the
Sn content to 20 at%, an operating temperature of 270 K[25] was
achieved. Recently, room-temperature operation has also been

reported.[26,27] Furthermore, electrically-injected GeSn lasers
operating at cryogenic temperatures[28] and light-emitting diodes
(LEDs) operating at room temperature[29] have also recently been
demonstrated, highlighting the great potential of this approach.

Recently, a hybrid approach combining low Sn content GeSn alloys
with tensile strain engineering has been theoretically proposed.[30,31]
This approach offers the advantage of a large directness ata much lower
tensile strain compared to Ge and much a lower Sn content compared
to high Sn content GeSn alloys. An ultra-low threshold of 0.8 kW cm-2
was achieved from a GeogsSnoos alloy under 1.4% biaxial tensile
strain[32], as well as the first demonstration of continuous-wave lasing
in GeSn alloys. Lasing from GeSn with a higher Sn content of 16 at%
under a uniaxial tensile strain has also been demonstrated[33],
exhibiting a threshold power density of 10 kW cm-2 and almost room
temperature operation of 273 K. The two reports of tensile strained
GeSn lasers used external stressors such as silicon nitride (Si3sN4) thin
films[32] and Ge buffer layers[33] to induce a large tensile strain that
can overcome the residual compressive strain in GeSn. However, the
fabrication processes to employ external stressors are exceedingly
complicated, thus limiting the compatibility to CMOS processes.

The geometric strain amplification technique is a straightforward
method that has been widely used to concentrate residual and small
tensile strain in a layer into localized and large tensile strain in a
properly designed structure[6,11,34]. Using this technique, several
researchers have demonstrated excellent lasing characteristics in
strained Ge[11,12]. Unfortunately, this powerful technique cannot be
used for GeSn because epitaxially grown GeSn layers obtain intrinsic
compressive strain during the growth process. The geometric strain



amplification technique will result in a detrimental amplified
compressive strain in GeSn, not the desired tensile strain. Therefore, to
exploit such a powerful technique for developing tensile strained GeSn
lasers, it is crucial to invent a method to obtain an isolated tensile
strained GeSn layer.

In this paper, we demonstrate the application of the geometrical
strain amplification technique to GeSn by utilizing a low Sn content
tensile strained GeSn-on-insulator (GeSnOI) substrate. Raman
spectroscopy confirmed that uniaxial tensile strain of up to 1.23% can
be induced in microbridge structures, which results in an order-of-
magnitude enhanced direct bandgap light emission in strained GeSn
compared to unstrained GeSn. The emission wavelength in unstrained
GeSn was ~1900 nm, which was redshifted by ~500 nm upon the
introduction of 1.23% uniaxial strain. Temperature-dependent PL
studies combined with theoretical calculations using the k ep method
uncovered a cross-over from an indirect to a direct bandgap material for
GeSn microbridges with sizeable uniaxial tensile strains. Our results
offer a step forward to efficient wavelength-tunable tensile strained
GeSn lasers towards CMOS compatible optoelectronics.

To obtain an amplified uniaxial tensile strain in the GeSn
microbridges using the geometric strain amplification technique, the
intrinsic stress in the GeSn layer must be tensile. However, GeSn layers
grown on Ge buffer layers, which is a convention to grow high-quality
GeSn layers, possess compressive residual strain due to the larger lattice
constant of GeSn compared to Ge. To obtain a tensile strained GeSn
layer, a lower Sn content GeSn layer of 6.0 at% was grown on top of a
higher Sn content GeSn layer of ~10 at%.[35]

A direct bonding technique was utilized to transfer the GeSn layers
onto dual insulators and form GeSnOL[23] Figure 1 (a) shows the
transmission electron microscopy (TEM) cross-sectional image of the
tensile GeSnOI substrate used in this study. It should be noted that the
highly defective interface between the GeSn and Ge buffer layers in the
as-grown substrate was removed during the bonding process,
improving the overall quality of the material.[36] The final material
stack consists of a ~100 nm tensile strained Geog4Snoos layer on top of
dual insulators (Al203/Si02) on a Si substrate (not shown).
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FIG. 1. (a) Cross-sectional TEM image of the tensile strained GeSnOl
substrate. Scale bar, 100 nm. (b) RSM map of the tensile strained GeSnOI
substrate with the relaxation line indicated in red.

High-resolution X-ray diffraction (HR-XRD) was used to determine
the magnitude of the residual tensile strain as well as the Sn content in
the GeSnOI layer. The reciprocal space map (RSM) around the (224)
order of the GeSnOlI layer is shown in Fig. 1(b). The normalized tilted
angle of the GeSnOlI layer (after the bonding process) is based on the
GeSn peak in the RSM (004) image. The Sn content of the GeSnOI layer
was determined to be 6.0 at% and calculated by considering the
deviation from the theoretical values of the Sn and Ge lattice constants
considering Vegard’s law. We extracted the intrinsic tensile strain of the
GeSnOl layer to be ~0.3%. The methodology to calculate the intrinsic
strain and the Sn content were taken from [37].
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FIG. 2. (a-c) Schematic representation of the microbridge fabrication pocess '
(d) Tilted view SEM image of a fabricated microbridge. Scale bar, 5 pm.

Microbridges were fabricated on the tensile GeSnOI substrate
according to the schematic in Fig. 2(a-c). Figure 2(d) shows a scanning
electron microscopy (SEM) image of a fabricated microbridge which has
been brought into contact with the underlying substrate. In-depth
details of the material growth, bonding and device fabrication are
provided in the supplementary information.

To verify and quantify the uniaxial tensile strain in the microbridges.
Figure 3(a) shows the measured Raman spectra of a relaxed (i.e, 0%
strain) and two strained bridges with pad lengths of 50 pm and 75 pm,
respectively. The 0% strain measurements were conducted on broken
bridges where the strain has fully relaxed due to fracture. The bulk
GeSnOl substrate was also measured as a reference. The bridge width
and height were fixed for all bridges as 1 um and 7.5 pm, respectively,
and therefore, the amount of strain should be dependent only on the pad
length. We observed distinct peak shifts of 2.25 cm-1 and 3.30 cm-1 for
the two devices with 50 um and 75 pm, respectively. Using a Raman-
strain coefficient[38] of 269 cm1, the uniaxial tensile strain values were
calculated as 0.83% and 1.23%, respectively. Higher tensile strain can
be induced by further increasing the pad size, as proven in the previous
demonstration of strain amplification in Ge[9] and Si[34].
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FIG. 3. (@) Raman spectra of relaxed and strained GeSn microbridges. (b)
Calculated bandgap energies as a function of uniaxial tensile strain. The
experimental values of the I'-VB1 bandgap energies are shown as stars.

Figure 3(b) shows the calculated bandgap energies as a function of
uniaxial tensile strain along the <100> direction with the
experimentally extracted values of the I'-VB1 band gap energies shown
as black stars. The experimental values of the I'-VB1 bandgap energy
were extracted using a Gaussian fit from the low-temperature PL
measurements presented in Fig. 4(a). Calculations were conducted
using the 8-band k-p method to determine the effect of the uniaxial
tensile strain on the bandgap energies of the microbridges at a
temperature of 4 K. The parameters used in the calculation were taken
from ref.[39] In the relaxed state, the GeSn bridge with the Sn content of
6.0 at% is an indirect bandgap material. The calculations predict thata
cross-over to a direct bandgap material occurs ata uniaxial tensile strain
value of ~0.95%. Therefore, we can infer from these calculations that
we have experimentally induced sufficient tensile strain to convert the
microbridge into a direct bandgap configuration. There is a discrepancy
between the theoretically predicted and experimentally extracted
values of I'-VB1. We note that there can be several potential reasons for
such a discrepancy thatinclude the choice of parameters used in the kep
calculations, small uncertainties in extracting the Sn content from XRD
and non-linear effects at higher strain values not accounted for with our
linear Raman strain-shift coefficient.



Photoluminescence (PL) studies were conducted to study the effect
of the uniaxial tensile strain on the optical emission of the microbridges.
Figures 4(a) and (b) shows the PL spectra of the 0%, 0.83%, and 1.23%
strained microbridges at 4 K and 125 K, respectively, for a fixed pump
power of 3 mW. The bridges were optically pumped with a pulsed laser.
The pump wavelength was 1550-nm, with a repetition rate of 1MHz,
and a pulse width of 5 ns. The emission spectrum features beyond 2300
nm for the 1.23% strained GeSn such as a dip at ~2300 nm is due to
FTIR artifacts and water absorption lines. Despite these distortions, the
emission peak position is shifted by more than 400 nm when GeSn is
strained up to 1.23%, which qualitatively agrees with the theoretically
calculated I'-VB1 band gap energies as a function of strain (Fig. 3(b)). We
observed a small redshift (~10 nm) in the peak positions as the
temperature increased from 4K to 125K due to bandgap narrowing. It
should also be noted that, the strain in the bridge cannot change with
temperature as the bridge is stuck to the underlying layer and not free
to move with the thermal expansion changes. Furthermore, the
integrated intensity increases by approximately an order of magnitude
with the introduction of uniaxial tensile strain. This enhanced light
emission is a result of the improved directness (ie, a reduced energy
offset between the I'- and L-valleys), which has been previously
reported in Ge microbridges under uniaxial tensile strain[9] and GeSn
alloys with increasing Sn content[18,40]. As the directness increases
with the introduction of uniaxial tensile strain, a more significant
fraction of photoexcited carriers occupies the direct I-valley, where they
can contribute to direct spontaneous emission.
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FIG. 4. Emission spectra of relaxed and strained GeSn microbridges at (a)
4 Kand (b) 125 K. (c) Normalized integrated emission intensity of the GeSn
microbridges as a function of temperature.

Figure 4(c) presents the temperature dependence of the
integrated PL intensity (i.e, the integrated area for each spectrum)
for the relaxed and strained microbridges. In the case of the relaxed
microbridge, a rapid decrease in the integrated intensity of the
direct emission is observed as the temperature is decreased from
300 Kto 4 K. This behavior is typical for indirect bandgap materials
such as relaxed Ge as the direct I-valley is not the conduction band
minima, resulting in a significantly lowered electron population in
the I'-valley at lower temperatures[4]. At higher temperatures, the
electrons in the L-valley are thermally activated and can populate
the I'-valley where they can contribute to direct spontaneous
emission. In contrast, for both the microbridges under tensile strain,
the integrated intensity strongly increases as the temperature is
decreased to 4 K. Traditional direct bandgap materials (e.g, 11I-V
materials) also exhibit a steadily increasing PL intensity with
decreasing temperatures,[41] which is attributed to an exponential
decrease in non-radiative electron-hole recombination processes.
In the case of tensile strained GeSn attaining direct bandgap but
with a low directness, the increase of direct spontaneous emission
at lower temperatures can be mainly accredited to the increased

electron population in the I-valley that is the conduction band
minimum.[42] Therefore, the significantly increased emission intensity
at lower temperatures provides strong evidence of a transition into a
direct bandgap material for the GeSn microbridges under uniaxial
tensile strain. It should be noted that the k-p calculations predict that the
microbridge under 0.83% should still be an indirect bandgap material
(Fig. 3(b)), which is contradictory to the experimental results (Fig. 4(c)).
This discrepancy can be attributed to uncertainties in experimental
conditions (e.g, determining the Sn content) and theoretical
calculations (e.g, choice of parameters used). It should be noted that the
method used to calculate the integrated intensity for each spectrum did
not account for the artifacts present in the spectrum. While this may
cause some small errors, there is a very clear temperature-dependent
trend of the PL at different strains, which we repeatedly observed for
many devices. We would like to note that this increasing PL trend at
lower temperatures for the 1.23%-strained devices remains valid even
when the spectra are slightly distorted because the atmospheric
absorption will influence the integrated PL intensity at different
temperatures at the same ratio. The goal of this study was to present a
methodology for creating a tensile strained GeSnOlI substrate that can
be utilized with the geometric strain amplification method. This
platform will also be ideal for a comprehensive study of the influence of
tensile strain on the bandstructure of GeSn alloys by using advanced
analytical methods?> which will be addressed in future works.

For simplicity, in this study, we chose a thin active layer (~100 nm)
below the critical thickness of relaxation (which we calculated to be
~180 nm). It should be noted that for the extended mid-infrared
applications, it is possible to increase the thickness of the active layer
substantially. The maximum thickness of the active layer is determined
by the lattice mismatch between the two topmost GeSn layers during
the growth. For example, in this study, we targeted to achieve Sn
contents of 6% and 10% for the topmost and the second-to-the-
topmost layers. In this case, the difference in the Sn content is 4%.
Lowering this difference in the Sn content will allow growing a thicker
active layer. Even though the tensile strain in the active layer can be
reduced in this case, our geometrical strain amplification method can
amplify the initial strain as long as the initial strain is tensile.

In summary, we have presented a method of achieving sizeable
uniaxial tensile strain in low Sn content GeSn alloys by harnessing the
geometric strain amplification technique. The use of a tensile strained
GeSnOl substrate allowed the utilization of the simple strain
amplification technique, enabling the introduction of uniaxial tensile
strain of up to 1.23%. Raman spectroscopy was used to confirm a level
of uniaxial tensile strain. Bandstructure calculations with the kep
method combined with PL measurements revealed that the achieved
tensile strain was sufficient to convert the 6.0 at% GeSnOlI layer into a
direct bandgap material. We also confirmed that the strain, and
therefore, the emission wavelength can be tuned by a simple
lithographic design by changing the pad length. Our work provides
opportunities to realize efficient wavelength-tunable strained GeSn
lasers.
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