RESEARCH ARTICLE

'.) Check for updates

ADVANCED
OPTICAL
MATERIALS

www.advopticalmat.de

Room Temperature Lasing in GeSn Microdisks Enabled by
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1. Introduction

The success of GeSn alloys as active material for infrared lasers could pave

the way toward a monolithic technology that can be manufactured within
mainstream silicon photonics. Nonetheless, for operation on chip, lasing
should occur at room temperature or beyond. Unfortunately, despite the
intense research in recent years, many hurdles have yet to be overcome.

An approach exploiting strain engineering to induce large tensile strain in
micro-disk made of GeSn alloy with Sn content of 14 at% is presented here.
This method enables robust multimode laser emission at room temperature.
Furthermore, tensile strain enables proper valence band engineering; as a
result, over a large range of operating temperatures, lower lasing thresholds
are observed compared to high Sn content GeSn lasers operating at similar

wavelength.
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Light emission in group IV materials
is nowadays established through the
use of GeSn semiconductor as optical
active medium.»? Lasing has already
been observed for a large range of Sn
contents®l and different cavity con-
figurations, such as micro-disks,® linear
waveguides and photonic crystals,”! and
different heterostructure designs, for
example, double heterostructurel® and
multi-quantum wells (MQW).! All these
successes point to the great potential of
GeSn as optical active medium, eventu-
ally enabling a monolithically integrated
silicon photonic platform where all the
technology-relevant devices, including the light sources, are
manufactured using material and methods compatible with a
state-of-the-art silicon foundry.

Along the path toward this goal, the scientific community
has intensely worked on optimizing the laser performance, with
the aim of bringing them to a level close to what is required
by “real world” applications. The operating temperature can
be increased toward room temperature by increasing the Sn
content,B’! or using MQWs, similarly to the approach used for
I11-V lasers.¥] Furthermore, MQW structures are a safe way to
decrease the laser threshold.!

The “directness,” that is, the energy separation between '
and L valleys of the conduction band (CB), AE; = E; — EB
increases with the Sn concentration, and the larger the direct-
ness the larger is the electron population in the I'-valley, at a
given temperature, and lower the electron inter-valley scattering
between the I" and L valleys. Indeed the lasing temperature,
T, was shown experimentally to increase from 80 K to 270 K
once the Sn concentration is increased from 8 to 16 at% until
recently.*-% Some of the main drawbacks of such relatively high
Sn-content alloys, associated with the very challenging epitaxy
are related to i) the large bulk/interface defects density, leading
to enhanced non-radiative recombination; ii) the requirement
of a graded GeSn buffer layer of large thicknesses to gradu-
ally relax the epitaxial compressive strain due to the lattice
mismatch existing between the GeSn and the Ge/Si virtual
substrate.['12]

Layer transfer technology provides several significant advan-
tages to study the pathways to enhance the lasing performances
of GeSn devices. One is the removal of the defective GeSn/Ge
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buffer interface, which reduces the carrier losses by non-radia-
tive recombination, and consequently the laser threshold.>-"!
Another advantage arises from the GeSn layer transfer on an
acceptor wafer containing a metallic interlayer. This plays
the critical role of heat sink, dissipating the optical pumping
induced heat. This technology, demonstrated in refs. [13, 15]
applied to the GeSn layer with Sn content of =17% led to room
temperature laser emission.!®]

Strain engineering, combined with layer transfer tech-
nology, is a proven path to improve the lasing performance,
thus avoiding the need for excessive Sn content in the active
layer.318] Indeed, as presented in this study, by relying on
strain engineering one can directly address both the maximum
lasing temperature, by tuning the CB directness, and the laser
threshold, due to a smaller density of states of the light hole
(LH) valence band involved in the transition.

In this work, an “all-around” SiN stressor layer is used to
induce tensile strain in a microdisk cavity featuring a moderately
high GeSn content and by doing so, boost its lasing performance.

Tetragonal lattice
in-plane biaxial compressive strain
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In particular, this method enables robust multimode laser emis-
sion at room temperature. Moreover, we discuss how strain
engineering can bring lasing threshold below those observed in
higher Sn contents GeSn lasers, and how it makes this approach
prospective in terms of high operation temperatures, while
recent comprehensive advances have enabled electrically injected
laser up to only 100 K.2% We believe that the demonstration and
comprehensive study of room temperature material gain under
optical pumping, as performed in this work, should be useful for
future achievement of robust and useable laser devices.

2. Results and Discussion

The band structure of a Ge,,Sn, alloy under different biaxial
(epitaxial) strain conditions is shown in Figure 1. In the CB, the
compressive biaxial strain (¢ < 0) leads to a decrease of AEp,
equivalent to a reduced “effective Sn content.” In the valence
band (VB), the strain lifts the band degeneracy at k = 0, with
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Figure 1. Electronic band structure at 300 K. a—c) Schematics of the strain dependent electronic band structure for direct bandgap GeSn alloys. From
(a) to (c), there is an increase of the layer directness AEr and decrease of the band gap energy, and the position of the LH and HH bands is shifted
from compressive to tensile strain. The main emission and the major re-absorption transitions are indicated by arrows. The steady state electron
population at d) T'-valley as a function of biaxial strain for various GeSn alloys at room temperature and e) T dependence for GeSn with 14 at% Sn.

Both cases with total electron excess densities of 10'® and 10" cm™

with an IVB transition.
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are considered. f) The condition of equal energy between the inter-band emission
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the heavy hole (HH) band shifting to higher energy. The radia-
tive recombination, that is, the laser transition, then takes place
between the I'-valley and the HH-band (Figure 1a) and its energy
increases with the compressive strain value. Conversely, a ten-
sile biaxial strain (¢ > 0) promotes the “directness” and decreases
the bandgap energy, pushing the light emission deeper in the
IR range. Furthermore, the tensile strain shifts the LH band
up, above the HH band and, consequently, the inter-band radia-
tive recombination occurs between I'valley and the LH band
(Figure 1c). At zero strain, that is, cubic crystal structure, both
I'valley to LH and HH bands transitions are possible and the
directness is determined only by the Sn content (Figure 1b).

The electron population in the I' CB depends not only on the
I'-L energy spacing AEr through the Sn composition and strain,
but also on the total number of electrons in the CB and on the
temperature (Figure 1d,e). A higher number of electron or tem-
perature leads to increased electron fraction in the indirect L-band,
which has a larger density of states (DOS). As a consequence, the
fraction of electrons populating the I" valley is reduced, with detri-
mental effect on gain. Tensile strain is a key element to reduce the
laser threshold and increase the maximum lasing temperature. In
the valence band most of the carriers (>95%) are occupying the
upper valence band (VB) as depicted in Figure le.

The different VB splitting obtained for different signs of
strain has a paramount importance in the gain optimization,
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through: i) the different DOS of LH and HH bands; ii) the
different strengths of the intra-valence band (IVB) transi-
tions; iii) the absorption losses, that is, affecting the energy
where the emitted photons re-absorption can occur, based
on LH-HH, LH-split-off (SO) band or HH-SO transitions.
Figure 1f shows the (Sn at%, &) values for which the laser
transition energy equals one of the IVB transition energies,
and, therefore, re-absorption proportional to the transition
strength, occurs, with a consequent decrease of the net optical
gain. The region of high interest for lasing under tensile
strain at room temperature is where (Sn at%, &) values are
beyond those of “direct-indirect transition” line, given by the
values where the GeSn becomes a direct bandgap semicon-
ductor (green dotted line), and the MIR upper limit, set here
at 0.2 eV (=6 um).

In case of compressive strain, the T'-HH radiative transition
occurs typically at a much larger energy than the IVB transi-
tions energies for Sn composition up to 12 at% (not shown
here). In contrast, the energy of the I'-LH transition under
tensile strain equals the IVB transition energy at lower Sn con-
tents, becoming even smaller for high strain.

Based on the above discussion, a GejgsSny 4 layer has been
chosen as laser active medium, manufactured as layer-trans-
ferred p-disks, as schematically described in Figure 2a,b, fol-
lowing the procedure we have first described in ref. [13].
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Figure 2. Material characterization. a,b) Skatches and SEM images of MMD and SMD lasers. c) Temperature dependent Ge-Ge Raman backscattered
resonance under 532 nm wavelength excitation. Inset: Raman spectra of the as-grown and SMD at 100 K and 300 K. d) Strain mapping from 2D Raman
analysis of a SMD of 8 um diameter. Inset: Histogram indicating a tensile strain of 0.8% in the disk and 1% in the under-etched disk area. e) Photo-
luminescence spectra from SMD and MMD of 9 um diameter as compared to PL spectra of transferred layer and as-grown layer. f) Laser emission
spectra from SMD and MMD measured under pulsed excitation power of twice the lasing threshold.
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The investigated GeygsSng14 active layers were epitaxially
grown on thick Ge/Si(001) 200 mm virtual substrate by means
of an industry-grade chemical vapor deposition reactor, using
commercially-available digermane (Ge,Hg) and tin-tetrachlo-
ride (SnCly) precursors. Details on the growth process can be
found elsewhere.[20-21

The grown layer was transferred so that the two structures,
the nearly relaxed and the strained one, can be compared while
both taking advantage of interface defects removal, as shown in
refs. [13, 15]. Before the layer transfer, a SiN stressor layer fol-
lowed by Al layer was deposited on the top surface of the GeSn.
The SiN layer above the Al layer, below the GeSn layer, thus
came from deposition prior to the layer transfer.

The transferred layer structure is then processed into mesa
GeSn micro-disks (called “MMD”) by etching the GeSn and SiN
layers down to the buried Al layer (Figure 2a). In the second
step the GeSn free-standing rims of the microdisks were
formed by selective under-etching the Al base layer. A second
SiN stressor layer is then deposited on the structure forming
an “all-around stressor design,”?%! Figure 2b, which increases
and homogenizes the tensile strain, as seen in Figure 2d. Note
that the SiN layer has a large compressive built-in strain that
can relax after the layer is patterned, such that tensile strain
is released only for patterned transferred layers. This strained
microdisk is further called “SMD.”

2.1. Material Characterization

Temperature dependent micro-Raman spectroscopy in back-
scattering geometry was performed to determine the strain
evolution (Figure 2c) and spatial distribution in the GeSn micro-
disks (Figure 2d). Measurements were conducted using an
optical excitation at A =532 nm and a 100x NA = 0.65 at a non-
heating incident power density P, = 25 kW cm™2, for an esti-
mated lateral resolution of 450 nm.?? In the inset of Figure 2c
the Raman spectral region corresponding to the Ge-Ge mode is
shown. The biaxial strain in the structures was calculated using
a strain-Raman shift coefficient b = - 550 £ 25 cm™}, as obtained
by direct comparison with strain measurements performed by
reciprocal space X-ray diffraction acquired on the same sample,
following the procedure described in ref. [23]. The Raman
map in Figure 2d, evidences a uniform strain distribution in
the SMD sample centered at a tensile strain value of € = 0.8%,
with a slightly increased strain of € = 1% at the disk periphery
(see histogram inset in Figure 2d). As evidenced in Figure 2c,
the Raman modes in unpatterned GeSn layer and on the SMD
evolve in parallel, indicating that no additional strain is gener-
ated during temperature change. This reinforces the interest
for our all-around stressor method to apply constant tensile
strain with temperature. This is different from the case of sus-
pended GeSn on Ge microbridges as proposed in ref. [5] where
the tensile strain strongly changes with temperature.

The strain evaluated by Raman spectroscopy is in agreement
with that derived by analyzing photoluminescence (PL) spectra
of the GeSn layer for the case of transferred only, MMD, and
SMD samples as shown in Figure 2e. The PL spectra are taken
under non-lasing continuous-wave (cw) optical pumping condi-
tions. Whispering gallery modes (WGM) are clearly observed
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in both the MMD and SMD samples. The PL of the as-grown
layer is also plotted for comparison. Upon comparing the PL
spectra with the theoretically calculated electronic band struc-
ture, it can be concluded that the mesa patterning leads to a
strain free GeSn/SiN/Al stack. The under-etching of the Al post
followed by second SiN stressor coverage, leading to SiN/GeSn/
SiN strained disk,?? red-shifts the PL emission by =95 meV,
as expected for a GeSn layer under a biaxial tensile strain
£=+0.8%.

Next, the laser emission of the two MMD and SMD struc-
tures is presented. Differently the previously reported experi-
ments in the literature, where similar analyses were performed
but on different GeSn content layers, different processing, and,
more importantly, on samples with different amounts of strain,
here samples made from exactly the same GeSn grown wafer,
processed simultaneously, and analyzed under the same experi-
mental conditions are compared. Lasing experiments were
performed using a u-PL setup with 1550 nm wavelength under
2 ns pulsed excitation with repetition rate of 400 kHz. Note that
the surface reflectivities of the samples with and without the
SiN are very similar, around 35-37%. The absorption length of
the 1550 nm pump in GeSn is expected to be of the order of
50 nm, much thinner than the GeSn layer thickness. There-
fore, it can be assumed that the total absorbed optical power
from the incident pump is equivalent to 65% for both sample
MMDs and SMDs. This absorbed power is the most representa-
tive value for determining the correct laser threshold values.
However, while these data are later benchmarked against the
literature data where the incident power is given, the correction
factor due to reflectivity is not accounted for.

At 75 K both mesa and strained MDs cavities show clear and
robust lasing at energies of 0.44 eV (4 = 2.82 pm) and 0.35 eV
(A = 3.5 um), respectively. The spectra in Figure 2f are taken
at optical pump densities twice the laser threshold of 20 and
12 kW cm™? for the MMD and SMD, respectively, and show
laser emission, and negligible spontaneous emission back-
ground. The laser emission clearly shows a red shift of 95 meV
for the case of SMD with respect to the MMD, similarly to the
spectral red shift observed for PL spectra of Figure 2d. The
investigated cavities have similar diameter of 9 pm that sup-
ports a large density of whispering gallery modes in the 3—4 pm
wavelength range.

Detailed lasing characteristics of the MMD structure are
shown in Figure 3. Even at low power densities multimode
lasing is already present, indicating a relatively high and
large broad spectral gain. The largely multimode emission,
up to the laser quenching temperature, is better exemplified
by the spectra in Figure 3a taken under a pump density of
200 kW cm™2 at temperature between 75 K and the maximum
lasing temperature of 265 K. At the highest operating T; =
265 K the multimode emission is observed by increasing the
pumping power density to 500 kW cm™2, as shown in Figure 3b,
with a main laser mode peaked at an energy of 0.395 eV (4 =
3.14 um). However, at such high power and high temperature
the lasing optical modes appear on top of a spontaneous emis-
sion background, indicating inefficient carrier dynamics, as
highlighted in Figure 3c, where the spectra at 75 K and 265 K
are displayed for direct comparison. The typical light-in-light-
out (L-L) laser characteristic offers additional information on
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Figure 3. Strain relaxed microdisks. Laser properties of relaxed 9 um diameter GeSn mesa micro-disks MMD. a) Temperature dependence of the PL
emission under 200 kW cm~2 optical pumping. b) Power dependence of the PL spectra at 265 K. c) Laser spectra for 200 kW cm~2 optical pumping at
75, 265, and 270 K. d) Temperature dependent L-L characteristic. Very weak roll-off is seen with increasing pumping power.

the laser emission. An “S-shape” form with clear gain satura-
tion after exponential intensity increase is seen at all tempera-
tures. The use of the buried Al layer efficiently drags away the
pumping-induced heat?’! and a small emission roll-off appears
at very high pump densities, larger than 1 MW cm™2. At 270 K
the L-L characteristic is linear, with spectra showing a sharp
emission at the same energy as the laser at 265 K. Since this
mode does not change with the pumping density and, consid-
ering the large luminescence background, it is attributed to
PL-WGM and not to laser emission. The maximal temperature
of laser operation is thus reasonably considered as 265 K, which
is much higher than that reported for equivalent Sn composi-
tion in the literature.?-28 The main reason here for improved
T} resides in the advantages of the layer transfer strategy as dis-
cussed in ref. [15] like the removal of interface defects.'*]

As discussed in the introduction the tensile strain pro-
motes the CB directness and shifts the laser transition from
I'- HH to I'-LH. As discussed above this is expected to reduce
the carrier density at threshold. Indeed, at low temperature
this effect is clearly seen, as the SMD laser threshold value
(12 kW cm2 at 75 K; Figure 4a), is approximately half that of
the MMD. The robustness of laser is witnessed by the nor-
malized laser spectra at 75 K under extremely high pumping
power density (1 MW cm™, Figure 4b) which presents a dis-
tribution of laser modes spreading over an energy range of
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~80 meV. This indicates a very high optical gain over a broad
spectral range in the SMD, that is preserved even at room tem-
perature, as shown in Figure 4c,d, where laser emission at an
energy of 0.34 eV (4 = 3.64 um) is observed. Here, the laser
threshold is =550 kW c¢m™. The high temperature LL- char-
acteristics of SMD are presented in Figure 4e. Here, the laser
threshold is =550 kW cm™ at 300 K, while no laser threshold,
both in the emission spectra (Figure 4c) and LL characteristics
(Figure 4e), was observed at temperatures of 305 K and above.
As can be observed, in the inset of Figure 4e the lasing peak
linewidth extracted from emission spectra at 300 K (shown in
Figure 4d) reduces by almost a factor of two, from 1.5 meV
below threshold under 500 kW cm™ pump power to 0.8 meV
above the threshold at 600 kW c¢cm™? pump power. This fea-
ture is a clear signature of laser transition, with the emission
regime changing from incoherent to coherent, as proposed
by Schawlow-Townes theory.'>1l Interestingly the LL-charac-
teristics show a roll-off effect for power densities in excess of
600 kW cm™2, a value approximately half of that measured in
the case of the MMD samples (Figure 3e). This is attributed to
the partial etching of the Al pedestal in SMD case (Figure 2)
which reduces the pump-induced heat transport efficiency.
Indeed, GeSn alloys thermal conductivity strongly decreases
with increasing the Sn content, reaching ~4 W (cm K)™' for
14 at% Sn.l22
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Figure 4. Tensile strain microdisks. Laser properties of 1% tensile strained 9 um diameter GeSn micro-disk. a) Power dependence of the PL spectra at
75 K. b) Laser spectra under 12 and 1000 kW cm~2 optical pumping at 75 K indicating broad energy gain. c) Temperature dependence of the PL emission
under 1000 kW cm~2 optical pumping. d) Power dependence of the PL spectra at 300 K. Inset: 298 K spectrum in log scale. e) Laser spectra comparison
at 273 K and 298 K under 1 MW cm™ pumping showing large gain over broad energy range. f) Temperature dependent L-L characteristic. Roll-off is
seen with increasing pumping power. The inset shows the lasing mode linewidth (full width at half maximum) as a function of the pump power that
was extracted from emission spectra in (d) at 300 K. We observe a clear linewidth reduction by a factor of around two at threshold.

The temperature dependent laser threshold for both MMD
and SMD lasers is presented in Figure 5a. The results can be
directly compared with very recent literature data for GeSn

layers with concentrations of 16.9 at% Sn{"/l and 172 at% Sn.[!®
Strikingly, while lasing at 300 K is achieved in these cases, the
laser thresholds are significantly higher at all temperatures

(@) (b) T 300K 1.32% O 16%Sn, c=-0.5° ©
- Geuazssnom/AlN Ref.[16] . 8000 — Ne=Nh=5X1 0% cm® O 13;’2”’ S__g;) "
. 4 o n, &=
—0— Ge, 531sn0169/S‘N/A| Ref[15] ;” £ -0 14°/°Sn 2_ 10/0
o 4 7 Ge,,,Sn, G 107 oof, &= 7o
& 10° Ge, SN, s this work -7 E { @ Ceouluse 0.88%|af T
NE O 0850148 - 6000 © Ge, 565N, 14 0.88% §| 103
é i Ge, SN, 1, A5
— T g
g S 4000 ®
< 1024 ] < - 2
3 10 T B 107
E GeO BESSHD 145 o i g
5 relaxed O 2000 § 'E
§ O Ge 555N 125 17 g
10° o tensiley strained disk i 8
T T T T T 0 0%
50 100 150 200 250 300 ————————— — 10" 4+— : , ; .
Temperature (K) 92 126 160 195 100 150 200 250 300

80 100 140 180

X Temperature (K)
Directness AE,,=E,-E, (eV)

Figure 5. Laser threshold and modeling. a) Room temperature laser threshold benchmark. The power density represents the incident pump power as
discussed above. The absorbed laser power is P, = 0.65-Pjcigent- b) Comparison of the net-gain at 300 K and same directness, for GeSn lasers with
12, 14, and 16 at% Sn content. The directness is obtained at different strain levels, as indicated in the graph (c). Carrier density at threshold for GeSn
lasers with 14 and 16 at% Sn content under different biaxial lattice strains.
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for 172 at% Sn layer”) and at temperatures below 250 K for
16.9 at%Snl'l than those measured for both structures here.
Also intriguing is the difference in the laser emission, that is
single-mode in ref. [17] while it is definitely multimode here.

Another direct literature comparison is the ref. [16]
employing a relaxed Ge(g3;Sn, 169 laser structure that was fabri-
cated using the same processing as for the present MMD. Both
structures relax the residual as-grown compressive strain after
layer transfer, but the Sn-content is however near 17 at%Sn in
ref. [16] while it is 14 at%Sn here. From Figure 5a the low tem-
perature threshold is larger for higher Sn-content layer, while
modeling predicts a similar carrier density at thresholds. This
may be related to a larger point defects density for larger Sn-
content GeSn alloys which is not accounted for in the gain
modeling.

The role of the strain on the net gain, g, highlighted in
Figure 5b, was modeled for GeSn active layers with Sn con-
tents of 12, 14, and 16 at% under different strain conditions, as
presented in Figure 5b. The present gain modeling accounted
for the IVBA losses that can be tuned both by Sn-content and
by tensile strain, as discussed in Figure 1. For a fair compar-
ison, the strain is chosen so that the three materials have the
same directness AE;r. When the strain is only compressive or
zero, for example, AEj = 92 meV for &, = 0%, €495 = —0.44%,
&0 = —0.88%, the maximum net gain occurs for larger Sn
content: giyosn < Suansn < Sieowsn When the strain is only ten-
sile or zero, for example, AE; = 165 meV for &,y = 0.88%,
Euz = 0.44%, €49, = 0%, the maximum gain is obtained in the
alloy with the lowest Sn content, g1505n > S14%sn > S16%sn-

By comparing these cases, it can be concluded that the strain
is the parameter that has a larger impact on gain than the alloy
composition. The larger the strain, the larger is the splitting of
HH and LH bands, so more holes will populate the higher one
of them, and produce a larger gain for the corresponding polar-
ization (x,y for HH, and z for LH).

If some alloys are compressive strained and others are ten-
sile strained to reach the same directness, as is the case for
AE;r =126 meV in Figure 5b, the largest gain does not have to
be in the alloy with the lowest Sn content.

As already stated, one of the advantages of tensile strain is
to promote radiative transitions toward lower density of states
LH band, which reduces the carrier density required for trans-
parency, hence reducing the lasing threshold, as shown in
Figure 5a,c. The carrier density at threshold (zero net gain) at
all temperatures is lower for the strained Gegg¢Sny 14 layer than
in relaxed or slightly compressively strained Ge 4,51, 16 layers.

The advantage of higher Sn content is, however, best seen if
the strain in all alloys is zero, where the largest gain occurs in
the alloy with the largest at% Sn, that is, Geyg,Sng 6 alloy. This
is reflected in the higher lasing temperature of 300 K for the
relaxed Gegg31SNg 169 layer® compared to 265 K for the relaxed
Gegg6Sng14 mesa MD case. Finally, introducing tensile strain
to increase AE|r raises the lasing temperature of GeygsSng s
to 300 K. This again underlines the expected performance
improvement offered by a larger energy difference between the
I'- and L- valley CBs.

We can now briefly summarize the physical background of
the increase of gain, at fixed carrier injection, thanks to applied
tensile strain. This is first due to the fact that c.b.-HH and
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c.b.-LH transitions give gain predominantly for x- or z-polari-
zation, so the density of the increased holes in one of valence
bands (due to their splitting, and with equilibrium distribution
of holes between them) gives larger gain for one polarization,
that can then preferentially amplify a given cavity polarized
mode, compared to the case of no splitting where both polariza-
tions have equal gain. Therefore, the threshold for transparency
is reached for lower injected carrier density thanks to HH-LH
separation.

Second, the transparency is reached when the Fermi level
positions in the CB (Egc) and the valence band (Egy) are such
that the energy separation Epc-Epy exceeds the band gap
energy. One can thus reach transparency faster (i.e., get a faster
increase of Epc and/or decrease of Epy with increasing carrier
injection) by reducing the valence band DOS, or the CB DOS,
or both. In any case, the reduction of one of the VB or CB DOS
is sufficient to reduce threshold for transparency (and in this
system it indeed takes place for VB DOS only). All these argu-
ments are of course verified by rigorous modeling of gain for
different strain/Sn content conditions.

The above gain modeling, to find its dependence on Sn
and lattice strain, gives a good insight in the lasing dynamics,
explains the experimental benchmarked data, and shows
the direction to follow for designing an efficient room tem-
perature laser. However, it does not explain the limited 300 K
lasing temperature, nor almost the same laser thresholds for
strained Ge(gsSng 14 and relaxed Geggs;Sng 49 layers at higher
temperatures.

However, the presented data and modeling do not indicate
a limited, 300 K lasing temperature, and also cannot explain
the same laser thresholds for strained Ge(g¢Sn, 4 and relaxed
Gepg31SNg169 layers at =300 K. As mentioned above, high
thresholds can be attributed to the large point defects density
in high Sn content alloys that has been evidenced experimen-
tally in several works.?’l Further investigation, which accounts
for surface passivation, should also be helpful to mitigate the
influence of surface trap activation with temperature in carrier
recombination dynamics.?% Such defect densities and surface
recombination are not taken into account in the above mode-
ling and should be considered as important issues to overcome
in view of reduction of the laser thresholds,™ and continuous
wave operation at room temperature.l’l Further strategies,
combining quantum confinement of carriers and strain engi-
neering of the band structure, should have a high potential to
overcome point defects and surface recombination losses, and
to reach the room temperature lasing with significantly reduced
thresholds.[18:31:32]

3. Conclusion

The role and the advantages of tensile strain in band structure
engineering and optical gain of GeSn alloys for improved laser
thresholds and operation temperatures were discussed and
experimentally implemented. The used all-around SiN stressor
technology is based on layer transfer strategy that allowed for
inducing of a state of the art =1% tensile strain into a GeSn
layer with 14 at% of Sn. The clear benefit of tensile strain is
proved via the lasing characteristics of microdisk cavities
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with/out all-around SiN stressors. The tensile strain offers a
robustness of laser emission up to 300 K, compared to 265 K
for unstrained microdisk. Lasing thresholds were found sig-
nificantly lower for tensile strained structures. Increasing the
Sn-content up to a challenging value of 17% was the only way
admitted by mainstream research to reach room temperature
lasing in GeSn. In the future, tensile strain engineering should
thus be considered as a key ingredient to mitigate the limita-
tions encountered when using only the Sn content to optimize
optical gain.
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