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The Interplay between Strain, Sn Content, and Temperature
on Spatially Dependent Bandgap in Ge,_,Sn, Microdisks

Ignatii Zaitsev,* Agnieszka Anna Corley-Wiciak,* Cedric Corley-Wiciak,
Marvin Hartwig Zoellner, Carsten Richter, Edoardo Zatterin, Michele Virgilio,
Beatriz Martin-Garcia, Davide Spirito, and Costanza Lucia Manganelli*

Germanium-tin (GeSn) microdisks are promising structures for complementary
metal-oxide—semiconductor-compatible lasing. Their emission properties
depend on Sn concentration, strain, and operating temperature. Critically, the
band structure of the alloy varies along the disk due to different lattice defor-
mations associated with mechanical constraints. An experimental and numerical
study of Ge;_,Sn, microdisk with Sn concentration between 8.5 and 14 at% is
reported. Combining finite element method calculations, micro-Raman and X-ray
diffraction spectroscopy enables a comprehensive understanding of mechanical
deformation, where computational predictions are experimentally validated,
leading to a robust model and insight into the strain landscape. Through micro-
photoluminescence experiments, the temperature dependence of the bandgap of
Ge;_,Sn, is parametrized using the Varshni formula with respect to strain and Sn
content. These results are the input for spatially dependent band structure
calculations based on deformation potential theory. It is observed that Sn
content and temperature have comparable effects on the bandgap, yielding a
decrease of more than 20 meV for an increase of 1 at% or 100 K, respectively. The
impact of the strain gradient is also analyzed. These findings correlate structural
properties to emission wavelength and spectral width of microdisk lasers, thus
demonstrating the importance of material-related consideration on the design of
optoelectronic microstructures.

1. Introduction

An all-in-one complementary metal-oxide—
semiconductor chip that contains laser
sources, photodetectors, waveguides, and
modulators is one of the most crucial mile-
stones of silicon photonics, envisioning
faster, more compact, and more efficient
optoelectronic devices. The biggest chal-
lenge in achieving this goal is a fully inte-
grated laser source on silicon.!™

One of the research paths toward this
aim focuses on Ge and its alloys, such as
germanium-tin (Ge;_,Sn,) and silicon—
germanium-tin.”) The composition of the
material can be adjusted to cover a wide
range of infrared wavelengths, from 1.6
to 5 pm.*® With increase of Sn concentra-
tion in the alloy, the energy separation
between the I" and L valleys of the conduc-
tion band increases, and, above 8%, a tran-
sition from indirect to direct bandgap is
observed in unstrained samples.””’ In addi-
tion to the higher radiative recombination
probability, this results in a larger popula-
tion of electrons in the I'-valley at a given
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temperature and reduces electron intervalley scattering between
the T and L valleys.'*!

Furthermore, mechanical deformations combined with tuned
Sn content allow to control of both valence and conduction
band edges and enhance carrier mobility!"? and direct optical
emission.'*™%! The development and improvement in the
performance of Ge;_,Sn,-based lasers was obtained by acting
on strain and Sn content since the first proof-of-principle in
2015"% and reaching operating temperature of 130K,
180 K, and 230 K" for both continuous-wave and pulsing
modes of optically pumped lasers, with the lasing threshold as
low as 0.8 kW cm 2%l Recent activities!"!] have demonstrated
room-temperature lasing for optically pumped lasers in pulsed
mode, while the state-of-the-art for electrically pumped lasers
has achieved milestones up to 90 K.'*?% Several efforts have
been also devoted to study laser designs based on Fabry Perot
cavities,'®  photonic  crystals,"®?"  or  microbridges.®
Nonetheless, the fine-tuning of alloys and microstructures
toward specific applications requires a thorough understanding
of the contribution of individual parameter to the Ge; ,Sn,
band structure, which essentially depends on the interplay
between Sn content and thermomechanical properties of the
devices operating under different temperatures.

Moreover, a nonuniform distribution of lattice strain can be
present in microstructures, affecting device performance and
optical properties. Its analysis requires a complete calculation
of the mechanical deformation and the band structure that
spans the whole volume of the microdevice, which is the topic
of this work.

The mechanical deformation of the Ge; ,Sn, layers stems
from their epitaxial growth on a plastically relaxed Ge virtual
substrate (VS). The addition of Sn increases the size of the unit
cell compared to Ge. Therefore, the Ge; _,Sn, is generally under
compressive strain, which decreases the directness of the
bandgap.”?! This strain may be released by plastic relaxation
of the Ge;_,Sn, epilayer, but this leads to the generation of a
high density of dislocations, which have an adverse effect on
device performance.?®! One approach to overcome this limita-
tion is the fabrication of suspended or free-standing microstruc-
tures from the Ge; ,Sn, epilayers, which can relax elastically,
yielding unstrained and defect-free Ge;_,Sn, suitable for
optoelectronic applications.”” A good example is Ge;_,Sn,
microdisks, obtained by selective etching of the Ge substrate,
to have an elastically relaxed suspended Ge; ,Sn, rim. Thus,
we study in detail a series of Ge; _,Sn, microdisks with a toolkit
of complementary experimental and simulation techniques. We
investigate the spatial strain distribution by micro-Raman spec-
troscopy and finite element method (FEM) calculations in
COMSOL Multiphysics. Next, we provide a parametrization
model of the temperature-dependent bandgap, analyzing the
interplay between strain, temperature, and Sn content.
Finally, we offer a fully integrated calculation platform for eval-
uating strain-, temperature- and, most importantly, Sn content-
dependent bandgap into a FEM modeling. This modeling and
parameterization of the optical properties of realistic
Ge;_,Sn,-based microdevices can be applied to arbitrary device
designs, providing a guide for the optimization of their
performance.
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2. Experimental Section

2.1. Samples

We selected a series of samples that differ in their Sn content and
thickness within the capability of epitaxial deposition. In this
way, we can explore a range of composition and mechanical con-
figuration for a material that has the high quality required for
photonics application.

Microdisks were fabricated from epitaxial Ge; ,Sn,/Ge/Si
wafers as described in ref. [12]. The layers are deposited by
chemical vapor deposition.I'” The thickness of the Ge VS is
3 um, while for Ge;_,Sn, layers it varies between 220 and
800 nm. The nominal Sn content is between 8.5 and 14 at%,
as listed in Table 1. On each wafer, arrays of microdisks are
structured by e-beam lithography and selective etching.['¥
Each disk thus consists of a plastically relaxed Ge pedestal
on a Si (001) substrate, which supports a Ge;_,Sn, disk
with a suspended rim. The disk diameter is defined by the
lithographic process, and varies in the range 20-140 um,
while the suspended rim extends always by 5 pm, controlled
by the etching process. A scanning electron microscopy
image of a disk of 20 pm radius is shown in the inset of
Figure 1a.

In Table 1, also the strain values measured by micro-Raman
spectroscopy in the central part of the microdisks are reported.
These values are similar to the ones measured in the bulk sam-
ples and show the impact of not only Sn content and plastic relax-
ation, but also thickness on the resulting strain behavior.

2.2. Raman

Raman spectroscopy provides information about strain and com-
position in Ge;_,Sn, microstructures.'>?*! Raman studies at
room temperature were carried out using a Renishaw inVia sys-
tem, with a spectrometer equipped with a 2400 grooves mm™*
grating. The system was set up to work in a backscattering
mode, and a 100x magnification objective was employed. An
excitation wavelength of 532 nm was used, corresponding to a
sampling depth of about 10 nm from the sample surface. For
low-temperature measurements, we employed a Renishaw
inVia Qontor system equipped with a vacuum chamber
(10~° hPa) Linkam HFS350EV-PB4, with liquid nitrogen cooling
(temperature range —193 to 350°C), with a 633nm laser
excitation, a 2400 grooves mm ™' grating, and a 50x long work-
ing distance objective. The lateral resolution corresponds to the

Table 1. List of the Ge;_,Sn, samples.

Sample Sn content [%] Thickness of Strain in the
Gey_,Sn, [nm] center (ep;) [%]
Sn8.5 8.5 880 —0.37
Sn10_thin 10 220 —0.46
Sn10_thick 10 710 —0.37
Sn12.5_thin 12.5 350 —0.55
Sn12.5_thick 12.5 414 —0.5
Snl14 14 350 —0.55
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Figure 1. a) Biaxial strain profiles along the diameters of 60 ym disks on sample Sn8.5 (8.5% Sn, 880 nm, blue symbols and line) and Sn10_thick
(10% Sn, 710nm, red symbols and line) at room temperature. b) Biaxial strain profile along the diameter of a smaller (20 pm wide) disk on
sample Sn10_thick with the center and rim areas marked out. Displacement is reported as dashed lines, right-hand axis. ¢) SXDM map of biaxial strain
in a sample Sn12.5_thick (8.5% Sn, 20 ym wide, 414 nm thick). d) Strain profiles along the diameters of a 60 ym wide Sn10_thick disk at different

temperatures.

spot size of the laser beam around 500 nm. Raman spectra
maps and profiles along the diameter of the disks were taken
with the step size of 500nm. From the peak position of
the Ge—Ge mode, the strain values were determined with the
following formula:

® = wy + ax + bey; (1)

where w, is a characteristic wavenumber; a and b are, respec-
tively, content and strain coefficients that amount to
wo=301.1cm Y, a=-92cm™}, b=—-550cm 129 x is the Sn
concentration; ¢,; = # is the local in-plane lattice strain.
For samples Sn12.5_thick and Sn10_thick, the strain values mea-
sured by Raman spectroscopy were confirmed by nanobeam

scanning X-ray diffraction microscopy (SXDM).

Phys. Status Solidi RRL 2024, 18, 2300348 2300348 (3 of 10)

2.3. SXDM

SXDMP”! was performed at the beamline ID01/ESRF with an
X-ray beam focused down to <200 nm. Strain maps were calcu-
lated following the measurement and analysis procedures previ-
ously developed.?®!

2.4. Photoluminescence

Temperature-dependent photoluminescence (PL) was measured
between 80 and 270K, using a 1064 nm laser for excitation.
Focusing was achieved by an objective with 50x magnification
and a numerical aperture of 0.65. PL emittance spectra of the
sample were taken in backscattering geometry with a 600
lines/mm grating and an extended indium gallium arsenide
(InGaAs) photodiode array acting as the detector. For cooling
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and temperature control, the sample was placed in a Linkam
cryostat with a temperature accuracy of 5 K.

2.5. FEM Calculations

3D FEM simulations with the Solid Mechanics module of
COMSOL Multiphysics allow us to predict the behavior of the
strain profile.

The mechanical deformation is evaluated according to
Hooke’s law!'* in a 3D description to offer a complete overview
of all the strain field components.

oij = Cyuen ()

Here, o; is the stress tensor, gy, is the strain tensor, and Cyyy is
the stiffness tensor.

The lattice strain in the central part of the disk is treated as
biaxial, which is an approximation assuming its shape is ideally
circular and governed by the lattice mismatch between the Ge
pedestal and the Ge; _,Sn, layer up to the mismatch-dependent
“critical thickness.”®®) Upon exceeding the critical thickness, the
Ge;_,Sn, layer may undergo plastic relaxation to some degree,
depending on growth conditions®” by the formation of misfit
dislocations, and release the lattice strain. Therefore, the strain
at the center of each disk is different, dependent on the thickness
and composition of the Ge; ,Sn, layer.

As a first step, this relaxation of the underetched microdisks is
evaluated at room temperature. Ge; _,Sn, alloys keep the cubic
structure and symmetry.") For this, the stiffness tensor presents
only three independent components Cjq, Ciy, and Cyy in the
[100], [010], and [001] reference system (using the reduced nota-
tion). Reference values for elastic parameters are used for Ge!'*l
while for Ge; ,Sn, are linearly interpolated with respect to Sn
content, as listed in Table 2, and are set as input parameters
for the mechanical simulations.

The 3D calculations take into account the Ge;_,Sn,, the Ge
pedestal, and the Si substrate, reproducing the inset of Figure 1la.
The fixed constraint is imposed on the bottom of the Si layer,
while Ge;_,Sn, and Ge pedestal are free to expand.

Table 2. Material parameters of Ge®> and SnP® used to interpolate the
values in their alloy.

Material Ge Sn
Density [kg m ™3] 5323 5765
Heat capacity [J (kg* K) "] 310 213
Thermal conductivity [W (m * K) '] 58 63.2
Coefficient of thermal expansion at room T [1/K] 59x10°° 5.4x10°°
(listed for room temperature)

Relative permittivity 16.3 24
Young’s modulus [GPa] 103 50
Poisson’s ratio 0.26 0.36
Cn [GPa] 122.35 59
G2 [GPa] 43 28
Cas [GPa] 39.68 26
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The relaxation of the layer is estimated selecting as initial
conditions the strain reported in Table 1 for Ge;_ ,Sn,

(with e,, = —ZE—ﬁebi) that corresponds to the one measured by

Raman spectroscopy in the center of the microdisk. As initial con-
dition on the domain of the Ge pedestal, a tensile strain of 0.23% is
considered. This corresponds to the thermal strain between Ge and
the Si substrate after cooling down from growth temperature.*?

More details on the strain tensor are reported in the last
section of the article and in the appendix.

Having set the numerical model for room temperature, we
were also able to extrapolate the strain field at lower tempera-
tures, considering the difference in the coefficients of thermal
expansion of Ge and Ge;_,Sn, with respect to silicon, using
temperature-dependent values?®** in the Solid Mechanics model
of COMSOL.

3. Results and Discussion

3.1. Strain Analysis

Figure 1a,b shows that the strain landscape obtained by FEM
simulations is in good agreement with Raman experimental data.
The intensity of the strain field is decreasing going from the cen-
ter to the periphery. At the center, supported by the pillar, there is
a plateau of compressive strain ¢ =~ —0.37%. On the elastically
relaxed rim, there is another plateau with e~ —0.1%. The
FEM simulation of that region is calculating mechanical defor-
mation for complete elastic relaxation in an ideal sample. In
a real microstructure, additional effects, such as nonperfect
surfaces and sidewalls or the influence of structural defects
(dislocations),?* may limit the elastic relaxation. This residual
compressive strain remaining on the rim of the disk even after
full underetching can be seen on the plots of Figure 1.
Comparing a disk with 60 pm diameter (Figure 1a) and one of
20 pm diameter (Figure 1b), we can observe that the size of
the microdisk is strongly impacting the strain uniformity (i.e.,
bigger disks have a wider uniformly strained region).
Figure 1b displays also the displacement of thick and thin disk
with 10% Sn (dashed lines), finding that thinner disks present a
more pronounced bending.

The simulation results show a spike at a distance of 5pm
from the disk’s outer edge. This corresponds to the discontinuity
between the part of the disk supported by the pedestal and
the rim, which is free to expand and thus bends. As we will
see in the following sections, this impacts the band structure
landscape.

Figure 1c shows a map of the in-plane strain within one of the
microdisks obtained by SXDM. The results of this technique fully
support both the Raman measurements and the simulations,
showing the elastic relaxation of strain on the rim of the disk.

Finally, Figure 1d shows simulated and experimental (Raman)
strain profiles at low temperature. The effect of cooling by about
around 180 K is translated into an additional tensile biaxial strain
of around 0.1% in the center of the disks, while the relaxed area is
less affected by thermomechanical effects because the Ge; _,Sn,
is not anymore in contact with the Ge and Si substrate and thus
free to contract.

© 2023 The Authors. physica status solidi (RRL) Rapid Research Letters
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3.2. Optical Properties: PL

Disks of 20 and 120 pm radius were measured with micro-PL for
each sample in Table 1 in their center, suspended edge, and half-
way (for the 120 pm disks where the spot and disk sizes allowed).
All the Sn concentrations in our investigation are above the
threshold value of 8 at% which allows to consider Ge;_,Sn, a
direct bandgap material. From the literature,® it is known that
unstrained Geg9,Sng g and higher concentrations exhibit direct
band alignment. Our model predicts that this holds true for disk
Sn8.5, even with the small residual compressive strain measured
on its rim. Thus, all the spectra were analyzed with van
Roosbroeck’s fit** for direct transition in semiconductors (see
SI, Supporting Information and ref. [36], for the alternatives
to that model):

R=A,/E — Egef 5/} (3)

where the recombination R is proportional to the product
between the thermal occupation of the bands (ef~%e/¥T<) and
the joint density of states (y/E — E,), where E is the photon
energy, E, the energy gap, and T, the electronic temperature,
while A is an amplitude factor proportional to the transition prob-
ability. The electronic temperature can be significantly different
from the lattice temperature because of the nonequilibrium con-
ditions under light excitation."” As an example, in the disk Sn8.5
with the size of 20 pm we extracted an electronic temperature of
170K for a lattice temperature of 80 K.

Figure 2a shows two spectra, measured in the center of the
disk Sn8.5, the size of 120 pm, at 81 and 161 K, together with
their van Roosbroeck’s fit. The high-energy side of the peak is
mainly driven by the thermal distribution of carriers and is in
good agreement with the fitting procedure. The low-energy part
is broadened with respect to the theoretical fit, as a result of lim-
ited band filling, indicating a low carrier injection regime,’*”) or
alloy broadening and strain inhomogeneity caused by the misfit
dislocations at heterointerface,”® or localized states extending in
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the bandgap to form an Urbach tail,®! or also I'-L recombina-
tion." Moreover, especially for small microdisks, the low-
energy tail may be influenced by the spatially dependent radiative
recombination. As explained in ref. [14], the excess carrier diffu-
sion length is of the order of pm and the recombination rate may
be stronger at the periphery of the disks, where the bandgap is
smaller.

The peak shifts to lower energy as the temperature increases,
following the typical trend for semiconductors that is empirically
described by the formula proposed by Varshni*”! and widely

investigated in the literature:**~*!
aT?
Eg(T) = Eg(o) _/}_|_ T 4)

Here, Eg(0) is the bandgap value at T= 0 K, while « is related
to the electron-phonon coupling, and f is related to the Debye
temperature. After having extracted the gap values with
Equation 3 for all the samples under investigation, we plotted their
behavior as a function of temperature, observing a good alignment
with the proposed function in Equation 4 as shown in Figure 3a.

The PL peak (and thus the bandgap) shifts to lower energy as
the Sn increases (Figure 2b), in agreement with the literature.**~**l
Extending the temperature-dependent gap analysis (Equation (3))
for samples with different amounts of Sn, the parameters a and
B, as suggested by prior studies,*”) are not significantly influ-
enced by the Sn concentration in the investigated range (see
SIII, Supporting Information and refs. [49,50]). Their values
are generally in line with the values extracted for pure Ge, with
f=296+20K and a = (5.82+0.4)10 *eVK *

On the other hand, the amount of Sn is highly impacting the
E4(0) term of Equation (4). Our analysis finds a linear depen-
dence on the Sn content x in range between 8.5% and 14%:

E4(0) = (0.78 £ 0.003) — (2.07 £ 0.5)-x [eV] (5)

Figure 3b shows the behavior of the energy gap as a function
of Sn content at room temperature. Our extrapolated results (red

( ) Sn8.5, 81K, experimental Sn10_thick, 81K, fit L
- — Sn8.5, 81K, fit

Sn12.5_thick, 81K, experimental

Sn10_thick, 81K, experimental = = Sn12.5_thick, 81K, fit

o o o =
~ o o® o

o
(N

Photoluminescence [arb. units]

o
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Energy [eV]

Figure 2. a) PL spectra of sample Sn8.5 at 81 and 161 K, fitted with the van Roosbroeck Equation (3) and normalized for clarity. b) Normalized PL spectra

at 81K for different samples (Sn8.5, Sn10_thick, Sn12.5_thin).
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Figure 3. a) An example of Varshni rule fit of the peak positions for the sampl
with the value calculated from the analysis reported in the text for the thick

dots) are obtained from Equation (4) with the assumption of
alpha and beta as constant values. They present a good agree-
ment with the results of D’Costa et al.*! that parametrize E,
as a quadratic function of x:

EgGeSn = EgGe(l - x) + EgSnx - bx(l - x) (6)

where b is the bowing parameter, corresponding to 2.46 eV. The
value of Eggy, is taken as —0.41 eV due to the inversion of the I';
and T's bands in Sn. Also, Egs, is expected to change with
temperature as described by Equation (4). Alternative descrip-
tions based on interpolation of the Varshni formula are also
reported.!*®

To properly disentangle the effect of strain and Sn on the
bandgap, we analyzed the differences between PL spectra at
the center and the periphery of the microdisk, reported in
Figure 4a for the sample Sn8.5 with disks size of 20 ym.

The peaks of the two curves are located at different energies,
a discrepancy anticipated due to the varying strain profiles.

a
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— = Center, fit
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e Sn12.5_thick. b) A comparison of literature!*® estimations of Eg at 300K
est samples of all the available concentrations in Table 1.

However, these peaks are not mere rigid shifts from each
other, as evidenced by their distinct high energy tails. This
variation can be attributed to the spatially dependent laser
heating on the microdisk surface. Furthermore, the peak in
the edge experimental curve (blue), located at 0.57 eV, may
result from noise, a conclusion supported by its absence in
other datasets.

The temperature dependence of the bandgap on the rim and
the center of the microdisk is shown in Figure 4b. The fit of the
experimental data is in line with Equation (4), and the a and j
parameters are left unchanged with respect to the previous anal-
ysis. The different strain between the center and rim gives a
rigid shift of 25 meV between the two curves. This lets us to
conclude that the strain is not impacting @ and g but only
the Fy(0) parameter, as we previously observed for pure
Ge." The energy shift due to strain can be calculated analyti-
cally,P>*? and confirms the measured value for a measured dif-
ference in strain of 0.28%.
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Figure 4. PL in a microdisk with 8.5% Sn in the center and at its edge. a) Comparison between the spectra at 121 K, with the peaks fitted by van
Roosbroeck’s fit. b) Experimental temperature-dependent peak positions (symbols) and fit with Varshni rule.
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4, Thermomechanical Simulations on the
Bandgap

The extracted interplay between concentration and strain on the
temperature-dependent bandgap became part of our FEM
calculation platform that includes the mechanical and thermo-
mechanical relaxation, calculated for the parameters of all of
the available samples interpolated from the values listed in
Table 2.

As explored in the previous section, we could parametrize, as a
result of the experimental analysis, the concentration-dependent
bandgap. In addition, our calculations include the strain-
dependent valence (Bir and Pikus Hamiltonian®***) and con-
duction band (deformation potential theory®*) calculations.
This approach, first validated with the experimental PL measure-
ments shown in Figure 4 for different strain and positions in the
disk, allows us to obtain the band behavior throughout the entire
set of the microdisks.

Given the geometry of the system, it is convenient to use cylin-
drical coordinates. Note, however, that cartesian coordinates,
aligned with the crystal axes, are typically used in the calculation
of band structure. Because of the change of coordinates, the
interpretation of strain and stress tensors components may

www.pss-rapid.com

differ. We discuss the impact of the off-diagonal components
on the band structure in the supplementary.

In order to fully capture the relaxation mechanisms of the sys-
tem and the impact of the symmetry on the mechanical defor-
mation, we observed the strain components along two different
line cuts: one parallel to the x-axis (9 = 0), i.e., the (010) direction
of the cubic lattice (Figure 5a), and one at 45 degrees with respect
to the x-axis (9 = x/4), i.e., the (100) direction (Figure 5b).

As expected from the cylindrical symmetry of the system,!'” the
£, and &, components are not equal to each other in all the points
of the disk, as well as ¢, and ¢,,,. At specific positions, e.g., along
the line cut at § = 0 of Figure 5a, the off-diagonal components are
entirely negligible in both the coordinate systems and e,, = ¢,
and ¢, = &,,. On the other hand, a line cut at § = /4 shows
the strong contribution of the off-diagonal components in the car-
tesian coordinates. In Figure 5c, we report our theoretical calcu-
lations for the band edge profiles of heavy hole (HH) and light hole
(LH) bands evaluated employing the Bir-Pikus Hamiltonian
and providing as input the strains obtained with COMSOL
Multiphysics, showing how the band edge profile is invariant with
respect to the choice of the coordinate system, as expected.

Figure 6a shows the bandgap along the disk, with the expected
radial symmetry. In this case, as in Figure 6b, the strain-

(@04 (b)o.4 L (©) 5 . . . .
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Figure 5. a) Strain components in cylindrical coordinates and in cartesian coordinates along a line cut on the horizontal axis (9 = 0) and 10 nm below the
surface; b) strain components in cylindrical coordinates and in cartesian coordinates along a line cut oriented at 45 degrees with respect to the x-axis
(9 = =/4) and 10 nm below the surface; c) HH band profile (green) and LH band profile (blue) along the horizontal line cuts of respectively. The contin-

uous lines are extracted in cartesian coordinates, the dashed in cylindrical.
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Figure 6. a) Color map of the energy gap extracted 2 nm below the surface; b) energy gap profiles extracted along the horizontal line cut at room T

(continuous lines) and 100 K (dashed lines) at the top (blue), middle (green),

and bottom (red) of the disk; c) energy gap as a function of temperature for

8.5% Sn concentration (red), 10% Sn concentration (green), and 12.5% Sn concentration (blue) on the center (continuous) or the edge (dashed) of the

microdisk.
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dependent variation of the HH valence band is obtained follow-
ing the full diagonalized approach.” In contrast, the conduction
band offset only depends on the hydrostatic strain and is not
influenced by off-diagonal components.** Along the entire sur-
face of the disk, the strain-induced energy variation of the gap
ranges in an interval of 30 meV.

Figure 6b illustrates the behavior of the horizontal line cut of
the band energy gap for room temperature (continuous lines)
and 100 K temperature (dashed lines). Cooling down the sample
causes a rigid increase of the energy gap of more than 40 meV.
As observed in the section dedicated to mechanical deforma-
tions, the simulation results show a spike at a distance of
5 um from the outer edge of the disk (area highlighted in yellow).
This region corresponds to the interface between the part
of the disk supported by the pedestal (and thus constrained by
the Ge) and the rim that is free to expand. In this region, the
mechanical deformation also has a strong gradient along the ver-
tical direction. As observed from the red, blue, and green
curves of Figure 6b, showing, respectively, line cuts along the
x-axis at the bottom, top, and middle of the microdisk, the
energy bandgap can vary in a range of more than 50 meV,
strongly impacting the radiative and nonradiative recombination
mechanism as also already observed for different structures.*
For the case of the top surface of the disk, we can conclude that
the difference between the minimum of the energy gap in the
interface region and the energy gap at the rim is around
20meV, i.e., comparable temperature effect and composition
effect.

To obtain a complete description of the spatially dependent
bandgap, we use the modeling and parameterization of the tem-
perature dependence for strain and bandgap developed in the
previous sections, together with the composition effect. The
effect of strain has been included, in its effect on the bandgap
at T=0K, i.e., the E4(0) of the Varshni relation, with the contri-
butions to it including both lattice mismatch and thermal strain,
the latter of which is normally contributing to the Varshni param-
eters listed in literature. Together with the dependence of the
band structure on Sn content and temperature, a full parameter-
ization is achieved.

The main findings are summarized in Figure 6c.
The continuous lines are showing the behavior of the energy
gap as a function of the temperature in the center of the
microdisk, the dashed at the periphery. As commented above,
the difference of strain between center and rim results in a shift
of the bandgap comparable with that of the temperature in 100 K
range. Note that in optically pumped devices the local electronic
temperature can increase by several tens of K with respect to lat-
tice temperature, as noted from the Roosbroeck’s fit in Figure 2.
Thus, the alignment of the band edge along the disk can be
severely altered from the one predicted in equilibrium
conditions.

The influence of the three main parameters—temperature T,
Sn content x, and strain e—is described by our model. As a
benchmark, we estimate the slopes of the 1D curves E(T),
E(x), E(¢) obtained from the bandgap E(T, x, &) parameterized
for our microdisks by keeping the other parameters fixed. For
one exemplary disk (Sn10_thick, in the case used for the illus-
trations in this section), they are obtained as %= 0.43mY,
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4E~3172, and 9E=~7.853Y respectively. This range of
bandgap variations dependent on different factors shows the
importance of a complete thermomechanical description for

optoelectronic-based devices.

5. Conclusions

We give a parametrization of the bandgap in Ge;_,Sn, devices
depending on Sn content, temperature, and the spatial strain
distribution, including shear strain, using a self-calibrated
theoretical/experimental tool among Raman spectroscopy,
XRD, PL, and FEM simulations. The elastic relaxation
mechanism is fully described by combining FEM calculations
and Raman spectroscopy for different Sn concentrations and
temperatures. This approach offers a 3D calculation of the
strain profiles and strain gradients in a wide range of
temperatures.

To fully determine the influence of mechanical and thermo-
mechanical features on optical properties, we analyze temper-
ature-dependent PL spectra with strain-dependent Bir-Pikus
Hamiltonian and Van Roosbroeck fitting. Moreover, we use
the combination of the abovementioned models to describe
the temperature-dependent bandgap, parametrizing the interac-
tion between strain, Sn content, and temperature. The contribu-
tions of those parameters are, respectively, described by the
strain-dependent Bir-Pikus Hamiltonian (with a typical drop
of 20meV for the bandgap on the relaxed edge), Vegard’s law
for composition (around 20 meV decrease per 1% Sn in the mea-
sured range of compositions), and empirical Varshni rule for
temperature (with an example drop from 555 meV at 81K to
520 meV at 181 K). An additional dip of ~20meV caused by
the bending at the edge of the pillar could result in a shift of
up to 50nm in the normal GeSn emission wavelength of
~2.5 pm at the abovementioned operating temperature ranges
for our microdisks, depending on the exact location of the
modes. This highlights the importance of comprehensive model-
ing for the strained microstructures.

As a result of our work, we offer an insight for assessing inte-
grated light emitters designed to work at cryogenic temperatures
or in presence of high power. In this framework, the knowledge
of the interplay between the key role played by temperature,
strain, and Sn concentration would be very beneficial to the
advancement of this technology.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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