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ABSTRACT
Various excitation-induced loss mechanisms have been identified during the development of direct-gap semiconductor lasers. Recently,
indirect-gap laser sources, particularly germanium (Ge) or GeSn based, have emerged due to silicon industry compatibility. Tensile strain
is crucial for optical gain or low-threshold room-temperature operation in such media. This study investigates an excitation-induced optical
loss mechanism of mechanical origin in Ge-based micro-cavities with all-around stressor layers, a popular platform for strain-engineered laser
sources. Using Raman spectroscopy, photoluminescence, and simulations, we find that excitation lowers the optical gain by altering the strain
profile. Heating causes Ge micro-cavities to expand within a constraining stressor layer, inducing compressive strain, which is explained by
the mismatch in thermal expansion coefficients.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0203305

I. INTRODUCTION

Germanium (Ge) and GeSn alloys have been the focus of
researchers in the search for a potential optical gain medium com-
patible with the current complementary metal-oxide-semiconductor
(CMOS) industry.1–5 Although this research pathway was estab-
lished to investigate Ge platforms,6–23 the current efforts are
concentrating on GeSn alloys.3,24–27 In both trends, the aim is
to provide direct-gap Ge-based material.24,28,29 To realize this in
pure Ge, the application of tensile strain has been widely inves-
tigated, overshadowing other possible techniques such as n-type
doping.30,31 n-type doping was initially proposed to fill the indirect-
gap (L) valley with electrons, reducing the injection requirements
to reach transparency.4–6,32,33 Yet, achieving high doping concen-
tration levels without degrading the Ge crystalline quality is not

straightforward,34,35 and the understanding of doping effects on
electrical and optical losses is not fully developed yet.36 Ten-
sile strain, on the other hand, has provided consistent results
throughout the research community, confirming optical gain and
lasing.24–27,37,38

Novel fabrication techniques imposing tensile strain onto Ge
structures were developed,12,15,19,39 compromising multiple impor-
tant design factors such as the necessity of high tensile-strain values,
the nature of this strain being uniaxial or biaxial, providing opti-
cal confinement, and the suitability for electrical pumping. Ge can
be transformed into a direct-gap material using ∼4.5% and 1.7%
uniaxial38,40,41 and biaxial42,43 tensile strain values, respectively. Effi-
cient room-temperature (RT) lasing of Ge requires even higher
strain values, resulting in an energy difference of 150 meV between
the direct (Γ) and indirect (L) valleys of the conduction band.24
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Practical devices relied mainly on two techniques for this purpose:
releasing pre-stressed Ge films with engineered dimensions41,44 and
depositing stressor layers, or stress liners, according to the CMOS
fabrication terminology.3,15,16,24–26 Freestanding Ge structures with
tapered pads, also known as the geometrical amplification technique,
relying on large Ge pads pulling a middle Ge section with smaller
dimensions, have been proposed for achieving such high strain val-
ues.41 Although strain values up to 5.7% have been reported using
this technique,41 this uniaxial value is comparable to a biaxial strain
value of ∼2% achieved using stressor layer techniques.28,42,45 The
advantages of the freestanding Ge films, though, include their suit-
ability for electrical pumping and better heat dissipation through the
pads that may be in direct contact with the bulk Si wafer.46 Heat dis-
sipation is crucial for lasing; in fact, recently, it has been the main
factor being investigated in reducing the threshold in GeSn micro-
cavities, as will be discussed below.3,24–27 The dissipation of heat
through a freestanding Ge film connected to larger pads on both
sides is expected to be easier than the stressor layer technique. The
latter relies on the deposition of a pre-stressed film such as SiN or
SiO2 around the Ge-based cavity. Given that the thermal conduc-
tivity of such stressor layers is lower than that of Ge, in addition
to being surrounded by air, the heat dissipation path is worsened
in-plane of the cavity. In fact, the best heat sinking path would be
through the substrate below the Ge structure.3,24–27 Stressor layers
have been used on Ge-based waveguides47 and micro-cavities,15,17

resulting in biaxial strain. An all-around stressor layer technique
was proposed to improve the uniformity of tensile strain along the
three spatial directions18 and has been popular since then, especially
with micro-cavities, providing simple structures with good optical
confinement capabilities. Although high biaxial tensile strain val-
ues up to ∼2% were achieved using such structures,42,45 resulting
in optical modes with good quality factors, efficient RT lasing has
not been demonstrated in pure Ge yet. It was obvious then that
imposing further tensile strain is not feasible as the complexity of
achieving a slight increase in strain values is immense, and the corre-
sponding reduction in the lasing threshold would still be considered
humble.

Hence, the shift toward investigating GeSn alloys, given that
a direct bandgap can be achieved by tuning the Sn content
percentage.25,27 Consistent lasing at cryogenic temperatures was
subsequently reported in GeSn cavities.3,24–27 Research efforts have
been focused since then on reducing the lasing threshold in order to
achieve efficient RT operation. The tensile strain has emerged once
again as a possible solution24 due to the strain-induced deformation
of the band edges toward creating a direct-gap GeSn alloy, similar
in principle to Ge. However, this time a combination of Sn con-
tent tuning and tensile strain has been utilized in order to create
an effective light-emitting direct-gap medium.24–26 This reduces the
requirements of the Sn percentage, enhancing the crystalline qual-
ity that is decreased with the Sn to Ge ratio, as the tensile strain is
used to compensate for the remaining Sn content required to achieve
the direct-gap characteristic.24 It also meant that a reasonable ten-
sile strain value was required. For instance, a combination of 5.4%
Sn content in a GeSn micro-cavity with 1.4% tensile strain applied
using an all-around stressor layer resulted in a promising low lasing
threshold.24

Efficient RT lasing of GeSn micro-cavities has another
challenge to overcome, namely, heating effects. RT lasing of

direct-gap GeSn micro-cavities is not straightforward because
pumping requirements to reach transparency increase with oper-
ating temperature as the losses to be compensated for increase
while pumping itself heats up the device even more. This indi-
cates that achieving reliable RT lasing at the current gain levels
requires mitigating the heating effects with better heat sinking
techniques.24,27 As most of the recent lasing reports of GeSn micro-
cavities relied on an all-around low-thermal-conductivity stressor
layer,3,24–27 the most suitable heat-sinking path is obviously through
the pedestal to the substrate. Several works have exploited metal-
lic pedestals to hold the GeSn micro-cavities instead of standard
wafer materials.24–26 A recent study has demonstrated reducing the
RT lasing threshold in non-strained GeSn micro-cavities through
a systematic heat-management comparison.27 The technique relied
on using lower-Sn layers around a high-Sn gain medium in a het-
erostructure for better thermal dissipation, in addition to using
an AlN pedestal, which resulted in a lower lasing threshold com-
pared to the same structure on a Ge pedestal, explained by the
higher thermal conductivity of AlN compared to Ge.27 Although the
current trend suggests designing structures to bear with the high
temperatures resulting from extreme pumping by dissipating the
heat into the substrate, it is well understood that heating effects
mainly impact carriers and optical losses, affecting the threshold
value itself. Previous studies on Ge micro-disks have pointed out
heating effects as a major obstacle preventing lasing; for example,
the redshift in the absorption band-edge and free-carrier absorption
losses may cause a drastic drop in the quality factors of confined
modes.10

In this work, we investigate a new type of optical loss of
mechanical origin: the effect of the heat generated due to excita-
tion on the tensile-strain profile within Ge-based micro-cavities with
an all-around stressor layer. Such an interaction is relevant to Ge-
based light-sources as the strain corresponds directly to the optical
gain value, if not the main source of the optical gain. Ge micro-
gear cavities with all-around stressor layers on silicon (Si) pedestals
are used as exemplar structures, similar in principle to the recently
popular configurations of GeSn micro-cavities with successful las-
ing reports. Consequent finite-element method (FEM) simulations
combining the effects of strain and heating were conducted to inves-
tigate the mechanical behavior of the cavities undergoing optical
excitation. The simulations show that the strain profile within the
cavities is remarkably altered due to pumping, resulting in a more
compressive strain distribution. This heat-induced strain variation
is then reflected onto photoluminescence (PL) and Raman data.
Whispering-gallery modes (WGMs) with different radial orders and,
therefore, a different spatial distribution of the electric fields were
found to experience different degradation behavior with pumping.
This is due to the variation in the overlap between the altered strain
profiles upon heating and the optical modes. We believe that this
investigation sets up an important consideration for the design of
light sources with strain-originated optical gain.

II. THE PLATFORM: MICRO-CAVITIES
WITH ALL-AROUND STRESSOR LAYERS

Ge micro-gear cavities with all-around SiO2 stressor layers on
Si pedestals serve as exemplar structures. Ge micro-gears with peri-
ods (m) ranging from 14 to 21 were fabricated, with a period defined
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FIG. 1. Ge micro-cavities with all-around stressor layers. (a) 3D sketch defining micro-gear periods. (b) Optical and (c) scanning-electron microscopy images. (d) Side-view
of the bulk-Si cylindrical pillars holding the micro-cavities before etching them into pyramidal pedestals. (e) Upward deformation of the final device upon the formation of the
pyramidal pedestal due to the higher initial stress of the thermal SiO2 layer.

as shown in Fig. 1(a). The stack consists of 145-nm plasma-enhanced
chemical-vapor deposition (PECVD) SiO2 on top of 200-nm Ge on
20-nm Si. The bottom dioxide layer is thermally grown during the
Ge on Si-on-insulator (SOI) wafer production, with a thickness of
145 nm matching that of the top PECVD oxide. The diameter of the
Ge micro-gears is 4 μm, while the diameter of the SiO2 encapsula-
tion extends by 600 nm. The cavity encapsulated with the all-around
stressor layer sits on a Si pedestal with a 500-nm wide top. Details
on the fabrication process can be found elsewhere.13,14 Figures 1(b)
and 1(c) show an optical image of a Ge micro-gear from the top
and a 3D view of the final structure using scanning-electron micro-
scopy (SEM). A critical drawback of this structure, compared to the
commonly used structures for GeSn-based micro-cavities,3,24–27 is
that the cavity region is isolated from the pedestal by the dioxide
layer, degrading the thermal dissipation path into the substrate. This
is shown in Figs. 1(d) and 1(e), where inductively coupled plasma
(ICP) etching is used to define the Si pillars [Fig. 1(d)], with the diox-
ide layer holding the cavity on top, then anisotropic wet-etching is
performed to under-etch the dioxide, forming Si pedestals as shown
in Fig. 1(e). A Si pillar [Fig. 1(d)] with a diameter equal to the
cavity’s diameter would provide better thermal dissipation, yet opti-
cal confinement of the WGMs would be challenging, thus releasing
the cavity’s circumference is required [Fig. 1(e)]. This release of the
pre-stressed SiO2 encapsulation causes it to expand, imposing ten-
sile strain on the embedded Ge micro-cavity. Interestingly, the final
structure deforms upward due to the higher initial stress of the ther-
mal dioxide compared to the PECVD layer. This deformation affects
the strain distribution, hence the optical gain, within the Ge region,
as will be discussed later.

III. SPECTRA OF EVEN AND ODD-PARITY
MICRO-GEARS

Resonant modes of Ge micro-gears with physical periods rang-
ing from 14 to 21 were observed using PL measurements, as shown
in Fig. 2. The main PL peak in all devices corresponds to the direct
Ge bandgap with a slight biaxial strain of around 0.3%, as con-
firmed by simulations. Sharp-peak resonances were identified as
WGMs with different azimuthal and radial orders. WGM orders
are assigned in Fig. 2 using a two-number notation: the first num-
ber corresponds to the azimuthal order, which is the number of full
wavelengths of the WGM, and the second number corresponds to
the radial order, which is the number of field maxima along the
radius of the micro-gear. Modes with higher radial orders have a
considerable portion of the electric field squeezed into the inner
regions of the micro-gear, while the first radial order modes have
the main portion of the electric field at the circumference of the cav-
ity. Micro-gears with 17 and 18 physical periods confined modes
with the highest quality factors.48,49 The micro-gear with 17 physi-
cal periods resulted in the best quality factor of ∼715 at a wavelength
of 1790 nm and a pump power of 2 mW. Odd-parity gears seem to
filter out the WGMs with the first radial order in the observed wave-
length region. For instance, the WGMs within the 17-period gear
are identified as (16,2), (12,3), and (11,3) occurring at 1665, 1724,
and 1790 nm, respectively. Meanwhile, the WGMs in the 18-period
gear, an even-parity gear, are (20,1), (19,1), and (18,1) occurring
at 1670, 1728, and 1793 nm, respectively. This difference in the
radial order affects the spatial overlap between the electric field and
the tensile-strain profile in the micro-gear, influencing the optical
gain seen by the modes. Moreover, WGMs will experience different

APL Photon. 9, 056104 (2024); doi: 10.1063/5.0203305 9, 056104-3

© Author(s) 2024

 30 July 2024 12:54:23

https://pubs.aip.org/aip/app


APL Photonics ARTICLE pubs.aip.org/aip/app

FIG. 2. PL spectra of micro-gear cavities with different periods. WGMs of higher radial orders are confined in odd-parity micro-gears.

scattering losses as the first-radial-order modes will interact with the
etched gear surface and lower-strain regions at the circumference.
On the other hand, higher-radial-order WGMs are in closer prox-
imity to the excitation region, assuming pumping is centered in the
middle of the cavity.

IV. EXCITATION-INDUCED STRAIN VARIATION
A. Finite-element method simulations

Three-dimensional FEM simulations were conducted in two
consequent stages: first, the initial strain distribution in the devices
after fabrication due to the release of the compressively stressed
SiO2 layers was simulated. Ge micro-gears of 2 μm radius and 50-
nm-deep etched gear teeth were modeled, where the gear teeth
depth is the difference between the inner and outer radius val-
ues of the gear, encapsulated with an all-around SiO2 layer of
2.3 μm radius. This all-around stressor layer consisted of a 145-
nm-thick SiO2 layer below (above) the Ge cavity with an initial
compressive stress of 1000 MPA (500 MPA), representing thermally
grown (PECVD) layers. The Ge layer has an initial tensile strain
value of 0.2%.50 The device boundaries were set as free bound-
aries, except for the bottom of the Si pedestal holding the cavity.
The resulting steady-state distribution of the strain values due to
the initial stresses represents the devices before excitation, as shown
in Fig. 3(a). The sketch is deformed to visualize the initial state
of the device, and a cross-sectional plane is highlighted in the

middle of the micro-gear to illustrate the strain variation across
the thickness of the cavity. The cavity is deformed upward, similar
to the SEM image shown in Fig. 1(e), due to the higher com-
pressive stress in the thermal SiO2 below the Ge layer compared
to the PECVD oxide on the top. The initial stress value was esti-
mated to be 1000 MPA (500 MPA) in the thermal (PECVD) SiO2,
respectively, using wafer-curvature measurements and Stoney’s for-
mula.51 This variation results in higher tensile strain values at the
bottom side of the cavity, as evident in Fig. 3(a), with volumetric
strain values approaching 0.8% compared to 0.4% within the top
regions.

Second, the result from the previous stress–strain simulation
was used as an initial condition for the next stage, where the effect of
heating (excitation) is modeled. Excitation is modeled as a 2-μm-
diameter spot on the top surface of the device (a uniform beam
profile was assumed), representing a boundary heat source of 2 mW
power. The initial temperature condition of the device was set to RT.
The boundary conditions constrained the temperature at the bot-
tom of the Si pedestal to RT, representing the heat-sinking path.
The thermal expansion coefficients used for Ge, Si, and SiO2 were
5.9 × 10−6, 2.6 × 10−6, and 0.5 × 10−6 K−1, respectively.52–55 A tran-
sient study of the heating effects on the strain profile was conducted
to visualize the dynamic behavior of the cavity. Figure 3(b) presents
the same structure upon excitation with a 2 mW laser beam of a
2 μm diameter from the top after reaching a steady state condi-
tion. The heat-induced strain variation is evident as the structure
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FIG. 3. Simulated strain profile: (a) before and (b) after excitation. (c) Temperature cross-sectional distribution based on 2 mW excitation. (d) Transient response of the
cross-sectional strain profile. The cavity undergoes several deformations as the inner and outer materials have dissimilar thermal expansion coefficients until a steady-state
condition is reached.

is deformed downward, with two main outcomes to highlight: first,
the strain within the Ge layer is reduced to ∼0.35%, and second,
the strain is mostly uniform across the cavity. These two effects
arise from the fact that Ge expands at a higher rate (∼12×) com-
pared to the encapsulating stressor layer due to the higher thermal
expansion coefficient. This constrains the expansion of the heated
Ge cavity, imposing compressive forces that reduce the tensile strain
values. The uniformity of the new strain distribution supports this
hypothesis, as the new deformation is mainly governed by the ther-
mal expansion. Downward deformation after excitation is probably
due to the top layers being at higher temperatures compared to
the bottom ones. In this context, it is important to mention that
the thermal expansion coefficients of the thermal and PECVD SiO2
layers are assumed to be equal for simplicity. In reality, the ther-
mal expansion coefficient of the PECVD SiO2 varies depending on
the deposition process parameters and is often reported to range
from nearly 1 to 5 times that of the thermal SiO2.53–55 If the high-
est reported value is used for the top PECVD SiO2 in our structure
(∼2.6 × 10−6 K−1

),54,55 then the upper part of the structure is
expected to expand more than the lower part, as the lower thermal
SiO2 expands at a rate of 0.5 × 10−6 K−1.53 This causes the cavity to
undergo a slightly increased downward deformation compared to
Fig. 3(b). To quantify this effect, it can be summarized that if the
expansion coefficients are assumed to be equal, which is the case in
Fig. 3(b), then the strain values upon excitation measured at the top,
middle, and bottom of the Ge cavity layer (at a radius of 1.5 μm) are
found to be 0.355%, 0.352%, and 0.35%, respectively. On the other
hand, if the PECVD layer expansion coefficient is assumed to be five
times larger than that of the thermal layer (∼2.6 × 10−6 K−1

),54,55

then the strain values upon excitation measured at the top, middle,
and bottom of the Ge cavity layer (at a radius of 1.5 μm) are found to
be 0.39%, 0.3725%, and 0.36%, respectively. The differences between

both cases are not significant—∼0.035% and 0.01% at the top and
bottom layers, respectively. This is expected as the cavity’s expan-
sion is restricted by the slow-expanding bottom thermal oxide layer.
Yet, the values also clearly indicate additional downward deforma-
tion if the higher thermal expansion coefficient value is used for the
PECVD layer, as the tensile strain value at the top and the non-
uniformity of the strain values across the Ge thickness are both
higher.

Figure 3(c) plots the sectional distribution of temperature due
to excitation, indicating that the cavity heats up to ∼300 ○C when
excited with a 2 mW laser beam. The laser beam is assumed to be
concentric to the cavity; hence, the temperature is highest in the
middle-top regions. Heat is mainly dissipated through the pedestal,
as the Si path has less thermal resistance compared to SiO2 and air.
In addition to the heating effects on conventional optical and car-
rier losses, such as free-carrier absorption and the redshift of the
absorption band-edge,10 the strain-induced optical gain is degraded.
WGMs with different radial orders along the radius of the cavities
will undergo a different change in the overlap between the electric
field and the new strain values. Moreover, the temperature seen by
each mode will vary depending on the vicinity of the electric field to
the central regions, assuming the excitation is performed in the mid-
dle. It is worth mentioning that this transition is not a zero-order
response in terms of time. Figure 3(d) plots this transient process as
seen in cross-sectional views. A cross-section at time = 0, represent-
ing the initial state before excitation, is shown on the left, followed
by consequent sections captured at different time steps, while the
steady state result is shown on the right with a downward deformed
structure. During this transient process, the structure undergoes
mechanical oscillations, causing the micro-cavity to deform in
different directions, alternating the strain profile in nano-second
time frames. This transient response is a higher-order response in
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terms of time dependence, as the initial conditions are not strain-
free, resulting in a spring-like effect that dampens the transition.
Simulations indicate that the steady state condition is reached after
∼5 μs in this particular case. Such fast behavior is not observable in
conventional Raman or PL measurements.

B. Photoluminescence
Figure 4(a) plots the emission spectra of an 18-period micro-

gear under different excitation power values (785 nm wavelength).
An 18-period gear is chosen as an example as the azimuthal orders of
the WGMs within the Ge direct-gap are around the physical-period
order of the gear, resulting in better quality factors.48,49 Trans-
verse electric (TE) modes, namely, TE(18,1), TE(19,1), and TE(20,1), are
observable in the spectra, with TE(19,1) having the best quality fac-
tor. Increasing the excitation power from 1 to 4 mW increases the
PL emission intensity. The main peak corresponds to Γ-heavyhole
emissions.28 A redshift in the emission peak is expected with the
excitation due to heating.56 For instance, the average temperature
of the micro-gear is simulated to be 271.5, 397.1, and 522.8 ○C at
2, 3, and 4 mW excitation power values, respectively. Taking the
2 mW case as a reference, with the Γ-heavyhole peak at 1626 nm,
the corresponding redshifted peaks at 3 and 4 mW excitation can
be calculated at 1687.1 and 1753.1 nm, respectively, assuming the
temperature sensitivity coefficient to be −2.2 × 10−4 eV/K for Ge
on Si films.56 The measured spectra, however, have the corre-
sponding peaks at 1633 and 1635 nm, respectively, as evident in

Fig. 4(a). The measured redshift values of 7 nm (3 mW) and 9 nm
(4 mW) are remarkably less than the theoretical estimations of
61 nm (3 mW) and 127 nm (4 mW). This difference can be explained
by the contradicting effects of heating (redshift) and the reduc-
tion of tensile strain (blueshift), as predicted by simulations. Hence,
the PL peak behavior will depend on the net effect of temperature
and strain, which will be analyzed according to the Raman spec-
tra in Fig. 4(b). For this device, the quality factor of TE(19,1) was
higher than TE(20,1), probably due to the modes’ wavelengths rela-
tive to the Γ-lighthole emission peak.10 The quality factors of both
WGMs degraded with excitation and reached a nearly fixed value
above 3 mW excitation, as shown in Fig. 4(c). It is to be noted that
the refractive index of Ge is also temperature dependent. However,
an increase in the Ge refractive index is expected as the tempera-
ture increases, which does not explain the decrease in the quality
factor.57,58

C. Raman spectroscopy
Figure 4(b) plots the Raman spectra of the same device excited

with 0.44 and 2.2 mW laser power (532 nm wavelength), with the
bulk Ge spectrum included as a reference. Increasing the excitation
power results in an increased Raman shift toward lower wavenum-
bers, or higher wavelengths, and a proportional broadening of the
Raman curve.10,12 The strain values can be deduced from the Raman
shift using proportionality factors that are reported in the literature.

FIG. 4. Correlation of optical characteristics and strain variation upon excitation. (a) PL and (b) Raman spectra of an 18-period micro-gear using different excitation powers.
(c) Quality factor comparison of 17 and 18-period micro-gears. (d) Spatial distribution of strain before (solid blue line) and after (dashed blue line) excitation (2 mW) overlaid
on the electric field profile of TE(19,1) in an 18-period micro-gear. (e) Spatial distribution of strain before (solid blue line) and after (dashed blue line) excitation (2 mW) overlaid
on the electric field profile of TE(11,3) in a 17-period micro-gear.
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However, the heat-induced power-dependent Raman shift must be
eliminated. Given that the total Raman shift can be expressed as in
Eq. (1),

Δω = γTΔT + γεαTECΔT
´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶

Excitation

+ γεε
¯

Stressor−layer

, (1)

Δω(p) = ΔωT(p) + Δωα(p)
´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶

Dynamic

+ Δωε
°
Static

, (2)

where Δω is the total Raman shift in wavenumbers (cm−1). It
is determined by two main factors that can be categorized as
dynamic—due to excitation—thus dependent on the power used
and the corresponding heat generated, and static—due to the forces
applied by the stressor layer independent of the excitation, as
expressed in Eq. (2). The excitation effect on the Raman shift is
resembled in the first two terms; the first dynamic term (γTΔT)
accounts for pure heating effects, where γT is the sensitivity of the
Raman shift to the change in temperature ΔT in a stress-free condi-
tion, or a pure phonon–phonon interaction.59,60 This term always
adds up to the Raman redshift. In addition, the second dynamic
term (γεαTECΔT) indicates the shift due to the change in the lat-
tice constant due to the thermal expansion imposed by ΔT upon
excitation. This effect is governed by the thermal expansion coef-
ficient (αTEC) and the Raman shift sensitivity toward the strain γε.
If the excited layer is not constrained by fixed boundaries, the ther-
mal expansion will always contribute a redshift to the Raman peak
due to the increase in the lattice constant due to heating. This is not
the case in our devices since the thermal expansion coefficient of the
Ge cavity is higher than that of the encapsulating SiO2 stressor layer,
restricting its expansion. These two terms are power dependent, as
the temperature of the device is directly related to the excitation
power. It should be noted that the total Raman sensitivity to heating,
γp, can be combined as γp = γT + γεαTEC, bearing in mind that Eq. (1)
is assumed to be unidirectional in space for simplicity.60 The sensi-
tivity of the Raman shift to temperature in stress-free Ge layers is
reported to be −0.016 cm−1 K−1.61 As the sensitivity to temperature
can be correlated with the absorbed power, this sensitivity to exci-
tation is reported as equivalent to −0.094 cm−1 mW−1.61 Note that
this value corresponds to the net effect of the two dynamic terms
in Eq. (2). The third term is power-independent as it reflects the
change in the lattice constant, or the strain (ε), due to the mechan-
ical forces applied by the stressor layer in our case. This shift is
also proportional to the strain sensitivity factor γε. The values of
this proportionality factor are reported to be 152 (390) cm−1 for the
uniaxial (biaxial) strain of Ge.40,41,62,63 If the forces applied by the
stressor layer are tensile in nature, a redshift is expected due to this
term.

Registering the Raman peak positions vs the excitation power
values in Fig. 4(b), the Raman shift relative to bulk Ge at 302 cm−1

as a function of power (Δω(p)) can be fitted using a linear function
as Δω(p) = −1.509 × p − 1, where p is in milliwatts. The excitation-
free strain value is proportional to the power-independent term
according to Eq. (1), which can also be expressed as limp→0+Δω(p),
resulting in −1 cm−1 (the strained Ge peak at 301 cm−1), the
y-intercept of the linear-fit equation. The strain value can then
be estimated by dividing the Raman shift over the proportionality

factor γε; accordingly, an accurate estimation of the 0.26% biaxial
tensile strain value can be obtained in this particular device. Remark-
able to our discussion, the sensitivity of the Raman shift to excitation
γp is −1.509 cm−1 mW−1. Note that the magnitude of this sensitiv-
ity is over 16 times higher than that of stress-free Ge layers (−0.094
cm−1 mW−1),61 indicating either a higher increase in temperature
per unit of excitation, or a larger thermal expansion due to the same
increase in temperature. The latter explanation is unlikely as our
platform has constraining boundaries compared to the reference
Ge film. The former explanation is more convincing as a Ge cavity
encapsulated with films of poor thermal conductivity is expected
to undergo a higher increase in temperature compared to a con-
tinuous Ge film due to the reduced heat sinking area. Yet, this
sensitivity term can also be mapped to the average cavity tempera-
tures estimated by simulations; considering an average temperature
of ∼275 ○C at 2.2 mW excitation and a temperature of 25 ○C of
the non-excited cavity, the Raman-shift sensitivity to temperature
can be calculated as −0.0132 cm−1 K−1. Remarkably, this is lower
in magnitude than the value reported for stress-free Ge of −0.016
cm−1 K−1.61 This indicates that a lower Raman shift is expected in
our devices compared to Ge films at the same temperature. Bear-
ing in mind that this sensitivity comprises pure heating effects
and thermal-expansion effects, the thermal expansion component
can explain measuring a lower Raman shift at a certain temper-
ature. For instance, if we consider the 18-period micro-gear with
an average temperature of 275 ○C (2.2 mW), the Raman peak is
expected to be measured at ∼297 cm−1 (Δω = 4 cm−1) in a stress-
free Ge layer with no constraining SiO2 encapsulation. In our
case, the peak is at 297.7 cm−1 (Δω = 3.3 cm−1), or slightly blue-
shifted by a factor of 0.7 cm−1. This effect is due to the complex
boundary constraints limiting the thermal expansion, imposing rel-
ative compression forces on the Ge cavity, or a blueshift of the
Raman peak. This result coincides with the strain simulations upon
excitation in Fig. 3(b). Similar effects are observed in the liter-
ature in the form of mechanical buckling, resulting in wrinkles
or ripples in the expanding films undergoing thermal excitation
with fixed boundaries or constraints of lower thermal expansion
coefficients.59

D. Strain and mode overlap
To visualize this effect and its implications on WGMs with

different orders, simulated strain values before (0 mW) and after
(2 mW) excitation of even (18) and odd (17) parity micro-gears are
plotted in Figs. 4(d) and 4(e). A first-radial-order WGM is consid-
ered an exemplar WGM in the 18-period cavity in Fig. 4(d). For
comparison, a third-radial-order WGM is considered as an exam-
ple in the 17-period cavity in Fig. 4(e). The electric field profiles
of TE(19,1) and TE(11,3) are plotted across the diameter of the cavi-
ties, as shown in Figs. 4(d) and 4(e), respectively, overlaid on the
strain profiles before (solid) and after (dashed) excitation. Note that
the number of electric field maxima along the radius of the cavity
is the radial order of the WGM. Higher-order WGM TE(11,3) has
its field maxima nearer to the center of the cavity compared to the
first-order WGM TE(19,1), with the mode’s peak at the inner circum-
ference. Initially, both cavities experience similar volumetric tensile
strain, with a maximum value of around 0.8%, according to simu-
lations. This tensile strain value is estimated across the diameter of
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the cavity in the middle of the Ge layer. Higher tensile strain val-
ues are expected at the bottom of the Ge layer due to the upward
deformation before excitation, as shown in Fig. 3(a), and lower val-
ues are expected on top for the same reason.12 It is evident that
the strain has lower values in the middle and at the circumference
of the cavity, while being fairly uniform in between. The WGMs
have negligible overlap with the middle of the cavity, yet the first-
radial-order WGMs are more sensitive to the strain values at the
circumference,18 as a larger portion of the electric field dwells in
that region compared to higher-radial-order modes. For this rea-
son, in addition to experiencing more scattering losses due to the
vicinity to the rough etched surfaces, first-radial-order WGMs may
have lower quality factors at lower excitation power values. This
hypothesis agrees with the quality factors measured for TE(11,3) and
TE(19,1) as shown in Fig. 4(c), where the higher-radial-order WGM
TE(11,3) initially has a significantly better quality factor. As the exci-
tation power increases, the strain profile undergoes a reduction in
value and becomes more uniform [dashed line, Figs. 4(d) and 4(e)]
as the cavity deforms downward [Fig. 3(b)]. Remarkably, the qual-
ity factor of TE(11,3) drops faster than TE(19,1); the drop itself for
both modes can be expected as the heat-induced strain profile is
degraded, decreasing the strain-originated optical gain. The faster
degradation behavior of TE(11,3) is probably more influenced by the
vicinity of its electric field to the excitation region in the middle,
where higher temperatures are expected, compared to the circum-
ference. It is worth mentioning in this context that heat dissipation
by radiation through the cavity’s surface is neglected in our study.
If it is to be considered, then the temperature is expected to be even
less than the current estimation at the circumference compared to
the central regions, adding to the favor of first-radial-order WGMs
and even-parity micro-gears in this aspect. This indicates that a well-
performing laser source relying on a stressor layer as a source of
optical gain must mitigate heating effects through heat-sinking tech-
niques, match the thermal expansion coefficients of the cavity and
the stressor layer, and target an optical mode with a good overlap
with the tensile strain and temperature profiles upon excitation.

V. CONCLUSION
Ge-based micro-cavities with all-around stressor layers are

popular platforms for Ge and GeSn-based laser sources. Recent
studies have focused on enhancing tensile strain and mitigating
heating effects for efficient RT operation. The heating effects are
often considered from the traditional optical and carrier loss mech-
anisms point of view. In this work, we have investigated the effect
of excitation on the strain profile within such platforms, emphasiz-
ing its importance for the optical gain in indirect-gap materials. Ge
micro-cavities with all-around stressor layers were fabricated and
characterized using Raman spectroscopy and PL measurements. The
behavior of PL and Raman spectra vs different excitation powers was
analyzed to understand the dynamic effect of heating on the strain.
Experimental redshift values in both types of spectra were found to
be less than the theoretical estimations for stress-free Ge layers, indi-
cating a source of mechanical compression or reduction in tensile
strain upon excitation. FEM simulations were performed to visualize
this transient behavior, confirming the outcomes of the theoreti-
cal analysis. It was found that the difference in thermal expansion

coefficients between the cavity and the stressor layer creates a com-
plex boundary condition for the cavity, restricting its expansion with
excitation in the studied power range. This effect deforms the cav-
ity, altering its strain profile and directly affecting the optical gain
values in Ge-based cavities. We believe that this study outlines an
important type of mechanically originated optical loss mechanism,
crucial for group-IV laser sources relying on strain as a main source
of optical gain.
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