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Tensile-strained germanium microdisks with circular Bragg reflectors
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We demonstrate the combination of germanium microdisks tensily strained by silicon nitride layers
and circular Bragg reflectors. The microdisks with suspended lateral Bragg reflectors form a cavity
with quality factors up to 2000 around 2 um. This represents a key feature to achieve a microlaser
with a quasi-direct band gap germanium under a 1.6% biaxial tensile strain. We show that lowering
the temperature significantly improves the quality factor of the quasi-radial modes. Linewidth nar-
rowing is observed in a range of weak continuous wave excitation powers. We finally discuss the
requirements to achieve lasing with these kind of structures. © 2016 AIP Publishing LLC.

[http://dx.doi.ore/10.1063/1.4942891]

Achieving a germanium laser is a major issue for silicon
photonics as it provides a simple route for monolithic inte-
gration of a laser source on silicon chips. To obtain optical
gain with bulk Ge at reasonable excitation densities in the
kiloAmp or tens of kiloAmps per square centimeter range, it
is necessary to apply a significant tensile strain on the Ge
active layer. The transfer of tensile strain decreases the
energy difference between the zone-center conduction I val-
ley and the indirect L valley, while lifting the degeneracy
between heavy and light hole bands in the valence band.'
Both features allow one to obtain a population inversion at a
significant reduced current density as compared to bulk
Ge.>? Different methods have been reported in the literature
to achieve significant tensile strains, either by mechanically
deforming nanomembranes,*> patterning Ge-on-silicon or
on oxide into microbridges,®® growing Ge on lattice-
mismatched buffer layers,”'' or applying external stressor
layers like silicon nitride layers.'™'® A quasi-direct or direct
band gap germanium has been demonstrated by these differ-
ent methods.*'”*'® To achieve lasing, it is also necessary to
dispose of a cavity for the optical feedback. Long Fabry-
Perot cavities have been used for the ridge lasers.'® For
strongly tensile-strained germanium, the volume where the
strain is at maximum is often reduced, and microresonators
need to be engineered, for strained microbridges, nanomem-
branes, or microdisks.%°

Germanium microdisks are very attractive structures as
they allow to obtain quasi-direct'® or even direct band gap
germanium by applying silicon nitride stressor layers.>' This
results from the cylindrical symmetry of the microdisks lead-
ing to the transfer of large biaxial tensile strains. In a stand-
ard microdisk, the Fabry-Perot or quasi-radial modes that
propagate along one disk diameter have low quality factors
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as the reflectivity provided by a germanium/silicon nitride/
air interface is weak (Q factor around 50). A route to
improve this quality factor is to embed at the microdisk pe-
riphery circular Bragg mirrors that can significantly increase
the reflectivity.”® There is a significant challenge to transfer
this concept to mushroom-type tensile-strained germanium
microdisks as the stress transfer is maximized when germa-
nium is self-standing in air at the periphery. In this letter, we
show that it is possible to combine germanium tensily
strained by silicon nitride layers and self-standing circular
Bragg reflectors at the periphery of the microdisks. A signifi-
cant increase is observed for the quality factor of the quasi-
radial modes, with values up to 2000 at 2 um wavelength,
while keeping the free spectral range almost constant, repre-
senting a 40-fold increase as compared to previous results.'
This reflectivity increase is controlled by the spectral posi-
tion of the circular Bragg mirror stop band and by lowering
the temperature. We assign precisely the observed modes to
quasi-radial modes characterized by their azimuthal and
nodal radial planes. At low temperature and low excitation
powers, we have observed a linewidth narrowing of the
emission that is quenched by the temperature increase in the
microdisk as the pump power increases. We finally discuss
how lasing could be achieved in such structures.

The studied samples have been fabricated by an all-
around approach using the method described in Ref. 18. A
200 nm thick germanium layer is grown on a GaAs substrate.
The germanium was n-doped with a doping around
10"cm ™. The Ge layer was first covered by a compres-
sively strained silicon nitride layer (250 nm) and an oxide
layer (850nm) deposited by plasma-enhanced chemical
vapor deposition. This structure is then bonded on a silicon
host substrate using an Au-Au bonding. After this step, the
GaAs wafer is chemically removed. Processing of the micro-
disk is performed on the bonded sample using standard elec-
tron beam lithography tools and plasma etching of the

© 2016 AIP Publishing LLC
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germanium. A selective wet underetching of the oxide is per-
formed in order to define the microdisk pedestal. A second
silicon nitride stressor layer is then deposited on the top sur-
face and the edges of the microdisks thus leading to an all-
around silicon nitride stressor layer. For the fabrication of
the circular Bragg reflectors, the process was modified as fol-
lows. Trenches were defined at the periphery of the micro-
disk through a second lithography step before the second
nitride deposition. The Ge was partially etched by a shallow
etching on a thickness close to 150 nm, thus leaving 50 nm
of Ge on top of the bottom silicon nitride layer. The whole
structure was then covered by silicon nitride and the surface
is partially planarized with 450 or 370nm thick silicon
nitride. The width of the trenches was defined in order to fab-
ricate layers with a thickness close to ﬁ Figure 1(a) shows
a scanning electron microscopy image of the germanium
microdisk with the circular Bragg reflectors before the sec-
ond deposition of the silicon nitride stressor layer. A sche-
matic description of the structure after nitride deposition is
shown in Fig. 1(b) while an image of the all-around fully
processed sample is shown in Fig. 1(c). The inner disk diam-
eter is 4 um in Fig. 1(a) and 7 periods of distributed Bragg
reflectors can be observed. The pedestal has a diameter close
to 3um at the interface with the microdisk. The circular
Bragg mirrors and part of the microdisk are thus self-
suspended, and the mode confinement benefits from the
strong index contrast between air and the active layers. The
Bragg period was varied between 360 and 390 nm in order to
tune the stop band around 2 um wavelength. For the 360 nm
pitch structure, the widths of the trenches are 170 and
190nm for their parts mostly localized in Ge and silicon
nitride, respectively. The corresponding stop band spans the
spectral range between 1650 and 2300 nm for TE polariza-
tion and 1400-1900 nm for TM-polarization. At 2 um wave-
length, the effective index for the quasi-TEO mode in the
central stacking is 3.23, while it is 2.37 for the quasi-TMO
mode.

The strain state of the microdisks was investigated by
microRaman measurements in a backscattering configura-
tion."> A peak Raman shift of 6.9cm ™" as compared to the
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FIG. 1. (a) Scanning electron microscopy image of a tensile-strained ger-
manium microdisk with circular Bragg reflectors. The image is taken
before the deposition of the top silicon nitride stressor layer. The SiO, ped-
estal can be observed at the bottom of the microdisk. (b) A schematic dia-
gram of the all-around processed sample with the Bragg reflectors. (c)
Scanning electron microscopy image of the fully processed sample. The
inner disk diameter is 5 ym.
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reference Ge on GaAs sample was measured at the center of
the microdisk. This Raman shift corresponds to a biaxial
strain of 1.59% following the formula Aw = —be, where
b=415cm ' and ¢ the biaxial strain, if we account for the
0.07% compressive strain of Ge on GaAs used as a reference
sample. The strain was partially relaxed in the circular Bragg
mirror but it is not detrimental as the active layer is in the
central part of the microdisk. With such a strain level, the Ge
is still an indirect band gap semiconductor as the crossover
between indirect and direct band gap is expected to occur at
around 1.7% biaxial strain.”" This large strain leads to a sig-
nificant red-shift of the Ge photoluminescence, and the maxi-
mum emission is expected to occur at 2.18 yum at room
temperature for the direct recombination involving the I'
conduction band and the light holes and 1.84 um for the
recombination involving the heavy holes.

Figure 2 shows the continuous wave photoluminescence
of a 5 um microdisk with circular Bragg reflectors at room

(a)

2000 T T T
Room temperature

1500

1000

500

Photoluminescence amplitude (Counts)

O C 1 1 1 .
1700 1800 1900 2000 2100
Wavelength (nm)
(b)
20000 . . .
E I Low temperature (111)
2 16000 | (12,0) i
< ” ‘ \(11,2)
é‘ 12000L 1.96 nm | 1nm i
§ K (10,3)
g 8000f ° :
. é 0 20‘ 2035 ‘2040 2045 2050
g 4000 1 Wavelength (nm) |
S (9,5)
2
- 0 1 \ 1
1700 1800 1900 2000 2100
Wavelength (nm)

FIG. 2. (a) Top: Room temperature photoluminescence of a 5 um diameter
microdisk with circular Bragg reflectors. The incident power is 3.6 mW
ahead of the objective. The inset shows the spatial profile of the TE (10,3)
mode evidenced in the Figure (b) below with three azimuthal nodal planes
and ten nodal radial circles. (b) Bottom: Low temperature photolumines-
cence (cryostat setting 8 K). The vertical scale is 10 times higher than in the
room temperature measurement. The resonances are labeled according to
their radial and azimuthal numbers for the TEO family modes. The broad
resonance around 2018 nm is attributed to a TMO mode. The inset shows a
zoom around 2040 nm at weak excitation power (0.25mW) and the corre-
sponding fits. A 1 nm linewidth corresponds to a Q factor of 2000.
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temperature (a) and low temperature (b). The grating pitch is
360nm. The photoluminescence is excited with a He-Ne
laser at 632.8nm and detected with an extended InGaAs
array with a cut-off wavelength at 2070 nm. The spot size
has a diameter around 3 um. A 1 mW power ahead of the
objective corresponds to a 10kW cm ™ power density inci-
dent on the sample. The photoluminescence is collected
from the surface perpendicularly to the sample plane using
an objective with a numerical aperture of 0.6. In this configu-
ration, the modes that are most easily collected are the quasi-
radial modes that strike the disk periphery close to normal
incidence as opposed to whispering gallery modes that are
localized at the periphery of the microdisk with wave vectors
tangential to the disk circumference. The emitted light is
guided by the vertical stacking and eventually diffracted at
the edges by the Bragg mirrors. We note that these radial
modes benefit from the homogeneous strain field in the Ge
volume induced by the stressor layers.'® At room tempera-
ture, one observes different family of modes with a free
spectral range around 75 nm. These modes stem mostly from
the vertically confined TEO and TMO modes. The linewidth
of the resonances remains broad with a lower value of 12 nm
around 2000nm (Q factor of 170). At shorter wavelength,
the absorption by the strained Ge layer increases, thus
degrading the quality factor of the resonances. The quality
factor of the resonances can be significantly improved by
decreasing the sample temperature. This is shown in Fig.
2(b) where we also observe the blue shift of the modes as the
temperature is decreased. Two main factors explain the
improvement of the quality factor: the low temperature leads
to a high-energy shift of the strained Ge band gap, thus
decreasing the residual absorption that degrades the quality
factor around 2 pum. The free carrier and photo-induced
near-infrared absorption is also reduced as the temperature
is lowered, as a consequence of the reduction of the
temperature-dependent lifetime broadening for the intraval-
ley absorption.”>** Coupling of the spontaneous emission to
the guided modes might also be modified by the temperature
change. At very weak excitation power, a Lorentzian fit of
the mode at 2042 nm gives a full width at half maximum of
1 nm, thus corresponding to a quality factor of 2000. It corre-
sponds to 40-fold improvement as compared to a microdisk
without circular Bragg reflectors. Note that without Bragg
mirrors, the quality factor remains around 50 even at low
temperature. At 1961 nm, the lowest measured linewidth was
1.58 nm corresponding to a quality factor of 1200. The fam-
ily of modes can be identified by using a two-dimensional
model where the modes are labeled by their radial and
azimuthal numbers n and m.*? In the approximation of
quasi-radial modes, the resonance wavelength 4, ,, is given
by the approximate formula®>?®
2
. M) M

27‘[Rlneff
Jom =——[ 1
o ﬁ2n+m 8B§n+m

where R’ is an effective radius (3.55 um) that accounts for

light penetration in the circular Bragg mirror, n the radial

: 1
number, m the azimuthal number, f,,.,, ~ (2n +m— 5)%

when n > m. f8,,,,, corresponds to an approximation of the
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nth zero of the mth Bessel function when n is much larger
than m. The combination of radial and azimuthal numbers
explains the splitting of the quasi-radial resonances into three
or four-fold modes observed experimentally in Fig. 2(b). We
note that the spacing depends on the square of the azimuthal
number. The above formula predicts a wavelength spacing
of 3 and 12 and 27nm between the four visible modes
around 1960-2000nm issued from the TEO family (12,0),
(11,2), (10,4), and (9,6) for the radial and azimuthal num-
bers. The spacings are experimentally measured at +3nm,
+12.5nm, and +26 nm, in good agreement with this model-
ing. A similar agreement is obtained for the modes around
2040 nm.

Figure 3(a) shows the dependence of the photolumines-
cence spectra as a function of the continuous wave incident
pump power. The variation of 1961 nm peak amplitude and
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FIG. 3. (a) Top: Low temperature photoluminescence as a function of the
incident pump power ahead of the objective. The microdisk has a 5 um di-
ameter + circular Bragg mirrors (b) Middle: Left scale: Peak amplitude of
the resonance at 1961 nm as a function of the pump power. Note the log
scale. Right scale: full width at half maximum of the 1961 nm resonance as
a function of the pump power. (c) Bottom: Ratio of the resonance peak am-
plitude to the broad background emission.
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its linewidth are shown in Fig. 3(b). The ratio between the
peak amplitude and the underlying background is shown in
Fig. 3(c). At low excitation, below 0.5 mW, one observes a
strong nonlinear increase of the photoluminescence ampli-
tude. The ratio between the resonance amplitude and the
background emission also increases significantly.
Meanwhile, there is a linewidth reduction of the mode from
2.2nm down to 1.8nm. As the pump power is increased
above 0.5mW, the full width at half maximum linewidth
starts to increase significantly and the ratio between the reso-
nance amplitude over the background amplitude decreases.
A similar behavior measured for quantum dot emission in
microdisks has been assigned to lasing.”® Here we do not
correlate this behavior with lasing as we would expect that a
mode would predominate over the background above thresh-
old as a result of weak value of the spontaneous emission
coupling factor for these structures. The linewidth reduction
remains however a signature of the decrease of losses and
that optical gain occurs in the structures albeit the losses are
still dominant. Several features explain that lasing is not
achieved. First, there is a significant temperature increase in
the microdisk as the pump power is increased.”” We have
calculated the temperature in the microdisk using finite ele-
ment modeling. In these microdisks, the thermal flow is
mainly limited by the size of the oxide pedestal (3 um at the
top) and by the thermal conductivity of this oxide layer.
Even with a host substrate at 10K, the microdisk tempera-
ture is already as high as 80K for a 0.5 mW incident pump
power. At 3mW, it can reach 210K, thus far from the low
temperature target. The thermal management in these micro-
disks is thus a key issue. For a cw optical pumping, one has
to find a trade-off on the size of the microdisk pedestal,
knowing that a small size enhances the strain transfer from
the nitride layers while degrading the thermal cooling of the
microdisk. The second limitation of the present configuration
is that the stop band of the circular Bragg mirrors is mostly
efficient for TE-polarized light. In tensile-strained germa-
nium, at Brillouin zone-center, the net optical gain is domi-
nant for the TM-polarization associated with the light hole
band. In TE polarization, the gain is reduced by a factor of 8§
due to a lower dipole moment. When the heavy holes are
involved, the net optical gain is dominant for TE-polarized
light.

We can estimate the mirror reflectivity R from the stand-
ard formula ¢ 70(,»5—;”1;1(1%2) = 2228
the inset of Fig. 2(b) indicates that, at very low excitation, a
Q factor of 2000 can be obtained. Assuming that the absorp-
tion losses are residual in this low-temperature case, we can
estimate a lower bound for the mirror reflectivity of 97.6%.
When the pump power is increased to 1 mW, the Q factor of
the same mode is decreased down to around 1000, thus indi-
cating that the Q factor of the photo-induced absorption
losses is around 2000, i.e., an absorption around 50 cm L. To
achieve lasing with a 5 ym diameter microdisk and a mirror
reflectivity of 97.6%, a modal gain of 50 cm s required at
threshold.”” An incident pump power of 1 mW corresponds
to a microdisk temperature around 120K. In a separate
work, we have measured and modeled the temperature de-
pendence of the direct and indirect recombinations in Ge.?'

The measurement shown in

Appl. Phys. Lett. 108, 091103 (2016)

We have deduced a 5 ns non-radiative lifetime at this tempera-
ture in Ge. This value is in the same range as those reported in
Ref. 30. If we account for this non-radiative lifetime value,
the photo-induced carrier density in the strained Ge volume is
around 2 x 10'® ecm ™. It corresponds to a peak material gain
of 115cm ™" around 1960 nm in TE polarization at this tem-
perature if we take into account a 25meV homogeneous
broadening for gain calculation.'® The mode overlap with the
strained Ge layer is around 0.7. The calculated modal gain is
thus around 0.7 x (115 — 50) =45 cm ', These estimates indi-
cate that we are close from the threshold and justify that we
do observe absorption bleaching in Fig. 3(b) through the line-
width narrowing. We note that the non-radiative lifetime
might be slightly overestimated®” as they correspond to meas-
urements performed on bulk samples. The properties of this
device are however not sufficiently optimized to obtain a clear
lasing evidence in continuous wave excitation. If we increase
the pump power, the disk temperature increases significantly,
thus limiting the increase of the carrier density. Meanwhile,
the homogeneous broadening is likely to increase and this fea-
ture also lowers the expected gain, thus decreasing the overall
efficiency of the process. In a next generation of devices, the
mirror reflectivity will be increased for TM-polarized light for
which we expect the maximum gain. A better reflectivity
should be obtained by strictly matching the trench width with

a ﬁ width. The microdisk diameter could also be increased

while maintaining a strong tensile strain in order to increase
the volume of the active region. Finally, undoped germanium
should provide a higher modal gain for the 1.6% strain level.?

In conclusion, we have demonstrated that tensile-
strained germanium microdisks can be fabricated with
self-standing circular Bragg mirrors. These circular Bragg
mirrors significantly enhance the reflectivity of quasi-radial
modes. We thus obtain a high Q-factor nanophotonic cavity
with 1.6% biaxially strained germanium, a strain value close
to the one corresponding to the direct band gap crossover.
By performing low-temperature photoluminescence meas-
urements, we were able to enhance the quality factors and
identify the different families of quasi-radial modes that are
experimentally observed. It was shown that the gain is not
sufficient to obtain lasing in TE polarization. We have
emphasized the importance of thermal management for the
microdisks and we have proposed several optimizations that
should allow to obtain a microdisk germanium laser for a
next generation of devices.
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