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An efficient monolithically integrated laser on Si remains the missing component to enable Si photonics. We
discuss the design and fabrication of suspended and tensile-strained Ge/SiGe multiple quantum well microdisk
resonators on Si for laser applications in Si photonics using an all-around SiNx stressor. An etch-stop technique in
the Ge/SiGe system is demonstrated and allows the capability of removing the defective buffer layer as well as
providing precise thickness control of the resonators. Photoluminescence and Raman spectroscopy indicate that
we have achieved a biaxial tensile strain shift as high as 0.88% in the microdisk resonators by adding a high-stress
SiNx layer. Optical gain calculations show that high positive net gain can be achieved in Ge quantum wells
with 1% external biaxial tensile strain. © 2017 Chinese Laser Press
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1. INTRODUCTION

An efficient light source that is compatible with Si-integrated
circuits (ICs) is one of the most crucial and challenging com-
ponents to realize Si-based photonic ICs. Furthermore,
obtaining a high-efficiency light source on a Si platform with
an emission wavelength around 1.55 μm for coupling to the
optical fiber network has proven extremely difficult because
Si and other common group IV materials compatible with
the existing CMOS processing technology have indirect bandg-
aps. Researchers have shown increasing interest in Ge in recent
years due to its pseudodirect bandgap behavior. The first elec-
trically pumped Ge laser was demonstrated in 2012 [1],
proving the feasibility of Ge-based lasers on a Si platform.
However, its lasing threshold was far too high for practical ap-
plications. Much research has been conducted to achieve a low-
threshold Ge-based laser. GeSn alloys are currently being
explored to tune the energy band structure of Ge by adding
Sn [2–4]. However, this approach introduces a new material
(Sn), making CMOS integration more complex. Adding tensile
strain to Ge is also reported to reduce the energy splitting
between the L valley and the Γ valley in the conduction band
[5–7]. However, these methods are often not suitable for mak-
ing resonator cavities [5] or rely on III–V substrates [6,7] that
are difficult to integrate on a CMOS platform. In III–V

materials-based lasers, multiple quantum wells (MQWs) have
been widely used to reduce lasing thresholds [8,9]. A Ge/SiGe
MQWwith type-I band edge alignment was first demonstrated
by Kuo et al. in 2005 for electroabsorption modulator appli-
cations [10]. This type-I band edge alignment of a Ge/SiGe
MQW structure can also be used for efficient light sources
[11] and photodetectors [12]. While the photonic integration
of a modulator, a photodetector, and a waveguide using a single
Ge/SiGe MQW epitaxial growth step has already been demon-
strated [13], little research has been done on applying high
strain to Ge/SiGe MQW structures. Although Ge microdisk
resonators and waveguide-integrated Ge microdisks have been
demonstrated [14,15], tensile-strained Ge/SiGe MQW micro-
disks have not been previously explored.

In this paper, we demonstrate a tensile-strained Ge/SiGe
MQW microdisk on a Si substrate. First, we discuss the
design of tensile-strained Ge/SiGe MQW microdisks for laser
applications. Then, we show the development of an etch-stop
process for making tensile-strained microdisks with an all-
around nonstoichimetric silicon nitride (SiNx) stressor. The
strain amplitudes of these tensile-strained Ge/SiGe MQW mi-
crodisks are investigated using photoluminescence (PL) and
Raman spectroscopy and are compared with finite element
simulations. Finally, we present optical gain calculations for
the Ge quantum wells (QWs) used as a gain medium.
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2. OPTICAL MODE RESONANCES IN
UNSTRAINED, SUSPENDED GE/SIGE MQW
MICRODISKS

In the initial design, the nominal Ge/SiGe MQW structure
shown in Fig. 1(a) was epitaxially grown on a Si (001) substrate
using reduced-pressure (∼5–100 Torr) chemical vapor deposi-
tion. To achieve a low surface roughness for QW growth and a
thin buffer layer for future integration with Si-on-insulator
waveguide devices, a low-temperature growth (400°C) and
high-temperature hydrogen anneal (800°C) technique was em-
ployed to grow a 400 nm thick Si0.12Ge0.88 buffer layer [16].
Then the MQW region with five 16 nm thick Ge QWs sand-
wiched by 25 nm thick Si0.19Ge0.81 barriers layers was grown.
Finally, the whole epitaxial stack was capped with a 200 nm
thick Si0.12Ge0.88 layer.

The microdisks were patterned by standard optical lithog-
raphy and etched into the Si substrate using NF3 in a plasma
etcher, as shown in Fig. 1(b). To obtain better optical mode
confinement and reduce mode leakage into the substrate,
tetramethylammonium hydroxide (TMAH) was used to selec-
tively etch the Si substrate below the Ge/SiGe MQW micro-
disk, leaving the SiGe buffer layer intact and suspending the
microdisk on a Si post, as shown in Fig. 1(c).

PL measurements were performed using a 980 nm diode
laser in a surface-normal pump and collection configuration
with an extended-InGaAs detector (2.4 μm cutoff ). All spectra
are corrected for system response, which was calibrated using a
tungsten-halogen source at a color temperature of 2960 K.
Figure 2 shows the room-temperature PL spectrum of the
10 μm diameter suspended Ge/SiGe MQW microdisk from
Fig. 1(c), at a pump power of 11 mW. Emission from the direct
bandgap is observed at ∼1500 nm, and the signal between

1630 and 1700 nm is the tail of the indirect bandgap emission.
The 50 nm blueshift in PL emission compared to bulk Ge is a
result of compressive strain in the Ge QWs from the pseudo-
morphic growth of the Ge/SiGe MQW structure, arising from
the 4% lattice mismatch between Si and Ge. Additionally,
quantum confinement in the well raises the fundamental en-
ergy levels in the conduction and valence bands of Ge, also
contributing to this blueshift.

The PL spectrum is modulated by a series of broad resonan-
ces with a free spectral range (FSR) of ∼30 nm, as labeled by
dotted lines in Fig. 2. We attribute these resonances to Fabry–
Perot (FP) modes along the diameter direction of the microdisk
because the measured FSR is in agreement with the calculated
value of FSR for these FP modes. Similar modes have also been
observed in other Ge and GeSn microdisk cavities [17,18]. The
Q factor of these resonances is ∼130, and the corresponding
material loss of this microdisk is 321.7 cm−1 after correcting
for the reflection loss. However, the compressive strain in
the QWs and the defective buffer layer limit the radiative effi-
ciency of this design and are addressed in the following section.

3. DESIGN OF TENSILE-STRAINED GE/SIGE

MQW MICRODISKS

A. Strain Simulation of Microdisks
Because compressive strain reduces light emission efficiency
from the Ge QWs by further increasing the energy difference
between the L valley and the Γ valley in the conduction band,
the use of CMOS-compatible SiNx as a stressor is an attractive
approach to introduce tensile strain into Ge [7,19–21]. The
three-dimensional finite element method (3D-FEM) was used
to simulate the effect of a stressor on the average in-plane biaxial
strain �εxx�εyy

2 � of a suspended Ge microdisk.
We simulated the strain distributions of suspended 6 μm

diameter microdisks covered with SiNx stressors (200 nm thick,
−4.5 GPa initial stress) in three configurations [Fig. 3(a)]: top
only (type 1), top and sidewall (type 2), and all-around (type 3).
The Ge/SiGeMQW region and SiGe cap layers are approximated

(a)

(b) (c)

Fig. 1. Epitaxial stack design and the fabricated Ge/SiGe MQW
microdisks. (a) Schematic of the Ge/SiGe MQW epitaxial structure.
(b) Scanning electron microscope (SEM) image of a nonsuspended
Ge/SiGe MQW microdisk. (c) SEM image of a suspended Ge/SiGe
MQW microdisk supported by a Si post.

Fig. 2. Room-temperature PL of a suspended Ge/SiGe MQW
microdisk exhibiting FP mode resonances. Inset: Bulk Ge reference
showing direct bandgap emission at 1550 nm.
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as a single Ge layer to reduce the computational cost of the
meshing required to resolve the QWs. Because the SiGe bar-
riers are Ge rich, average elastic properties over the entire
MQW structure are comparable to Ge. The SiGe post is set
to be 800 nm thick and 3 μm in diameter to mimic the under-
cut of the buffer layer in the actual device fabricated.

Figure 3(b) shows a cross section of the simulated in-plane
biaxial strain distribution of a type 1 Ge microdisk with no
initial strain. After relaxation of the stressed SiNx , tensile strain
is transferred from the SiNx layer to the underlying Ge layer
and bends the microdisk downward at the edge (not shown
in the figure) due to the vertical strain gradient. Maximum ten-
sile strains occur near the Ge/stressor interface, but regions of
increased compressive strain also exist on the opposing side.
Figure 3(c) shows the comparison of the strain profiles from
all three types of Ge/stressor configurations along the diameter
of the microdisk at a depth of ∼80 nm below the Ge surface,
which corresponds to the position of the top Ge QW in the
actual device. We observe that the biaxial strain in the center
of the microdisk is higher than that at the edge for the top-only
(type 1) case. This result is confirmed by Raman and PL mea-
surements in Ref. [22]. Adding a SiNx stressor on the sidewall
then enhances the strain at the edge of the microdisk. When we
further add a SiNx stressor to the backside of the Ge microdisk
to make an all-around stressor, more strain is transferred to the
edge than to the center of the microdisk due to the added con-
tribution of the backside stressor. This strain distribution helps

accumulate carriers in the region where optical gain for the
whispering gallery modes (WGMs) is needed. Therefore, we
select the design of the all-around SiNx stressor (type 3) as a
method of strain transfer for the Ge/SiGe MQW microdisks.

B. Tensile-Strained Ge/SiGe MQW Microdisk
Fabrication
Figure 4(a) shows the new epitaxial stack for fabricating
strained Ge/SiGe MQW microdisks, which differs from the
initial design shown in Fig. 1(a) by the insertion of an addi-
tional etch-stop layer. Because material quality is a critical factor
to achieving lasing, a relaxed buffer layer with high threading
dislocation density is not desired for the microdisk stack, as it
facilitates nonradiative recombination and reduces optical gain
of the material. By leveraging an etch-stop layer between the
buffer layer and the MQW region [23], the defective buffer
layer can be removed by wet etching, leaving only the high-
quality Ge/SiGe MQW region in the microdisk stack with pre-
cise thickness control. This also allows us to adopt a cavity de-
sign with a thickness of ∼λ∕2n to support only the lowest-order
transverse-electric (TE) and transverse-magnetic (TM) modes
in the vertical direction [24]. Given the wider bandgap of
Si0.6Ge0.4 used for the etch stop, this layer can further serve
as a minority-carrier blocking layer to reduce surface recombi-
nation at the bottom of the microdisk.

Following buffer growth, the 10 nm Si0.6Ge0.4 etch-stop
layer was grown, which was thick enough to act as a complete
etch stop without exceeding its critical thickness. Then either a
50 or 100 nm Si0.12Ge0.88 layer was grown to minimize bottom
surface recombination in the microdisks as well as to symme-
trize the material stack of the microdisks. Next, five 16 nm
thick Ge QWs sandwiched by 25 nm thick Si0.19Ge0.81 barriers
layers were grown, followed again by a 50 or 100 nm thick
Si0.12Ge0.88 cap layer growth. No doping was intentionally
added to any layer in the stack.

The etch-stop fabrication process of the strained Ge/SiGe
MQW microdisk is illustrated in Fig. 4(b). An unstressed
SiNx hard mask was deposited using plasma-enhanced chemi-
cal vapor deposition (PECVD) on top of the as-grown epitaxial
stack. Standard optical lithography and NF3-based anisotropic
dry etching were used to define microdisk mesas 6 and 10 μm
in diameter. Then a conformal 200 nm SiO2 layer was depos-
ited using low-pressure chemical vapor deposition followed by
timed dry etching to expose the surrounding Si substrate while
keeping the microdisk protected. TMAH was used to selec-
tively etch the Si substrate laterally underneath the Ge/SiGe
MQW microdisk. The defective Si0.12Ge0.88 buffer layer at
the bottom of the microdisk was then etched from below using
a mixture of 29% NH4OH, 30% H2O2, and H2O in a
1∶1∶10 ratio, leaving an intact high-quality Ge/SiGe MQW
region with precisely controlled thickness from the etch-stop
layer. The sidewall SiO2 and hard mask SiNx were then re-
moved using 6:1 buffered oxide etchant. Finally, an all-around
SiNx stressor with high compressive stress was deposited on the
microdisks by PECVD in a dual-frequency reactor at 350°C
using 2% SiH4 in He andNH3 precursors at 500 mTorr cham-
ber pressure. The deposition conditions, including the low-fre-
quency power, pressure, and NH3∕SiH4 gas flow ratio, were
optimized to maximize the stress of the deposited SiNx film.

(a)

(c)

(b)

Fig. 3. 3D-FEM simulation for tensile-strained microdisks.
(a) Schematic of type 1, type 2, and type 3 SiNx stressor configura-
tions. (b) Cross section of the simulated strain distribution for a type 1
Ge microdisk. (c) Comparison of strain profiles for all three configu-
rations of Ge/stressor microdisks.
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Figure 4(c) shows the scanning electron microscope (SEM)
image of a 10 μm diameter suspended Ge/SiGe MQW micro-
disk with the SiGe buffer layer removed using the etch-stop
layer technique. The SEM image of the microdisk with an
all-around SiNx stressor is shown in Fig. 4(d). Note that the
SiNx deposited on top of the microdisk is ∼245 nm (target
thickness), while that underneath the microdisk is ∼110 nm.
The thicknesses differ by a factor of 2 due to the geometry of
the suspended microdisk and the sticking coefficients of the
depositing species. Further 3D-FEM simulation shows that us-
ing an all-around SiNx (type 3) with unequal top and backside
SiNx thicknesses produces a similar strain distribution as the
constant thickness stressor [Fig. 3(b)], although the strain mag-
nitude is affected. For all subsequent simulations, the SiNx
thicknesses on the microdisk backside are adjusted accordingly.

C. Strain Characterization by PL and Raman
Spectroscopy
Figure 5(a) shows the PL emission spectra from 10 μm diam-
eter Ge/SiGe microdisks with the SiNx stressor and without
the stressor. The emission peak in the unstrained microdisk
is blueshifted compared to the spectrum shown in Fig. 2
due to the removal of the underlying buffer layer using the
etch-stop technique. During epitaxial growth, a mismatch
between the thermal expansion coefficients of Si and Ge results

in a tensile-strained Si0.12Ge0.88 buffer layer, leading to a con-
traction in the Ge MQW region once it is etched away in step 7
of Fig. 4(b). The peak emission wavelength of the microdisk
with 130 nm SiNx is redshifted by ∼30 nm compared to
the unstrained sample. Using deformation potential theory
[25], this PL shift corresponds to an ∼0.23% biaxial tensile
strain induced by the all-around SiNx stressor. For the micro-
disk with 245 nm SiNx , the peak emission wavelength shows a
larger redshift of ∼66 nm, indicating that ∼0.50% biaxial ten-
sile strain is transferred to the microdisk. The main peak posi-
tion is at 1500 nm, which is below 1550 nm due to the initial
compressive strain from epitaxial growth and carrier confine-
ment in the Ge/SiGe MQW structure.

The strain transferred from the SiNx stressor to the sus-
pended Ge/SiGe MQW microdisks was also experimentally
determined using Raman spectroscopy (HORIBA Raman sys-
tem with 633 nm excitation laser and 1800 line/mm grating).
A typical Raman spectrum from the center of a microdisk is
shown in Fig. 5(b), in which two peaks are observed. The left
peak (smaller Raman shift) is the Ge–Ge mode from the
Si0.19Ge0.81 barrier and Si0.12Ge0.88 cap layers, and the right
peak (larger Raman shift) is the Ge–Ge mode originating from
the Ge QWs [26]. Lorentzian fitting was used to accurately
determine the positions of the two peaks. By comparing the
peak positions of the microdisks with and without SiNx stres-

(a) (c) (d)

(b)

Fig. 4. (a) Schematic of the epitaxial stack of the Ge/SiGe MQW microdisk. (b) Fabrication process flow for a tensile-strained, suspended
Ge/SiGe MQW microdisk. (c) SEM image of a Ge/SiGe MQW microdisk without SiNx stressor [step 8 in (b)]. (d) SEM image of a
Ge/SiGe MQW microdisk with SiNx stressor [step 9 in (b)].
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sors, the transferred strain from the stressor can be calculated
using the Raman strain-shift coefficient of 408 cm−1 for biaxial
strain in Ge [27]. Raman line scans with spatial resolution of
∼0.5 μm are performed along the diameters of the microdisks
with all-around SiNx , and a typical profile is shown in Fig. 5(c).
The Raman results are in agreement with the simulation re-
sults, where the strain amplitude has a local minimum in

the center of the microdisk. The strain reaches a maximum
around 2 μm from the edge. The Raman results also show that
the strain drops significantly at the edges of the microdisk. The
sharp increase of the strain at the edges of the microdisk in the
simulation is due to edge effects of meshing the geometry.

To systematically study the strain transfer from the all-
around SiNx stressor, we investigated microdisks with different
thicknesses, diameters, and SiNx stressor thicknesses using PL
and Raman spectroscopy. Table 1 displays the parameters of all
the microdisks that were measured. The thickness of the micro-
disks was tuned by modifying the thickness of the Si0.12Ge0.88
layers as shown in Fig. 4(a). The SiNx stressor thicknesses cited
in Table 1 are the target deposition thicknesses on the top of
the microdisks. The actual thickness underneath the microdisk
is about half of the target thickness, as discussed previously.
Figure 6 shows the comparisons of the simulation, PL, and
Raman results for all the microdisks. The simulated strains
are in good agreement with the strains from Raman measure-
ments. In general, the strains obtained from PL measurements
are lower in amplitude compared to those from simulation and
Raman measurements. This is expected because the Raman and
simulation data were taken at positions of maximum strain in
the Raman line scan, whereas the PL measurements produced
an average strain over the microdisks due to the larger spot size
and deeper penetration depth of the pump laser. The highest
biaxial strain transfer achieved in our design is 0.88%, which is
able to compensate the original −0.65% epitaxial strain in the
QW and reduce the separation between Γ and L valleys by
∼60 meV according to deformation potential theory [25].
We also find that more strain is transferred to thinner and
smaller diameter microdisks compared to thicker and larger mi-
crodisks. Thicker SiNx stressors also transfer more strain to the
microdisks in the regime we investigated. These results serve as
a helpful guide for the future development of highly strained
microstructures.

4. OPTICAL GAIN CALCULATIONS FOR
GE/SIGE MQW

To evaluate the effects of external strain on the optical gain of
the Ge/SiGe MQW structures, we performed optical gain cal-
culations to quantify the net material gain of the Ge QWs in
the Ge/SiGe MQW structures. Figure 7(a) shows the band
alignment of a strain-balanced Ge QW with Si0.19Ge0.81
barriers epitaxially grown on a relaxed Si0.12Ge0.88 buffer layer

(a)

(b)

(c)

Fig. 5. PL and Raman characterizations of Ge/SiGe MQW micro-
disks. (a) Room-temperature PL of strained (red and blue) and un-
strained (black) microdisks. (b) Typical Raman spectrum from the
center of a microdisk. (c) Raman line scan along the diameter of a
strained, suspended Ge/SiGe MQW microdisk.

Table 1. Parameters of the Investigated Microdisks

Microdisk Microdisk SiNx Stressor

Device #
Thickness

(nm)
Diameter
(μm)

Thickness
(nm)

1 440 6 130
2 440 6 245
3 440 10 130
4 440 10 245
5 340 6 130
6 340 6 245
7 340 10 130
8 340 10 245
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[28]. In the Ge QW, to the first order, the holes can be well
confined at the k � 0 point where k is the wave vector in recip-
rocal space. However, the electrons are largely confined in the L
valley of the conduction band where k ≠ 0. When the L valley
becomes filled, the electrons begin to spill out of the QW
before they are scattered to the Γ valley, resulting in a low
quantum efficiency as a light emitter for this band structure.
Deformation potential calculations were conducted to model
the band alignment ofGe∕Si0.19Ge0.81 with 1% external biaxial
tensile strain (added to the initial compressive epitaxial strain),
with the results shown in Fig. 7(b). Compared to the case with-
out external tensile strain illustrated in Fig. 7(a), the electrons
in the Ge QW can be scattered to the Γ valley before they
escape out of the QW and can potentially significantly enhance
the quantum efficiency of the Ge/SiGe MQW structure. For
comparison, we assume the Ge QW has an n-type doping
concentration of 5 × 1019 cm−3 and an injection level of
2 × 1019 cm−3. These numbers are chosen to be close to the
transparency condition for bulk Ge calculated in Ref. [29].
The corresponding current density in the Ge/SiGe MQWs
is expected to be more than 10 times lower than bulk Ge
[11]. Figure 7(c) shows the net gain spectra (gain minus free
carrier absorption) for the TE mode and TM mode for Ge
QWs with different external biaxial tensile strain. With 1% ex-
ternal biaxial tensile strain, high positive net gain of ∼600 cm−1

can be achieved for the TE mode at a wavelength around
1550 nm. While other methods of applying tensile strain or
adding Sn to Ge extend the emission wavelength to ∼2 μm
[4,7,21], the emission and peak gain wavelength for tensile-
strained Ge/SiGe MQWs remains at ∼1550 nm due to

(a)

(c) (d)

(b)

Fig. 6. Comparisons of simulation, PL, and Raman measurements. (a) Devices 1, 2 (440 nm thick, 6 μm diameter). (b) Devices 3, 4 (440 nm
thick, 10 μm diameter). (c) Devices 5, 6 (340 nm thick, 6 μm diameter). (d) Devices 7, 8 (340 nm thick, 10 μm diameter).

(a)

(c)

(b)

Fig. 7. Optical gain calculations for Ge/SiGe MQW. (a) Band align-
ment of strain-balanced Ge∕Si0.19Ge0.81 MQW without external strain.
(b) Band alignment of strain-balanced Ge∕Si0.19Ge0.81 MQW with 1%
external biaxial tensile strain. (c) TE and TM net gain spectra for Ge QW
with different external biaxial tensile strain, assuming n-type doping con-
centration of 5 × 1019 cm−3 and an injection of 2 × 1019 cm−3. Without
external tensile strain, net gain is negative, meaning lasing is not achieved.
As external tensile strain increases, net gain increases remarkably. Peak
gain reaches positive ∼600 cm−1 with 1% of external tensile strain.
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quantum confinement, which makes it compatible with
optical-fiber communications.

5. CONCLUSIONS

We discuss the design of a tensile-strained Ge/SiGe MQWmi-
crodisk, and 3D-FEM simulations suggest that a microdisk
with an all-around SiNx stressor has the desired strain distribu-
tion profile for a WGM laser. We describe an etch-stop process
for fabricating Ge/SiGe MQW microdisks that eliminates de-
fective buffer layers and maintains high material quality. The
strains from fabricated microdisks with different thicknesses,
diameters, and SiNx stressor thicknesses are investigated using
PL, Raman spectroscopy, and 3D-FEM simulations. The
Raman measurements agree well with simulation results, while
the PL measurements tend to yield lower strains due to an aver-
aging effect on strains. In the thinnest (340 nm) and smallest
(6 μm) microdisk with a thick SiNx stressor (245 nm), we
achieved a transferred biaxial tensile strain as high as 0.88%,
corresponding to an ∼60 meV reduction of the energy separa-
tion between the Γ and L valleys. A higher strain is expected if a
thicker SiNx stressor is applied. We also present optical gain
calculations for the Ge/SiGe MQW and show that a high pos-
itive net gain of ∼600 cm−1 can be achieved for the TE mode at
a wavelength of ∼1550 nm with 1% external biaxial tensile
strain. These results indicate that a tensile-strained Ge/SiGe
MQWmicrodisk with an all-around SiNx stressor is a potential
candidate for efficient Ge-based lasers on Si.
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