
Optically pumped low-threshold microdisk lasers
on a GeSn-on-insulator substrate with reduced
defect density
YONGDUCK JUNG,1,† DANIEL BURT,1,† LIN ZHANG,1 YOUNGMIN KIM,1 HYO-JUN JOO,1 MELVINA CHEN,1

SIMONE ASSALI,2 OUSSAMA MOUTANABBIR,2 CHUAN SENG TAN,1 AND DONGUK NAM1,*
1School of Electrical and Electronic Engineering, Nanyang Technological University, Singapore 639798, Singapore
2Department of Engineering Physics, École Polytechnique de Montréal, Montréal, Québec H3C 3A7, Canada
*Corresponding author: dnam@ntu.edu.sg

Received 4 February 2022; revised 4 April 2022; accepted 5 April 2022; posted 7 April 2022 (Doc. ID 455443); published 12 May 2022

Despite the recent success of GeSn infrared lasers, the high lasing threshold currently limits their integration into
practical applications. While structural defects in epitaxial GeSn layers have been identified as one of the major
bottlenecks towards low-threshold GeSn lasers, the effect of defects on the lasing threshold has not been well
studied yet. Herein, we experimentally demonstrate that the reduced defect density in a GeSn-on-insulator sub-
strate improves the lasing threshold significantly. We first present a method of obtaining high-quality GeSn-on-
insulator layers using low-temperature direct bonding and chemical–mechanical polishing. Low-temperature
photoluminescence measurements reveal that the reduced defect density in GeSn-on-insulator leads to enhanced
spontaneous emission and a reduced lasing threshold by∼10 times and∼6 times, respectively. Our result presents
a new path towards pushing the performance of GeSn lasers to the limit. © 2022 Chinese Laser Press

https://doi.org/10.1364/PRJ.455443

1. INTRODUCTION

The demonstration of Ge lasers [1,2] has opened new oppor-
tunities towards realizing complementary metal–oxide–
semiconductor (CMOS)-compatible light sources on silicon
(Si). During the last few years, a great amount of effort has been
put into lowering the lasing threshold and increasing the oper-
ating temperature of Ge-based lasers for practical applications.
Major routes that most researchers have investigated to improve
the performance of Ge-based lasers are to employ tensile strain
engineering [3–18] and Sn alloying [19–32]. Both approaches
can increase the directness of Ge, thereby making the material
suitable for high-performance on-chip lasers, which hold the
key to monolithic integration of photonic-integrated circuits
[33–35].

While material quality also plays a significant role in deter-
mining the performance of laser devices [36], it has not been
extensively studied how the defects in the lasing gain medium
influence the performance of GeSn lasers. Most of the previ-
ously reported GeSn lasers used epitaxially grown GeSn layers,
which have a significant number of interfacial defects due to the
lattice mismatch between the GeSn and Ge buffer layers [31].
Recently, a 10-fold improvement in the lasing threshold of
GeSn microdisks was obtained by removing the defective
GeSn–Ge interface using a SF6 reactive ion etching [24].

Because SF6 gas has a lower etching selectivity of GeSn over
the Ge compared to the CF4 gas, which is commonly used
for a selective dry etch of the Ge layer, SF6 etching chemistry
was employed to remove the defective interface. However, the
selective etch applied in this study allows removing defects only
at the locally exposed region of the suspended microdisk. This
suspended structure inherently has poor thermal conduction
due to the underlying air gap, thus increasing the lasing thresh-
old [18–24].

In this work, we experimentally demonstrate that the
reduced defect density in high-quality GeSn-on-insulator
(GeSnOI) microdisk lasers can reduce the lasing threshold by
∼6.4 times compared to the same microdisk lasers made in as-
grown GeSn-on-Si (GeSnOS). The GeSnOI substrate achieved
a globally removed defective interfacial layer between GeSn and
Ge by employing a chemical–mechanical polishing (CMP) pro-
cess. Additionally, improved thermal conduction was achieved
by releasing GeSn microdisks to the underlying oxide layer
while simultaneously relaxing the harmful compressive strain,
which is detrimental to lasing performance. The GeSnOI
microdisk lasers show clear lasing behaviors at a threshold of
17 kW cm−2, which is 6.4 times lower than the threshold of
the microdisk lasers directly fabricated on an as-grown GeSnOS
(108 kW cm−2) substrate. Our results provide a new possibility
to improve the performance of GeSn lasers by employing a high
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Sn content CMOS-compatible GeSnOI substrate with a sig-
nificantly reduced defect density.

2. SUBSTRATE FABRICATION AND OPTICAL
CHARACTERIZATION

Figures 1(a) and 1(b) show cross-sectional TEM images of the
as-grown GeSnOS and GeSnOI substrates. In the GeSnOS
sample, a 960-nm-thick GeSn epilayer with a Sn content of
8% (atomic fraction) was grown on a 150-mm Si wafer with
a 1-μm-thick Ge buffer layer using reduced pressure chemical
vapor deposition (RPCVD) at 250°C. The compressive GeSn
epilayer becomes relaxed as it grows thicker, which allows for a
larger amount of Sn atoms to be incorporated into the lattice.
As a result, the GeSn layer at the surface obtains a Sn content of
10.4%. A large plastic relaxation occurs during the GeSn epi-
taxial growth due to the lattice mismatch between the Ge buffer
layer and GeSn epilayer, resulting in a large number of misfit
dislocations at the interface between the layers. Misfit disloca-
tions are visible at GeSn–Ge and Ge–Si interfaces that form
during growth as a result of the large lattice mismatch between
the two layers [Fig. 1(a)]. The highly defective interface will
result in enhanced non-radiative recombination, shortening
the minority carrier lifetime and degrading the material’s inter-
nal quantum efficiency (IQE), in turn increasing the lasing
threshold [36,37]. To overcome this issue, the GeSnOI sub-
strate was fabricated using a low-temperature (<230°C) direct
bonding process to prevent Sn segregation [32]. The same
GeSn layer with the defective interface was used as a carrier
wafer to produce the GeSnOI substrate. The carrier wafer is
diced into 3 cm × 3 cm carrier chips. A thermal oxide layer
with a thickness of ∼1 μm was grown on a 150-mm handle Si,
which was also diced into 3 cm × 3 cm handle chips. Then a
180-nm-thick amorphous aluminum oxide (Al2O3) layer was
deposited on both carrier and handle chips by atomic layer dep-
osition (ALD). Next, the CMP process was employed to reduce
the surface roughness of both Al2O3 layers to less than 0.2 nm,
which is crucial for strong direct bonding. Subsequently, both
chips underwent cleaning processes, followed byO2 plasma ex-
posure to further activate the surface [38]. Deionized water
rinsing was carried out to increase the surface hydroxyl coverage
on the Al2O3 layers, resulting in stronger interfacial bonding
between the carrier and handle chips, and a nitrogen gun was
used to remove the remaining water on both chips. The direct

bonding was carried out by flipping the carrier chip upside
down and bringing the carrier and handle chip surfaces into
contact followed by post bonding annealing at 225°C for
3 h in an ambient N2 gas. After direct bonding, the highly de-
fective interface is located on top of the GeSn layer. The Si
substrate of the carrier chip was thinned down to a thickness
of 50 μm by mechanical grinding, followed by potassium
hydroxide (KOH) wet etching to selectively remove the re-
maining Si. After direct bonding and the removal of the Si car-
rier chip, the top surface region of the substrate contains the
defects produced during the GeSn epitaxial growth. A final
CMP process was conducted to effectively polish away the
1-μm-thick Ge buffer layer and GeSn layer containing the
highly defective interface, resulting in a high-quality GeSnOI
layer with a thickness of 910 nm [Fig. 1(b)].

To compare the optical emission of the GeSnOI and
GeSnOS substrates, low-temperature photoluminescence (PL)
measurements were conducted at 4 K. The samples were excited
with a 532-nm continuous-wave (CW) laser with a fixed pump
power density of 111 kW cm−2, and the optical emission was
sent to a Fourier transform infrared (FTIR) spectrometer
equipped with an extended InGaAs detector. A ∼10 times in-
crease in PL intensity was achieved from the GeSnOI substrate
compared to the GeSnOS sample, as shown in Fig. 1(c). It
should be noted that the dips in intensity near ∼2300 nm
are caused by an FTIR artifact and do not originate from the
samples. An observed shift of ∼20 nm in the emission of the
GeSnOI substrate is due to the slightly relaxed compressive
strain in the GeSn layer as a result of the bonding process [39].
To understand the origin of this enhanced emission, we must
consider the effect of the defect-assisted recombination lifetime
on IQE. The IQE can be defined as the ratio of the radiative
recombination rate to the sum of the radiative and non-radiative
recombination rates [36]. When non-radiative recombination
dominates radiative recombination, even a small improvement
in the defect density will substantially improve the IQE [36].
Thus, the reduction in the defect density in our GeSnOI sample
is particularly effective in improving the light-emitting efficiency
of GeSn, which currently has a very low IQE of <1% [40].

3. DEVICE FABRICATION AND SIMULATIONS

To study the effect of the defective interface on lasing perfor-
mance, microdisk cavities were fabricated using both the

Fig. 1. (a), (b) Cross-sectional TEM images of (a) GeSnOS and (b) GeSnOI substrates. Scale bar, 500 nm. (c) PL spectra from GeSnOI and
GeSnOS substrates. The measurement temperature is 4 K.
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GeSnOI and GeSnOS substrates. The 8-μm-diameter micro-
disks were patterned by photolithography, followed by Cl2
anisotropic reactive ion etching (RIE) to transfer the pattern.
For the GeSnOI microdisks, tetramethylammonium hydroxide
(TMAH) wet etching was followed to remove the sacrificial
Al2O3 layer, producing GeSn microdisks sitting directly on
the underlying SiO2 [Fig. 2(a)]. For the GeSnOS microdisks,
the Ge buffer layer was selectively removed by isotropic CF4
RIE, making the GeSn microdisk collapse onto underlying
Si. Both microdisks were stuck to the underlying layer, allowing
for achieving superior thermal conduction, unlike conventional
suspended structures. During the undercut process, the limit-
ing compressive strain in both microdisks is relaxed. Figure 2(b)
shows a scanning electron microscopy (SEM) image of a typical
fabricated microdisk laser structure on GeSnOI.

To ensure the defective interface is the predominant variable
influencing the lasing characteristics of the two samples, other
variables should be carefully eliminated. To confirm the effect
of the different underlying layers (SiO2 for GeSnOI and Si for
GeSnOS) on the optical confinement and thermal conduction,
finite-difference time-domain (FDTD) and finite element
method (FEM) simulations were conducted. The simulation
results confirmed that optical Q-factors and thermal conduc-
tion for both the GeSnOI and GeSnOS microdisks are nearly
identical as shown in Fig. 3. The FDTD simulation results
show a slightly higher Q-factor of GeSnOI microdisks
(∼15,000) compared to that of GeSnOS microdisks (∼8000),
which can be attributed to the relatively large difference in
refractive index between GeSn and SiO2. For the FEM simu-
lation, the ambient temperature, pulse width, and pulse

Fig. 2. (a) Schematic illustration of the microdisk structure fabrication process. (b) Tilted-view SEM image of GeSnOI microdisk. Scale bar,
2 μm.

Fig. 3. (a), (b) Top views of simulated electric field distributions in the (a) GeSnOI and (b) GeSnOS microdisk structures, which achieve
high-quality factors of >8000. Scale bar, 1 μm. (c), (d) Cross-sectional views of the same simulated electric field distributions in the
(c) GeSnOI and (d) GeSnOS microdisk structures. Scale bar, 1 μm. (e), (f ) Cross-sectional views of simulated thermal distributions in
the (e) GeSnOI and (f ) GeSnOS microdisk structures. Scale bar, 1 μm.
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repetition rate of optical pumping were set to 4 K, 5 ns, and
1 MHz, respectively (matching the conditions used for the las-
ing measurements). The thermal conductivity of GeSn was set
to 0.1 W cm−1 K−1, which is lower than that of Ge, because Sn
interstitials significantly decrease the thermal conductivity of
GeSn alloy [41]. The FEM simulation results show the differ-
ence in the temperature is only ∼1 K as shown in Figs. 3(e)
and 3(f ). Therefore, the heating effects are negligible for both
GeSnOS and GeSnOI microdisks. As a result of both FDTD
and FEM simulations, the Q-factor and thermal conduction
can be treated as negligible variables, leaving the presence of a
defective interface as the only key variable for comparison of the
lasing characteristics between the two substrates.

4. OPTICAL CHARACTERIZATION

Figures 4(a) and 4(b) present the 4 K PL spectra of both
GeSnOI and GeSnOS microdisks at different pump powers.
A pulsed laser pumping at 1550 nm was used with a pulse
width and repetition rate of 5 ns and 1 MHz, respectively.
While both microdisks show the emergence of sharp lasing
peaks as the pump power is increased, lasing in the GeSnOI
microdisk occurs at a much lower pump power density com-
pared to the GeSnOS microdisk. The improved threshold for
the GeSnOI microdisk can be also appreciated in Figs. 4(c)
and 4(d), which show double-logarithmic (main) and linear
(inset) light-in-light-out (L-L) curves of GeSnOI and GeSnOS
microdisks, respectively. Clear threshold behaviors of both
GeSnOI and GeSnOS microdisks were observed from the
non-linear S-shaped behavior in the log–log plots, which is
a hallmark of lasing action. The lasing thresholds for
GeSnOI and GeSnOS are 17 kW cm−2 and 108 kW cm−2, re-
spectively. The lasing threshold of the GeSnOI microdisk
is approximately 6.4 times lower than that of the GeSnOS

microdisk. The reduced threshold for GeSnOI can be mainly
attributed to the removal of the defective interface since the
difference in the heating between the two samples is negligible.
A theoretical work previously explained the significance of the
non-radiative recombination lifetime in reducing the threshold
of Ge-based lasers [36]. The reduced defect density in GeSnOI
can lead to an increased non-radiative recombination lifetime
and an improved IQE, resulting in the reduced lasing thresh-
old. Figures 4(e) and 4(f ) show the full width at half-maximum
(FWHM) of the lasing peaks. A significant reduction in the
FWHM of the lasing peaks below 1 nm at the lasing threshold
is another clear evidence of lasing. The maximum lasing oper-
ating temperature of the GeSnOI microdisk was 90 K (not
shown here).

5. CONCLUSION

In summary, we have experimentally demonstrated that remov-
ing the Ge–GeSn defective interface in GeSn can drastically
improve the lasing performance. By using a low-temperature
direct bonding technique and CMP process, we obtained a
high-quality GeSnOI substrate with the global removal of the
defective interfaces introduced during the epitaxial growth.
We confirmed that the defective interfaces were successfully
removed by the CMP process by using cross-sectional TEM
of GeSnOI and GeSnOS substrates. The removal of the de-
fective interface resulted in an increased PL intensity by
∼10 times. To study the effect of the defective interface on
the lasing threshold, we fabricated GeSnOI and GeSnOS mi-
crodisk lasers. Both microdisks were stuck to the underlying
layer using a selective etch, allowing us to simultaneously
achieve good thermal conduction and relax the limiting com-
pressive strain in GeSn. By carefully designing PL experiments
with all other variables well controlled, we studied the effect of

Fig. 4. (a), (b) PL spectra from (a) GeSnOI and (b) GeSnOS microdisks at different pump powers. (c), (d) Double-logarithmic L-L curves for
(c) GeSnOI and (d) GeSnOS microdisks. Insets: linear L-L curves. (e), (f ) FWHMs for (e) GeSnOI and (f ) GeSnOS microdisks at different pump
powers.
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a defective interface on the lasing threshold. We achieved a las-
ing threshold power density of 17 kW cm−2 in the GeSnOI
microdisk, which is 6.4 times lower than the GeSnOS micro-
disk containing the defective interface. Our work emphasizes
the importance of defect management to push the performance
of GeSn lasers to the limit. Our demonstration also suggests a
scalable route towards obtaining high-quality GeSn gain media
by presenting a low-temperature direct bonding technique to
obtain GeSnOI with high Sn contents.
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