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Quantum-dot (QD) and quantum-dash (QDash) have been
shown to be promising gain materials for lasers directly
grown on Si due to their better tolerance to crystal defects
and thermal stability. Here we report optically pumped InP-
based InAs QDash microdisk lasers (MDLs) directly grown
on on-axis (001) Si. To the best of our knowledge, this is the
first demonstration of room-temperature continuous-wave
lasing of a QDash MDL on Si in the C band and L band. To
the best of our knowledge, the lowest threshold of around
400 pW and highest operation temperature of 323 K have
been achieved. An analysis of experimental results shows
that the dominant lasing wavelength of MDLs varies with
the thickness and diameter of the MDLs. Our demonstra-
tion shows potential application of MDLs for multi-channel
operation in densely integrated Si-photonics. © 2021
Optical Society of America

https://doi.org/10.1364/0L.420106

Low-cost photonic integrated circuits on a Si platform
compatible with the well-established complementary metal-
oxide-semiconductor technology have been investigated for
decades [1,2]. Despite the success of the group-IV-based optical
building blocks, an efficient laser source is still the crux for fully
integrated silicon photonics [3]. III-V-based heterogeneous Si
lasers realized by die/wafer bonding present excellent perform-
ance [4]. Nevertheless, issues regarding the size and cost of III-V
wafers, as well as the bonding yield, have yet to be fully resolved
[4,5]. Direct growth of III-V materials on Si offers a promising
alternative for low-cost and scalable integration. The main
roadblock of direct hetero-epitaxial growth is the high density
of defects induced by lattice, thermal, and polarity mismatches
between III-V compounds and Si. While selective hetero-
epitaxy produces dislocation-free I1I-V compounds on Si, the
dimension of the epitaxial crystals is often limited, and the reali-
zation of electrically driven devices has been challenging [6,7].
In contrast, blanket hetero-epitaxy deposits large-dimension
II-V thin films on Si wafers and engenders I1I-V/Si templates
with low defect densities [8]. With quantum-dot (QD) and
quantum-dash (QDash) as gain material, which show reduced
sensitivity to threading dislocations, the impact of defects has
been further mitigated [9,10]. InAs QD lasers monolithically
grown on Si have been extensively researched in the past decade
as telecom-band light sources [4,11-14].
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A whispering-galley mode (WGM) microdisk laser (MDL) is
considered as an attractive light source for dense integration due
to the miniaturized volume and ultra-low power consumption
[15]. The first room-temperature (RT) continuous-wave (CW)
O band MDLs grown on Si was achieved in 2016 [16]. For the
C band, however, only pulsed lasing and low-temperature CW
lasing were reported [17-20]. In this Letter, we successfully
demonstrate RT CW single-mode lasing from the QDash MDL
on Si with a low threshold. The lasing characteristics of the
MDLs enable us to carry out further investigation on the lasing
wavelength asa function of physical parameters.

Figure 1(a) delineates the structure of epitaxial InAs QDash
lasers on Si substrates. The epitaxial structures were grown in
metalorganic chemical vapor deposition systems. To release the
stress caused by the large lattice mismatch between InP and Si
(8%), 1.1 pm GaAs was first grown on unpatterned planar Si as
an intermediate buffer, followed by five cycles of thermal cycle
annealing for further defect reduction. Then 3.1 um InP with
three sets of 10-period Ing¢3Gag37As (12 nm)/InP (34 nm)
strained layer superlattices were grown. The as-grown InP buffer
is APB-free with a surface roughness of 2.8 nm measured by
a surface atomic force microscope. Detailed information of
growth was reported in a previous publication [21]. A three-
layer InAs/InGaAs dash-in-well structure sandwiched by InAlAs
cladding layers was then grown on the InP on Si (IoS) template.
An identical MDL structure was also grown on InP native
substrate in the same run for fair comparison. RT photolumi-
nescence (PL) spectra of as-grown three layers of QDashes on
Siand native InP substrate are shown in Fig. 1(b). All the peaks
center on 1.5 pm, and the intensity of the one grown on InP is
around three times higher than that grown on Si.

The fabrication process was reported in our previous works
[16,22]. Considering that the WGMs concentrate on the
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Fig.1. (a) Structure schematic of the as-grown MDL on Si. (b) RT

PL of the as-grown samples on InP and Si substrates.
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Fig. 2.
MDL on Si. (b) L-L curves of MDLs on InP and Si substrates. The
kinks indicate the onset of the lasing operation. The thresholds
of MDLs on native InP substrate concentrate at 200 uW, and the
thresholds of MDLs on Si are around 500 pW.

(a) 70° tilted SEM image of a 4 m diameter as-fabricated

periphery of MDLs, we focused on two aspects: a smooth side-
wall for the low-loss WGMs resonance and a tight air cladding
structure for good optical confinement [23]. In the fabrication
process, a 900 nm high InP pedestal was formed with an under-
cut around 500 nm to prevent first-radial mode leakage into
the underlying template and suppress high-radial order modes.
The 70° tilted scanning electron microscope (SEM) image
of the fabricated MDL is shown in Fig. 2(a). The thickness of
the MDL structure is measured to be around 435 nm, and the
diameteris 3.8 £ 0.3 um.

Fabricated MDLs were characterized in a micro-PL sys-
tem, with a 1064 nm CW laser as the excitation source.
Considering multiple absorptions/reflections at the surface
of MDLs [24,25], around 62% of pumping power was effec-
tively absorbed. The extracted light-out/light-in (L-L) curves
of MDLs on Si and InP substrates are summarized in Fig. 2(b).
The thresholds were extrapolated to be around 200 and 500 W
for lasers on native InP substrate and on Si substrate, respec-
tively. The larger thresholds of MDLs on Si correspond to the
lower PL intensity of the as-grown sample on Si compared with
InP substrate. RT power-dependent micro-PL spectra of the
MDL on Siis shown in Fig. 3(a). Below the threshold, multiple
modes were excited. With increasing pump power, one peak
located at 1555 nm stood out and finally lased. Based on the
structure of a specific MDL and effective indices of InAlAs
and InAlGaAs obtained from experimental data in [26], we
numerically calculated transverse electric (TE)- and transverse
magnetic (TM)-polarized modes using the finite-difference
time-domain (FDTD) method. The TE 9 ; mode (radial mode
number / = 1, azimuthal mode number 7 = 19) has a resonant
wavelength at 1559 nm, which matches the measured lasing
wavelength. The L-L curve and transition curve of the full width
at half-maximum (FWHM) extracted by bi-Lorentzian fitting
can be seen in Fig. 3(b). The transition from spontaneous emis-
sion to lasing was evident by the narrowing of the FWHM down
to around 0.25 nm after lasing. The high cold quality factor
(Q) of the MDL can be calculated to be 1./ AL = 6220 at pump
power ~0.9 Py, where A represents the emission wavelength,
and AA is the FWHM of the lasing peak. This value is higher
compared to the 1.55 pm band MDLs reported in the literature
[15,18,19,27,28], which attests to the good circularity and
smooth sidewall of fabricated microdisks. The small cavity of
the MDL leads to a large free spectral range (FSR). As shown
in Fig. 3(a), the mode spacing between the lasing mode and
its adjacent mode in the same radial order are around 61 nm,
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Fig. 3. (a) Representative power-dependent spectra of MDLs.
(b) RT L-L curve and transition curve of the FWHM. (c) L-L curves
at different temperatures ranging from 288 to 323 K. Inset: natural
logarithm of threshold power against temperature. Characteristic
temperature 7y = 65.8 K in the range of 288-323 K.

which are in good agreement with the theoretical value of 62 nm
derived from A%/27 Rn,, where n, is the group index of the
cavity, and R is the disk radius.

The temperature-dependent characteristics of MDLs were
studied as well. The substrate temperature was varied from 288
to 323 K without any additional heat sinks. Figure 3(c) plots
L-L curves at different temperatures. The inset plots the natural
logarithm of threshold power as a function of temperature. The
characteristic temperature (7j) can be extracted to be 65.8 K by
P (1) = Py (T7) exp(Tp — T1)/ Tp. This value is much higher
compared with other reported 7j for optically pumped QD
MDLs grown on both Siand I1I-V native substrates [17,24,29].

In addition to MDLs with a membrane thickness of 435 nm
discussed earlier, we also fabricated MDLs with a membrane
thickness of 280 and 380 nm for further investigation. The
ratio between the thickness of the InAlAs cladding layer and
InAlGaAs barrier layer was kept identical for different samples.

We first studied the influence of the disk diameter on the las-
ing wavelength of the MDLs and then moved on to investigate
the influence of the membrane thickness. The non-uniform sil-
ica beads in colloidal lithography produces MDLs with a small
variation of the diameters. After checking the dimension of
MDLs by a SEM, the experimental data of MDLs with different
membrane thicknesses are summarized in Figs. 4(a)—4(c). The
clear trends of the lasing wavelength against the diameter can be
seen in all three sets of data. With the expansion of the diameter,
the lasing wavelength also increases. For example, for MDL
lasers with a membrane thickness of 380 nm [see Fig. 4(b)],
the lasing peak increases from 1.57 to 1.61 pm, when the disk
diameter increases from 3.75 to 3.8 pm. Interesting, the lasing
peak also exhibits a linear trend when the disk diameter further
increases from 3.8 to 4 um. For all three kinds of MDLs, the
lasing wavelength range from 1.54 to 1.61 pm, spanning both
the C band and L band.

To further investigate the relationship between the diameter
and the lasing wavelength of MDLs, we simulated the resonance
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Fig. 4. (a)—(c) Experimental data of MDLs with 275-300, 375-400, and 420-440 nm membranes, respectively. The lines represent the 2D

FDTD simulation results based on the representative thicknesses, which are 280, 380, and 435 nm accordingly.

wavelength of MDLs with different structures. In FDTD sim-
ulation, some randomly oriented dipole emitters were placed
in the microdisk to excite resonance and frequency domain
power monitor was used to observe both field spectrum and
mode profilers [30,31]. As mentioned above, lasing peak of a
single-mode MDL is in good agreement with the simulated TE
resonance mode. Therefore, we only include the simulation
results of TE modes here. Based on the PL profile of the as-
grown sample [Fig. 1(b)], the resonance modes locate between
1.5 and 1.65 um. The simulation results of MDLs with differ-
ent membrane thicknesses are also shown in Figs. 4(a)—4(c). For
MDLs of each thickness, there are different modes included in
different diameter ranges. The simulated wavelength of specific
mode increases with the increase of diameter. This relationship
can be explained by the equation for the resonance wavelength
calculation A =27 Rng/m, where n.g is the modal effective
refractive index, and » is the azimuthal mode number [32]. For
amode with specific m, when the diameter keeps increasing, the
peak wavelength will keep increasing and finally move out of
the PL profile. Meanwhile, new modes with higher azimuthal
mode numbers will be introduced into the PL range and linearly
increase with the expansion of disk diameter similarly. The
simulation results agree well with the experimental data in all
three kinds of MDLs. This reveals the feasibility of wavelength
control via the diameter design. By changing the length of the
optical path of the microdisk cavity, the diameter could adjust
the lasing wavelength A of the MDL. E-beam lithography
could be applied to define the diameter for more precise lasing
wavelength control of MDLs.

We note that in experimental data, MDLs with similar diam-
eters can achieve lasing at different modes. For example, for
MDLs with a membrane thickness of 380 nm and diameter of
3.8 um, both TE;7; and TE;g; mode lasing were found [see
Fig. 4(b)]. The reason is that two modes are usually included
in the PL profile when considering the spectra range of the
simulation and the FSR of MDLs [see Fig. 3(a)]. To control the
resonance wavelength accurately and consistently in one mode,
the influence of the overlapping of different modes could be
lessened by enlarging mode spacing. Based on the equation for
the FSR calculation, a possible method is to further miniature
the diameter of the MDL.

In addition to the disk diameter, the relationship between
the microdisk membrane thickness and lasing wavelength is
also studied based on the experimental and simulation results.
To rule out the influence of modes with different azimuthal
mode numbers, we chose the TE;7; mode that was found in
MDLs with a membrane thickness of 280 and 380 nm. As
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Fig. 5. (a) Experimental data of TE;;; mode lasing MDLs with

275-300 and 375-400 nm membranes. The lines represent the FDTD
simulation results. (b) Effective index of a microdisk membrane against
the thickness of the membrane, where the ratio of thickness of the
InAlAs cladding layer and InAlGaAs spacer layer is kept the same.
Inset: mode profile and cross-sectional slice of the simulated TE;7 ;
mode.

shown in Fig. 5(a), for a similar wavelength, we observed a
much smaller diameter of MDL with a 380 nm thick membrane
when comparing with 280 nm thick membranes. It can be
attributed to different effective indices of microdisk membranes
of different thicknesses [33,34]. Therefore, we theoretically
calculated the effective index of a microdisk membrane using
a FDTD method. Figure 5(b) presents the simulation results.
The effective index of the microdisk membrane increases with
the increase of membrane thickness. According to the resonance
wavelength equation A = 2 Ru g/ m, when the effective index
becomes larger, the wavelength will get increased. These results
can clearly explain the different diameter ranges of the identical
mode in MDLs with different membrane thicknesses. This also
suggests that we can control the wavelength of MDLs by the
design of the membrane thickness.

The thickness-effective index curve also helps to explain the
deviation of the experimental data from the simulation results.
Although the effective index increases with the increase of mem-
brane thickness, the slope gradually decreases, which means that
influence induced by thickness increase keeps getting weaker. In
all three fabricated samples, there were some slight variations of
the membrane thickness, and we only chose the representative
thickness for simulation. We observed some large deviations
between the experimental data and simulation results in 280 nm
thick MDLs [see Fig. 4(a)], because even small variations in
thickness would induce a substantial change of the effective
index. In parallel, the slope difference can also be proved in
another two sets of data with thicker membranes. Shown in
Figs. 4(b), the experimental data of 380 nm thick MDLs are
in good agreement with the simulated TE;7; and TEg;
modes. This reflects a small influence of thickness variation on
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wavelength. As a result, a microdisk membrane with a suitable
thickness will help to reduce the possible impact induced by
thickness variation on wavelength control.

The analysis of the experimental data and simulation results
show the feasibility of wavelength control based on the mem-
brane thickness and diameter of our QDash MDL. Based on
the results, we suggest a means to manipulate the lasing wave-
length, making the MDL a superior light source candidate of
for specific wavelength operation. Besides, we can realize the
multi-channel communication easily by fabricating MDLs with
different diameters on a single sample. Compared with other
multi-wavelength arrays demonstrated in literatures [35,36],
both the volume of light sources and the fabrication complexity
can be reduced. In the future, the diameter of MDLs can be
further minimized to a sub-wavelength scale for continuous
wavelength controlling within an FSR. QDash MDLs provide
a notable advantage in scaling to small dimensions through
reduced sidewall recombination. Therefore, investigation on
electrically driven WGM laser could be carried out as well.
The small volume compared to the larger FP geometries would
help to provide a lower lasing threshold and denser integration.
Additionally, assisted with FDTD simulation, designs such as
gratings could help to achieve lasers with more reliable lasing
performance for further optoelectronics integration.

In summary, we demonstrated, to the best of our knowledge,
the first 1.55 pm RT CW InP-based InAs QDash MDL laser
directly grown on (001) Si. The average threshold is 200 and
500 uW for MDLs on InP and Si substrates, respectively. The
highest operation temperature of 323 K was achieved at MDLs
on Si. We also studied and proved that the lasing wavelength
of MDLs could be well controlled by the disk diameters and
the membrane thickness. The lasing wavelengths cover both
the C band and L band, suggesting a wide range for the wave-
length design. Our results show the capabilicy of MDLs as
light sources in dense optoelectronics integration and provide a
simple way to achieve multi-wavelength operations for on-chip
communication.
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