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ABSTRACT
Monolithic integration of III–V semiconductor materials on planar on-axis silicon (001) is one of the most
promising method for low-cost and scalable photonic integrated circuits. Here, we present InAs/GaAs quantum
dots microdisk lasers monolithically grown on on-axis Si (001) substrate with ultra-low lasing threshold under
room-temperature continues-wave optical pumping. The promising lasing characteristics of the microdisk lasers
with ultra-low threshold and small footprint represent a major advance towards large-scale, low-cost integration
of laser sources on silicon-based platform.
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1. INTRODUCTION
Advanced silicon photonics have emerged as a promising candidate for next-generation chip-scale data commu-
nication networks and data centers.1,2 Monolithic growth of III–V semiconductor materials on silicon is one
of the most promising route toward low-cost and scalable photonic integration,3which has been proven to be
difficult due to the conjunction of large thermal-, lattice-, and polarity- mismatches between Si substrate and
III–V layer. High-performance quantum dot (QD) or quantum well (QW) lasers epitaxially grown on silicon
has been demonstrated by using off-cut (40–60) Si substrates,4 patterned on-axis Si (001),5 Ge-on-Si6 or GaP/Si
(001) substrates.7

Compared with ridge waveguide lasers or DFB lasers monolithically grown on Si, the whispering gallery modes
(WGMs) microdisk lasers with small footprint configurations and ultra-low threshold allow for incorporating
compact and efficient laser sources on a CMOS compatible platform.8 However, room-temperature CW pumped
microdisks QDs lasers with ultra-low lasing threshold directly grown on planar on-axis Si(001) substrate has not
been demonstrated.

In this work, we demonstrate low-threshold lasing in InAs/GaAs QDs microdisk lasers monolithically grown
on on-axis Si (001) substrate under room-temperature CW optical pumping.9 Lasing emission of microdisk lasers
with diameter (D) ∼ 1.9 µm and sub-wavelength scale (D ∼ 1.1 µm) were illustrated, and ultra-low threshold
∼ 3 µW was obtained.

2. MATERIAL GROWTH AND FABRICATION
The InAs/GaAs QDs microdisk lasers were monolithically grown on planar on-axis Si(001) substrates without
any intermediate buffer layer.10 To overcome the antiphase boundaries (APBs) problem, a 400 nm APBs free
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Figure 1. (a) TEM image of the microdisk structure grown on planar on-axis Si (001) substrate. (b) Schematic illustration
of the epitaxial structure of microdisk region. (c) and (d) show the high-resolution TEM image of the three-stack InAs
QDs layers and a single QD, respectively. (e) Atomic distribution profile of In obtained by XPS. (f) AFM image of
uncapped InAs/GaAs QDs grown on Si(001) substrate. (g) Room temperature PL spectra of the as grown structure at
various input power.

epitaxial GaAs film was first deposited on on-axis Si(001) substrate. Figure .1(a) shows the cross-sectional
transmission electron microscope (TEM) image of the microdisk structure grown on planar on-axis Si (001)
substrate. The epitaxial structure of microdisk region is schematically demonstrated in Figure .1(b). The
microdisk region consists of three-layer well-developed InAs/In0.15Ga0.85As /GaAs dot-in-well (DWELL) active
layer separated by 50 nm GaAs spacers, and sandwiched by two symmetrical 69 nm thick Al0.4GaAs cladding
layers with 10 nm cap layer. Figures .1(c) and (d) illustrate respectively the high-resolution TEM image of the
grown three-stack InAs/GaAs QDs layers and a single QD. Figure .1(e) shows the atomic distribution profile of
In as a function of depth from the surface on epitaxial chip obtained by X-ray photoelectron spectroscopy (XPS).
The QDs monolithically grown on Si present good uniformity with density ∼ 4x1010 cm−2 with typical size ∼ 25
nm in diameter and ∼ 8 nm in height determined from the AFM and TEM images. Figure. 1(g) demonstrates
the room temperature photoluminescene (PL) spectra of the as grown structure at various input power from 2.5
µW to 220 µW, indicating ground state emission was at ∼ 1.3 µm telecommunication wavelength band. And
higher excited states were observed as increasing the pumping power.

The microdisks pattern are defined by using electron beam lithography (EBL) with ZEP520A electron beam
resist. Silicon dioxide with thickness around 120 nm (SiO2) is deposited on the wafer by Plasma Enhanced
Chemical Vapor Deposition (PECVD) and used as the hard mask. The microdisk patterns are transferred from
the resist into the hard mask by using reactive ion etching (RIE). After removing the resist ZEP520A, the hard
mask patterns are further transferred through the active region (thickness ∼ 360 nm) by using an inductively
coupled plasma RIE (ICP-RIE). Then wet-etching is used to remove the SiO2 hard mask and form the supporting
pedestal. The fabricated microdisks were characterized in a micro-PL (µ-PL) system at room-temperature and
CW optically pumped by using 632.8 nm He-Ne laser with focus spot size ∼ 3 µm.

3. RESULTS AND DISCUSSION
To obtain a single mode lasing emission, one way is decreasing the diameter of microdisk cavity due to the
free spectral range (FSR) becomes larger with smaller diameter of microdisk cavity and well-separated resonant
peaks. Here, the lasing characteristics of a sub-wavelength microdisk lasers with D ∼ 1.1 µm and 1.4 µm
were measured. Figure .2(a) presents the lasing spectra of the microdisk with D ∼ 1.1 µm and 1.4 µm. A
large FSR ∼ 159 nm (∼ 116 nm) for microdisk laser with D ∼ 1.1 µm (1.4 µm) of the same radial order was
observed. The measured FSR is much larger than the linewidth (∼46 nm) of the ground state emission, which
substantially can support one resonate frequency of first-order WGMs within the ground state. In addition, the
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Figure 2. Measured lasing spectra of the microdisk laser with D ∼ 1.1 µm and ∼ 1.4 µm. The inset SEM image shows
the fabricated sub-wavelength scale microdisk laser. (b) L-L curve and FWHM of lasing peak ∼ 1189 nm of the sub-
wavelength scale microdisk laser with D ∼ 1.1 µm, showing the lasing threshold of ∼(2.9±0.4) µW. (c) and (d) The
calculated cross-section and top-view of the magnetic field profiles for the TE1,6 mode, respectively. The green line
represents the boundary of the microdisk and the blue dashed line demonstrates the central plane of the microdisk.

mode positions (cavity resonate frequencies) are highly dependent on the structural parameters of the cavity.
During the optical pumping process, the lasing emission peak from the excited states at 1189 nm (ground state
at 1315 nm) dominates the lasing spectra of the microdisk laser with D ∼ 1.1 µm (∼ 1.4 µm). A lasing peak with
weaker intensity of the ground state is also observed for the microdisk laser with D ∼ 1.1 µm, for which there
is not clear mode switching from the ground state to the excited states with gradually increasing the pumping
power. The lasing in the excited states is due mainly to the mode selection of the sub-wavelength scale microdisk
cavity. The inset in Figure .2(a) shows the SEM image of a fabricated sub-wavelength micordisk. The collected
intensity and full width at half maximum (FWHM) of lasing peak at ∼ 1189 nm was demonstrated in Figure
.2(b), indicating the lasing threshold ∼ (2.9±0.4) µW. The mode profile of the lasing peak at 1189 nm was
calculated by using 3D finite-difference time-domain (3D-FDTD) method, which was identified as TE1,6 mode.
Figures .2(c) and 2(d) show respectively the cross-section and top-view of calculated magnetic field profiles for
TE1,6, of which the green line indicates the boundary of microdisk resonator and the blue dash line demonstrates
the central plane of microdisk. As indicated form Figure .2(c), the center plane of WGMs was not completely
overlapped with the emitter, which may cause the broad background emission of lasing spectra.

Besides, microdisk lasers with four layers of QDs were studied to compare the optical property of microdisk
lasers with three layers of QDs. Figure. 3(a) shows the corresponding high-resolution TEM image of the active
region for the microdisk with four-stack InAs/GaAs QDs layers, the inset illustrates a high-resolution TEM
image of a single QD. Figure. 3(b) presents the lasing spectra of a microdisk laser (D ∼ 1.9 µm). The cold
cavity quality-factor (Q-factor) at 1336 nm was estimated ∼ 1349 (Q= λ

∆λ , ∆λ was mode linewidth extracted
at a pump power below the lasing threshold). The inset in Figure. 3(b) shows the schematic diagram of layer
structure with four layers of QDs. Figrue .3(c) illustrates the corresponding collected intensity and FWHM of
the lasing peak at ∼ 1336 nm with lasing threshold ∼ (4.6±0.3) µW. The lasing threshold was slightly higher
than microdisk laser with the same size composed of three layers of QDs,9 but is almost in a same order of
magnitude.
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Figure 3. (a) High-resolution TEM image of the four-stack InAs QDs layers with the inset presenting a single QD. (b)
Measured spectra above lasing threshold, the inset shows the layer structure of microdisk active region with four layers
of QDs grown on planar on-axis Si (001) substrate. (c) Corresponding collected intensity and FWHM of the lasing peak
at ∼ 1336 nm, showing the lasing threshold ∼ (4.6 ±0.3) µW.

4. CONCLUSION
In conclusion, we present InAs/GaAs QDs microdisk lasers monolithically grown on planar on-axis Si (001)
substrate. The microdisk lasers were CW optically pumped at room temperature, of which ultra-low lasing
threshold ∼ 3 µW was obtained. The promising lasing characteristics of the microdisk lasers with ultra-low
threshold and small footprint monolithic grown on Si (001) substrate provide a viable route towards the large-
scale, low-cost integration of laser sources on a silicon platform.
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