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Direct integration of high-performance laser diodes on silicon
will dramatically transform the world of photonics, expedit-
ing the progress toward low-cost and compact photonic
integrated circuits (PICs) on the mainstream silicon platform.
Here, we report, to the best of our knowledge, the first
1.3 pm room-temperature continuous-wave InAs quantum-
dot micro-disk lasers epitaxially grown on industrial-
compatible Si (001) substrates without offcut. The lasing
threshold is as low as hundreds of microwatts, similar to
the thresholds of identical lasers grown on a GaAs substrate.
The heteroepitaxial structure employed here does not require
the use of an absorptive germanium buffer and/or dislocation
filter layers, both of which impede the efficient coupling of
light from the laser active regions to silicon waveguides. This
allows for full compatibility with the extensive silicon-on-
insulator (SOI) technology. The large-area virtual GaAs
(on Si) substrates can be directly adopted in various mature
in-plane laser configurations, both optically and electrically.
Thus, this demonstration represents a major advancement
toward the commercial success of fully integrated silicon
photonics. © 2016 Optical Society of America

OCIS codes: (140.5960) Semiconductor lasers; (140.3948)
Microcavity devices; (230.5590) Quantum-well, -wire and -dot
devices.
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Optical interconnects have been playing an increasingly impor-
tant role in high-performance silicon electronics, while high-
dissipation electrical-interconnects pose a major roadblock
to efficient operation and higher bandwidths [1-4]. To best
leverage the economies of scale of silicon, development of com-
plementary metal-oxide-semiconductor (CMOS)-compatible
optical components is of paramount importance [5—7]. Mono-
lithic growth of III-V photonic materials on silicon provides
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the best route toward low-cost and scalable integration, pro-
vided crystal defects associated with material incompatibility
can be sufficiently reduced [8]. Of the suite of optical compo-
nents, highly efficient long-wavelength lasers are the most
sensitive monitors of the quality of III-V/silicon hetero-
integration [1]. Quantum dot (QD) active layers grown on
lattice-matched substrates have already shown their capability
for lasers with low-threshold densities and temperature-
independent operation [9,10]. In addition, the reduced sensi-
tivity of QDs to defects and their unique capability of filtering
dislocations make them an ideal candidate for the active layers
of hetero-integrated III-V on Si optical sources [11,12]. In this
Letter, we utilized InAs QDs monolithically grown on pre-
patterned on-axis (001) Si substrates to achieve room-temper-
ature continuous-wave (CW) lasing in a micro-disk resonator.
The micro-disk cavities allow for rapid feedback of the QD
performance and promote high-quality factor and dense inte-
gration for short-reach communication links [13]. The emis-
sion is in the 1.3 pum telecommunication band, with low
thresholds down to a few hundreds of microwatts. Thus, the
InAs QD micro-disk lasers fabricated on Si (001) substrates
without intervention of thick and absorptive buffer layers hold
high promise for cost-effective integration of low-threshold
optical sources on Si.

There has been much recent progress for InAs/GaAs quan-
tum dot (QD) lasers monolithically grown on Ge or Ge-on-Si
substrates [14—19], where intermediate buffer layers are used
to reduce the number of dislocations and their intrusion into
the active layer of the laser. These intermediate buffers, typically
germanium and subsequent dislocation filter layers, are absorp-
tive and relatively thick. Such layers limit efficient coupling
from the active laser regions to silicon waveguides and preclude
potential incorporation in the extensive SOI technology well
developed in silicon photonics [8]. Furthermore, the require-
ment of using few-degree offcut Si substrates for antiphase
domain (APD) suppression inevitably compromises its full
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compatibility with the prevailing Si CMOS manufacturing
processes.

To bypass the need for the absorptive buffer layers and
offcut Si substrates, we have recently demonstrated highly or-
dered, regular arrays of planar GaAs nanowires on industrial-
standard (001) silicon by combining the epitaxial necking effect
with a design of diamond-shaped Si pockets [20]. Coalescence
of these planar nanowires led to high-quality, antiphase-
domain-free GaAs-on-V-grooved-Si (GoVS) templates. On the
GoVS templates, InAs QDs showed superior structural and
optical properties over those grown on conventional offcut
Si substrates [21]. Therefore, the GoVS template forms the
initial platform of our devices. We grew the GoVS template
with 1 pm GaAs coalesced thin film in an Aixtron AIX-
200/4 metal-organic chemical vapor deposition (MOCVD)
system, using the same procedure [Fig. 1(a)], as detailed in
[20]. A root-mean-square roughness of ~2 nm across a scan-
ning area of 5 pm x 5 pm on the as-grown GoVS template was
obtained by atomic force microscopy (AFM) measurements
[Fig. 1(b)]. The coalesced thin films are so flat that additional
chemical mechanical polishing (CMP) is not needed before
QD growth. The defect density in the GaAs layer of the GoVS
template is estimated to be on the order of ~10% cm™ by plan-
view transmission electron microscopy (TEM). Both TEM and
x-ray diffraction suggest a three- to four-fold reduction of
defects, as compared to blanket heteroepitaxy of GaAs on offcut
Si wafers [21]. Figure 1(c) shows a schematic illustration of
the epitaxial layers. The micro-disk laser structure, which is
composed of a 1 pm GaAs buffer, a 600 nm Al ;Gag 3As post
region, and a 500 nm disk region, was grown in a molecular
beam epitaxy (MBE) system [22]. We have deployed a five-
layer InAs/InGaAs dot-in-a-well (DWELL) structure in the
disk region, where the five stacked InAs quantum dots em-
bedded in Ing;5GaggsAs quantum wells are separated by
37.5 nm GaAs barriers and enclosed by outer 50 nm thick
Aly 4GayAs barriers. The density of the quantum dots is
roughly 4.3 x 101 cm™2. Figures 1(d) and 1(e) display high-
resolution TEM images of the hetero-interface between GaAs
and Si. The 4.1% lattice mismatch is accommodated by the
formation of a few nanometer-thick stacking faults, mostly
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trapped within the diamond-shaped pockets [Fig. 1(f)]. In
Fig. 1(g), we compare room temperature photoluminescence
(PL) from the as-grown laser structure on the GoVS template
and a GaAs substrate at a pump power density of 4.7 kW /cm?.
The peak PL intensity from the QDs on GoVS is about 2.5
times lower than the QDs grown on GaAs, with an 18 nm
blueshift in the peak wavelength. The high pump power results
in the saturation of ground state emission which centers in the
1.3 pm telecommunication band and gives rise to emissions
from excited states on the high energy side.

The micro-disks were fabricated using 4 pm silica beads dis-
persed onto the samples as hard masks for a subsequent ion-
assisted etching process. After delineation of the cylinder mesa
feature, acetone in an ultrasonic bath was used to remove the
remaining SiO, microspheres. The pedestal layer was defined
by subsequent immersion in a 5% HF solution, which has
extreme selectivity in etching AlGaAs with high Al composition
in preference to the GaAs disk area. The disk was undercut
by ~1.6 pm laterally from the outer periphery to achieve effec-
tive confinement of the optical modes and avoid leakage into
the substrate through evanescent wave coupling. Figures 2(a)
and 2(b) present 90° and 70° tilted scanning electron micro-
scope (SEM) images of one micro-disk on silicon, revealing
a straight vertical etching profile and smooth sidewall surface,
crucial for the quality of the resonant modes. Figure 2(c)
presents a top-down view of the micro-disk, showing its circular
geometry.

The fabricated devices were characterized in a micro-photo-
luminescence (UPL) system at room temperature. The sample
was excited by a 532 nm CW diode laser with spot size focused
to approximately 4 pm in diameter. Figure 3(a) shows a rep-
resentative set of spectra measured from a 4 pm diameter
micro-disk on silicon with progressively higher pump power
from a 532 nm CW diode laser, denoting the transition from
the spontaneous emission regime to the laser oscillation regime.
At a low pump intensity of 165 pW, we observe a weak cavity
mode at 1308 nm accompanied by a broad background emis-
sion. The sub-threshold emission was fit with bi-Lorentzian
curves to extract the broad InAs QDs PL background and the
narrow cavity emission, as shown in Fig. 3(b). The extracted
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Fig. 1. Epitaxial InAs QDs micro-disks on GoVS substrate. (a) Procedure of growing antiphase-domain-free GaAs thin films out of a highly
ordered array of planar GaAs nanowires on silicon substrates with diamond-shaped pockets. (b) AFM image of approximately 1 pm coalesced GaAs
thin film grown on the nanowire arrays. The vertical bar is 25 nm. (c) Schematic of the as-grown structure of micro-disk lasers. (d)—(f) Cross-
sectional TEM images of the V-grooved structure, showing stacking faults (indicated by the blue arrows) trapped by the Si pockets. (g) Room
temperature photoluminescence spectra of the as grown structures on the GoVS template and a GaAs substrate at a pump power density of

4.7 kW /cm?.
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(b)

Fig. 2. SEM images of a 4 pm fabricated micro-disk. (a) 90° tilted
view of the disk, showing vertical profile. (b) 70° tilted view of the disk,
revealing smooth sidewall. (c) Top-down view of the disk, showing
circularity.

cavity emission exhibits a small full width at half-maximum
(FWHM) of 0.27 nm [Fig. 3(c)]. The cold cavity quality factor
Q was calculated accordingly to be 1/AA = 4844. This is close
to the resolution limit of our spectrometer. The peak increases
sharply in intensity with further increase of the pump power.
The above-threshold spectrum in Fig. 3(d) exhibits a pro-
nounced peak superimposed on a weak background emission
with a high aspect ratio of ~10 dB. In Fig. 3(e), the lasing
power as a function of pump power (L-L curve) is plotted
in the log-log scale, exhibiting clear S-shaped nonlinear char-
acteristics, a clear sign of lasing. The threshold is extrapolated to
be ~200 pW.

We simultaneously fabricated micro-disk cavities on the
GoVS template and on a GaAs substrate with an identical
cavity design for benchmarking. Statistical analysis over a sig-
nificant sampling of micro-disks was performed to reach a
fair comparison by taking into account process variations.
Figures 4(a) and 4(b) present the histograms of the lasing wave-
length for each measured micro-disk on the GoVS template
and GaAs substrate, respectively. The histograms are overlaid
with the normalized photoluminescence spectrum of the
unprocessed sample. The number on top of each histogram
bar denotes the average lasing threshold of the devices. The
threshold power and central wavelength of the dominant mode
are shown in Fig. 4(c) for concurrent evaluation.
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The most dominant lasing modes spotlight optical transi-
tions that are best coupled to the cavity, owing to advantages
in radiative emission rate, spatial overlap with a cavity mode,
or resonance in frequency [23]. The spread of the central wave-
lengths in the measured samples is foreseeable, if one considers
the distribution of QD density and their varied overlap with
the modes of the micro-disks. The threshold is lowest around
1.3 pm, where lasing takes place at a wavelength close to the
center of the broad gain spectrum, providing the strongest spa-
tial overlapping of emitters to the surrounding cavity. Lasing
modes are mostly observed on the low-energy side of the spec-
trum, as high-energy photons are more likely to be reabsorbed
before coupling to cavity modes [24]. The threshold for the
micro-disk lasers on the GoVS template ranges from 130 pW
to 410 pW, with an average value of 250 pW, approximately
1.4 times the average value for lasers on the GaAs substrate
(180 pW). The average threshold of the micro-disk on GoVS
corresponds to 50 pW per QD layer, comparable to the best
reported values for InAs QD micro-disk lasers with the same
cavity size on GaAs in the literature [25]. Better intrinsic
performance of the heteroepitaxially grown lasers could be
envisaged by reducing nonradiative losses via engineering the
design of the initial templates and enhancing the quality of
the coalesced GaAs films, as well as improving the uniformity
of the quantum dots [26]. In general, a deeper Si recess with a
larger aspect ratio is desirable for better defect confinement.
Engineering nanowire pitch size is another approach for
enhancing material quality. Additionally, the dislocation den-
sity in the coalesced GaAs can be reduced through thermal
cycle annealing and/or insertion of strained superlattices.

High crystalline quality of the heteroepitaxially grown I11I-V
thin films is proven through the room temperature continuous-
wave operation of the optically pumped lasers, which require
the most stringent material quality (e.g., compared to electronic
devices). The large-area GaAs thin films grown out of dense
planar nanowires on silicon provide a straightforward extension
of the micro-disk structure toward practical electrically injected

P~
(3)

Intensity (a.u.)
Intensity (a.u.)

Q Data
—— Cavity emission
Background emission o
o

QO Data
r — Fitting sum
— = Cavity emission

Intensity (a.u.)

&
=

Intensity (a.u.)

1230 1260 1290 1320 1350

Wavelength (nm) 1275

Wavelength (nm)

1275 1290 1305 1320 1307.4 1308.0 1308.6
Wavelength (nm) o Wavelength (nm)
Q Data o E &2
—— Background emission © —~ F Y
Cavity emission El L]
® [ L
&
2F °
o f
c f ?
@ [
2
1=
= ?
3 e
C bl 1 1
1290 1305 1320 100 1k

Pump power (W)

Fig. 3. Laser operation of a 4 pm diameter micro-disk on GoVS. (a) PL spectra taken at increasing pump powers. (b) Sub-threshold spectrum
(165 pW). The symbols represent measured data; the blue line is a fit to the broad InAs QDs photoluminescence spectrum background; and the red
line is a fit to the narrow cavity emission. (c) High-resolution spectrum at 165 pW. The symbols represent measured data; the red line is a fitting sum
of the measured data using bi-Lorentzian curves; and the green line is a fit to the narrow cavity emission. (d) Above-threshold spectrum (248 pW).
The symbols represent measured data; the blue line is a fit to the broad InAs QDs photoluminescence spectrum background; and the red line is a fit
to the narrow cavity emission. () Integrated photoluminescence intensity of the dominant mode as a function of pump power in the log-log scale.
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Fig. 4. Statistical analysis of lasing behavior of micro-disks fabri-
cated on GoVS and GaAs. (a), (b) Histogram of the lasing wavelength
for each measured device on GoVS and GaAs, respectively. The
average lasing threshold of the devices within each histogram bar is
denoted by the number displayed on top of it. The normalized
photoluminescence spectrum of the unprocessed sample is denoted
in red. (c) Lasing threshold is plotted as a function of a lasing
wavelength for micro-disks fabricated on GoVS (red stars) and GaAs
(black spheres).

laser configurations [27]. The GaAs planar nanowires are
formed using the aspect ratio trapping approach which is well-
recognized as a viable integration path for III-V high mobility
channel FinFETs on silicon [28,29]. The GoVS templates can
thus be envisaged as an extension of III-V fin arrays for opto-
electronic devices requiring large active regions, suggesting the
possibility of co-integration of silicon photonic and electronic
circuits onto the same chip. More importantly, the highly scal-
able growth technique presented here is extendable to the InP
material system, and can be potentially used for the growth of
various heterostructures with ternary and quaternary materials,
quantum wells, or quantum dots on silicon, as evidenced by a
recent report of InP distributed feedback laser arrays directly
grown on silicon [30].

In conclusion, we demonstrated the first operation of InAs
QD micro-disk lasers on exactly (001)-orientated Si substrates
through germanium-free heteroepitaxy. Room-temperature
continuous-wave lasing at 1.3 pm has been achieved with very
low threshold (200 pW) for a five-layer QD device. This
monolithic solution to the long-awaited missing piece of Si
photonics marks a major step toward optoelectronics integra-
tion on Si for high-performance optical communication and
computing applications.
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