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ABSTRACT

We report ultra-low threshold green InGaN quantum-dot (QD) microdisk lasers directly grown on Si substrates by metal-organic chemical
vapor deposition. Vertically stacked InGaN/GaN QDs by epitaxy on Si were adopted as the microcavity gain medium. Under continuous-
wave optical pumping, we observed room temperature lasing at 522 nm from the microcavity lasers with a diameter of 1.0 um and obtained
an ultra-low threshold of 76 W/cm®. The sidewall roughness values of the microdisk lasers etched by different solutions of potassium hydrox-
ide and HF/HNO; were compared. We detected a strong correlation between the lasing thresholds and the sidewall roughness of the micro-
disk lasers, with the lasing threshold improved from 1.6 kW/cm? to below 100 W/cm” and the full width at half maximum reduced from

0.53 nm to 0.2 nm through smoothing of the sidewall.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0012045

II-nitride semiconductors have attracted increasing attention for
electronic and optoelectronic applications due to their direct energy
bandgap and wide wavelength emission.”” The demonstrations of
high-performance high electron mobility transistors (HEMTs),” pho-
todetectors (PDs),’ light emitting diodes (LEDs),” and laser diodes
(LDs)” manifest the diverse applications of this material system. In
particular, ITI-nitride green light emitters are being developed due to
their potential application in full color displays, optical data storage,
mobile projectors, visible light communications, and military applica-
tions.” ' GaN microdisk lasers feature a simple fabrication process
and an ultra-small footprint.' " In addition, microdisk lasers with low-
loss whispering gallery (WG) modes possess some distinct advantages
such as low thresholds and high quality factors (Q-factors).'””"* In
contrast to undercutting GaN microdisk lasers on sapphire substrates
using photoelectrochemical (PEC) etching, microdisk lasers directly
grown on Si are easily fabricated through selectively etching of Si."”
Additionally, integrating GaN microdisk lasers on Si might open an
alternative path toward large-scale, multi-functional, and low-cost Si-
based photonic integrated circuits (PICs).'*"”

The first optically pumped GaN microdisk laser on Si was fabri-
cated by a combination of dry and wet etching, with a lasing wave-
length of 365nm at low temperature (4.3K)."” After that, optically
pumped III-nitride quantum well (QW) microdisk lasers on Si from

green to deep ultra-violet were demonstrated.® *° Until now, GaN-
based microdisk lasers grown on Si still have many challenges for elec-
trically pumped lasing due to the epitaxial material quality and device
fabrication.”’ The room-temperature thresholds of optically pumped
QW microdisk lasers are generally reported in the range of a few hun-
dred kW/cm? [for continuous-wave (CW) measurements] or a few
mJ/cm? (for pulsed measurements).”* Low-threshold microdisk lasers
with QWs as active gain media remain a challenge. Possible reasons
include poor crystal quality of InGaN materials with a high indium
content and/or severe non-radiative recombination via surface states
in the periphery. Three-dimensional confinement of carriers in quan-
tum dots (QDs) allows for lower sensitivity to structural defects and
thus makes them better candidates as the active layer of microcavity
lasers. In addition, QD lasers have also been demonstrated to exhibit a
high Q-factor and ultra-low threshold.””** GaN-based QDs can be
achieved by the Stranski-Krastanov (SK) growth mode or modified
droplet epitaxy (MDE) method.”””” GaN QD microdisk lasing at a
wavelength of ~310nm has been demonstrated with a low threshold
power density of 20 kW/cm? and a Q-factor of 5000.° A low lasing
threshold of 0.28 mJ/cm?” has been achieved in InGaN QD microdisk
lasers in the blue spectral range.”” Recently, a record-low lasing thresh-
old of 6.2 uJ/cm® has been achieved in GaN microdisks with InGaN
QDs, emitting at ~440nm.” However, there has been no
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demonstration of green-emitting QD microdisk lasers. In this work,
we report extremely low-threshold lasing in green QD microdisk lasers
directly grown on Si (111) substrates. A structure comprising three
layers of vertically aligned InGaN/GaN QDs was selected as the gain
medium. The fabricated lasers exhibit room temperature lasing with a
threshold excitation density of 76 W/cm® under CW optical excitation.
We also discuss the influences of microcavity sidewall roughness on
the laser performance.

We performed the GaN growth on 2-in. Si (111) substrates using
an Aixtron close-coupled showerhead (CCS) metal-organic chemical
vapor deposition (MOCVD) system with an in situ monitoring system
(LayTec EpiTT). Trimethylgallium (TMGa), trimethylaluminum
(TMAI), and ammonia (NH;) were used as the Ga, Al, and N sources
during the AIN and GaN buffer layer growth. Hydrogen (H,) was
used as the carrier gas. For the InGaN QD and GaN barrier layer
growth, triethylgallium (TEGa), trimethylindium (TMIn), and NH;
were employed as precursors and nitrogen (N,) as a carrier gas. Figure
1(a) schematically depicts the epitaxial structure of the microdisk
lasers on Si. Before growth, oxide desorption of the Si substrates was
performed at 1000 °C for 10 min. Then, a 180-nm-thick AIN seed
layer was deposited to prevent melt-back etching caused by the Ga-Si
alloys. This AIN buffer layer improves the crystalline quality of the
subsequent GaN buffer and builds up the compressive strain to com-
pensate for the tensile strain during the cooldown period. Next, a 240-
nm thick n-type GaN buffer layer was grown at 1050 °C on the AIN
layer to obtain a smooth surface for the subsequent QD growth. A
three-pair InGaN (2.5nm)/GaN (10 nm) QD structure was grown as
the active region. The growth pressure was kept at 400 mbar, and a V/
III ratio of 1 x 10" was used. The InGaN QDs and GaN barrier were
grown at 670 °C and 830 °C, respectively. A 90-nm GaN cap layer was
subsequently grown at 890 °C.

Figure 1(b) presents a cross-sectional transmission electron
microscopy (TEM) image of the as-grown sample with the three-
stacked InGaN/GaN QD structure. It can be clearly seen that a sub-
stantial proportion of the threading dislocations (TDs) were filtered
out by the AIN and GaN buffer layers. Figure 1(c) displays a zoomed-
in TEM image of the three-stacked QD active region, revealing uni-
form and vertically aligned QDs. The thickness of each layer agrees

(@)

GaN (100nm)

GaN (240 nm)

AIN (180 nm)

FIG. 1. (a) Schematic illustration of the epitaxial structure of material in the disk region; cross-sectional TEM image of (b) the microdisk structure and (c) the three-stacked
InGaN QDs; (d) room temperature PL spectra of the as-grown QD microdisk lasers on Si substrates at increasing excitation power densities from 0.4 kW/cm? to 47.8 kW/em?.
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well with the designed parameters. The InGaN QDs separated by GaN
barrier layers are clearly shown to exhibit self-organized growth along
the vertical direction. The InGaN QDs in the first layer produce a ten-
sile strain in the GaN layer above the QDs. The distribution of the
strain field in the first GaN barrier layer provides an energetically
favorable region for the successive growth of InGaN QDs. Therefore,
the vertically aligned InGaN QDs can be clearly observed due to the
strain contrast of the QDs in the two layers.”® It should be pointed out
that this vertically aligned and well-separated QD structure is strong
evidence of self-assembled QDs grown by the SK growth mode.”” The
good crystalline quality of the active region is attributed to the effective
defect trapping and reduction scheme offered by the AIN buffer. The
QDs grown on Si present good uniformity with a density of
~1x 10" cm™? and a height of ~2.5 nm. The diameter and spacer of
the QDs range from 33 to 64nm and 50-60 nm, respectively. The
disk-like shape with a large width to height ratio is a typical signature
of self-assembled InGaN QDs grown in SK growth mode.”” **

We characterized the QDs using room temperature photolumi-
nescence (PL) measurements. A CW diode laser emitting at 405 nm
was used through a high (0.95) numerical aperture (NA) objective lens
normal to the surface of the sample. The excitation light was focused
to a spot size of approximately 2.0 um in diameter. The luminescence
from the sample was collected through the same objective. Figure 1(d)
shows the normalized PL spectra at room temperature from the as-
grown InGaN QD microdisk lasers on Si substrates at increasing exci-
tation power density from 0.4kW/cm® to 47.8kW/cm®. The peak
wavelength from these as-grown QDs on the Si sample is located at
545 nm with a full width at half maximum (FWHM) of 43 nm at an
excitation power density of 0.4 kW/cm?. With a 100-fold increase in
excitation power to 47.8kW/cm?, the peak PL wavelength shifts to
529 nm with the same FWHM of 43 nm. This blueshift is typical for
InGaN/GaN heterostructures with large polarization fields.” The
unchanged FWHM suggests the excellent uniformity of the InGaN
QDs.

Microdisk lasers with a diameter of ~1.0 um were fabricated
using silica microsphere lithography, followed by inductively coupled
plasma (ICP) etching and selectively wet etching, as schematically
summarized in Fig. 2. Initially, the epi-wafer with a grown QD laser
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FIG. 2. Schematic process flow of the microdisk lasers. (a) 1.0 um silica sphere
deposition; (b) ICP etching forms a cylinder mesa feature; (c) silica sphere removal;
(d) wet etching forms the microdisk with a mushroom-shaped structure.

structure was thoroughly cleaned with acetone, isopropanol, and de-
ionized (DI) water. In Fig. 2(a), a dilute suspension of silica spheres in
isopropanol was dispersed onto the sample surface using a spin-
coating method at a low rotation speed (2000 rpm). ICP etching was
then performed to get a cylindrical mesa feature [see Fig. 2(b)]. A
smooth sidewall of the microdisks was achieved by using optimized
ICP etching parameters. The chamber pressure was maintained at 10
mTorr, with the coil and platen power set to 500 W and 100 W,
respectively. Cl,, BCl;, and He mixed gases were used with flow rates
of 10 sccm, 10 scem, and 5 sccm, respectively. The silica spheres were
subsequently removed by water in an ultrasonic bath [see Fig. 2(c)].
Afterward, Si underneath the microdisk was etched by chemical etch-
ing to form a mushroom-shaped structure [see Fig. 2(d)]. Two differ-
ent chemical etches, 20M diluted potassium hydroxide (KOH)
solution and a 65% HF/HNOj; (1:1) solution, were used to obtain the
mushroom-shaped structure of microdisk lasers pivoted on Si. More
importantly, this chemical etching can not only remove the damage
generated in the ICP etching but also modify the microdisk sidewall,
resulting in different sidewall roughness. Figures 3(a) and 3(d) show
the top-view scanning electron microscope (SEM) images of the fabri-
cated devices on Si etched by the KOH and HF/HNOj; solutions,
respectively. Figure 3(a) shows a microdisk of circular geometry with
many irregular triangular prism-like shapes. In contrast, Fig. 3(d)
shows a microdisk with smoother sidewalls. Figures 3(b) and 3(e) pre-
sent 70°-tilted SEM images of the fabricated devices pivoted on Si
etched by the KOH and HE/HNO; solutions, respectively. It is obvious
that Si was etched laterally from the outer periphery to form a support-
ing pedestal. Figures 3(c) and 3(f) show the zoomed-in view of the
sidewall in 70°-tilted SEM images of the disk etched by KOH and HF/
HNO; solutions, respectively. Figure 3(c) shows the disk with rough
sidewalls of stripe-patterns. This morphology is due to the etching-
selectivity difference between the m-plane and the a-plane of GaN,
which is typically observed in KOH etching of GaN.”*”” Compared to
the KOH solution, HF/HNOj3, with an almost zero etching rate of

scitation.org/journal/apl
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FIG. 3. (a) Top-view SEM image, (b) 70°-tilted SEM image, and (c) zoomed-in view
of the sidewall in 70°-tilted SEM images of the disk etched by KOH. (d) Top-view
SEM image, (e) 70°-tilted SEM image, and (f) zoomed-in view of the sidewall in the
70°-tilted SEM image of the disk etched by HF/HNO,.

GaN, can be successfully used to achieve a smoother sidewall, as
shown in Fig. 3(f).

We probed the optical properties of the microdisk lasers using a
micro-PL measurement system at room temperature. Figure 4(a) dis-
plays the measured PL spectra of the microdisk lasers etched by KOH
at different excitation power densities. The sharp peaks in the spectra
correspond to different WG modes. At low pumping power density,
the QD microdisk exhibits a broad spontaneous emission spectrum
with resonance peaks of the WG modes. The QD background sponta-
neous emission from the center of the microdisk does not couple to
the cavity mode. As the pumping power density increases, the WG
modes become stronger compared to the background spontaneous
emission. The PL spectrum at a pump power intensity of 14.8 kW/cm®
[see Fig. 4(b)] is well fitted with bi-Lorentzian curves, where the peak
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FIG. 4. (a) Emission spectra with the linear scale of the microdisk laser etched by
KOH at various injection power densities at room temperature. (b) Emission spectra
at a pumping excited power density of 14.8 kW/cm?. (c) Collected intensity and
FWHM of optical mode at 506 nm as a function of pumping power density.
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intensity of both the broad InGaN QD PL background and narrow
cavity modes are extracted. The free-spectral range (FSR) of the cavity
modes can be calculated using AL = /%/7N.g where / is the emission
wavelength, R is the radius of the disk, and n.g is the group effective
index of refraction. The calculated FSR agrees well with the observed
spacing of ~34 nm. The collected intensity (L-L curve) and FWHM
for the emission peak at 506 nm as a function of excited power density
are plotted in Fig. 4(c). The FWHM exhibits a dramatic reduction
with increasing optical pumping power density, providing a signature
of laser action. The cavity Q-factor was calculated accordingly to be A/
AL =955. A clear threshold knee is observed in the L-L curve, and the
threshold is extracted to be around 1.6 kW/cm”. We attribute the low
threshold of the microcavity lasers to the strong quantum confinement
of carriers inside the QDs.

We have also found that the sidewall smoothness plays an impor-
tant role in the thresholds of the microdisk lasers. Figure 5(a) shows
the measured PL spectra of the microdisk lasers etched by HF/HNO;
at different excitation power densities. At a low pumping power den-
sity of 15W/cm?, three resonance peaks for the WG modes were
observed at 557 nm, 547 nm, and 522 nm. As the pumping power den-
sity increases to 76 W/cm?, the intensity of optical mode at 522 nm
emission is comparable with the optical mode at 547 nm.
Furthermore, both these two modes are stronger than those of the
optical mode at 557nm. This type of mode competition can be
avoided by increasing the stacked layers of QDs.”””” The mushroom-
shaped geometry of the microdisk laser is not only advantageous for
optically isolation but also insensitive to heating. Note that no peak
wavelength shift of both devices etched by HF/HNO; and KOH can
be observed with progressively increased pumping power, suggesting
negligible thermal generation inside the disk region. As the pumping
power density further increases to 1.5kW/cm® the optical mode at
522nm becomes dominant, with a FWHM of 0.2nm. The cavity
Q-factor was thereby calculated to be as high as 2610. Figure 5(b)
shows a fitted curve of the measured spectra at a pump intensity of
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FIG. 5. (a) Emission spectra with the linear scale of the microdisk lasers etched by
HF/HNO; at various injection power densities at room temperature. (b) Emission
spectra at a pumping excited power density of 18.5 kW/cm?. (c) Collected intensity
and FWHM of optical mode at 522 nm as a function of pumping power density.
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18.5kW/cm?, including the broad InGaN QD PL background and the
narrow cavity emission. Compared to the devices etched by KOH,
these devices exhibit higher intensity of optical modes and lower back-
ground emission, indicating significant improvement of the optical
confinement. It is believed that the difference in the lasing wavelength
and Q-factor between the microdisk etched by KOH and HF/HNO;
resulted from the different sidewall conditions. Our observation here
confirms the previously reported influence of sidewall roughness on
the WG mode resonance characteristics. The L-L curves of the optical
mode at 522 nm as a function of pumping power density are shown in
Fig. 5(c). A distinctive kink indicating the onset of lasing operation
can be clearly seen. The threshold of the optical mode at 522 nm can
be extracted to be as low as 76 W/cm®. Compared to the microdisk
lasers etched by KOH, the significantly improved threshold is attrib-
uted to the smoother sidewall conditions.”® The electric fields are
mainly localized at the edges of the microdisk in whispering gallery
mode microdisk lasers. Scattering of light at the rough sidewall would
induce optical losses. The sidewall roughness scatters some of the
energy into the radiation continuum, inducing leakage of optical
modes and thus increases threshold for lasing. It is worth noting that
the thresholds of our microdisk lasers grown on Si are even lower than
those directly grown on sapphire substrates lasing in the blue spectral
region."’

In conclusion, we have demonstrated room temperature CW las-
ing from green InGaN QD microdisk lasers directly grown on Si (111)
substrates. Adopting QDs as the gain medium and improving the side-
wall smoothness, we achieved an ultra-low threshold of 76 W/cm? and
a high Q-factor of 2610. Our results here suggest a promising path
toward integrating compact and energy-efficient green light sources
onto mainstream Si platforms.
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