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ABSTRACT

Quantum dot and quantum dash (QDash) lasers exhibit lower threshold, less temperature sensitivity, and larger modulation bandwidths
than the conventional quantum well lasers. For III-V lasers monolithically grown on Si, the stronger carrier confinement and the discrete
distribution of these three-dimensional (3D) quantum structures add to their immunity to material defects resulted from hetero-epitaxy. In
this study, we report InAs/InAlGaAs/InP QDash lasers emitting at 1.3 um directly grown on compliant InP/Si substrates by metalorganic
chemical vapor deposition. Room-temperature lasing has been demonstrated on both nano-V-groove patterned and unpatterned planar
(001) Si under pulsed electrical pumping, with a low threshold current density of 1.05kA/cm?® A comparison of lasers grown on these two
categories of InP/Si templates in terms of material quality and device performance is presented. Results presented in this work demonstrate
the possibility of integrating both datacom and telecom lasers on Si, using the same InAs/InP quantum dash material system on a developed

InP-on-Si virtual substrate.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5145031

Silicon photonics (SiPh) is a promising technology to address the
increasing demand for large-capacity data communication in conjunc-
tion with CMOS circuits. Direct epitaxy of III-V materials on silicon
enables low-cost and high-volume production of photonic devices,
which are potentially compatible with CMOS processes for monolithic
integrations.” Recently, Si-based photodetectors, (de)multiplexers, and
spli‘cters‘%’S have been demonstrated, while an efficient and reliable
laser on Si has been under intensive development. Specifically, the
defects propagated to the active layers may lead to an increased lasing
threshold and rapid device degradation.” To address this issue, I1T-V-
on-Si templates of high crystalline quality are needed. Several growth
techniques for defect reduction including aspect ratio trapping (ART),
thermal cycle annealing (TCA), and strain layer superlattices (SLSs)
insertion have been shown to be effective.”” Because of the 3D carrier
localization, quantum dots (QDs) and quantum dashes (QDashes) are
less sensitive to these defects and have been proven more reliable than
quantum wells (QWs).” Additionally, the high-temperature stability
characteristics of QD or QDash lasers due to the J-function density
states have been experimentally demonstrated.'’

Using these defect-trapping techniques and 3D quantum struc-
tures as gain elements, 1.3 um InAs/GaAs QD lasers grown on Si by
MBE have delivered notable progress, with the lasing threshold current
as low as tens of milliampere.""'* However, it is challenging to extend

the emitting wavelength to the C-band for InAs/GaAs QD due to the
large strain inside the active area and weaker carrier confinement."”
Previously, we have demonstrated both optically pumped and electri-
cally injected 1.5um QD and QDash lasers on Si by metalorganic
chemical vapor deposition (MOCVD)."*"” It would be more alluring
to cover both the 1.3 and 1.5um bands by adopting the InAs/
InAlGaAs QDash in the same material system. Based on this para-
digm, we report here the InP-based room-temperature electrically
pumped 1.3 um InAs/InAlGaAs QDash lasers grown on on-axis (001)
silicon. The emission wavelength can be widely tuned by varying the
growth parameters of the InAs QDashes in the MOCVD growth
process.

Compared to GaAs grown on Si, a higher density of defects
appears in the InP buffer due to a larger lattice mismatch between InP
and Si (8%)."° A GaAs intermediate buffer has been proven effective
to obtain a less defective InP-on-Si template with a smooth surface.'”
Furthermore, the material quality and surface roughness of the GaAs
layer would inherently affect the defect density and morphology of the
InP buffer following. Therefore, to confirm the impact of the GaAs
intermediate layer on the final laser characteristics, two kinds of InP/
GaAs/Si virtual substrates were developed here, differing from each
other in the GaAs-on-Si growth methodologies. In the coalescence of
GaAs films on V-groove patterned Si (GoVS),"* defects generated at
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the GaAs-Si interface are effectively trapped. For comparison, we also
used GaAs on unpatterned (001) Si (GoPS) developed in the past,
without the need of nm-scale patterning,'” On top of the InP-on-Si
(IoS) template, a laser structure comprising of three periods InAs/
InAlGaAs QDashes was subsequently grown. Preliminary results have
revealed that the lasers grown on InP/GoVS exhibited lower threshold
current densities than those grown on InP/GoPS templates.

The complete InAs/InAlGaAs QDash laser structure, as well as
the InP/GoVS and InP/GoPS templates, was grown in a low-pressure
MOCVD system (AIX-200/4). Details of the GoVS growth are available
in Ref. 18. Additional defect reduction techniques include five cycles of
TCA between 800 °C and 300°C after 1 um high-temperature (HT)-
GaAs grown at 600 °C. Two periods of Ing ;6Gag g4 As/GaAs SLSs were
inserted in the GaAs layer and the final GaAs thickness of the GoVS
was 2 um. For the GoPS growth, the low-temperature (LT)-GaAs was
directly grown on unpatterned planar (001) silicon, followed by the
same growth procedure of middle-temperature (MT)-GaAs, HT-GaAs,
and four cycles of TCA. The total thickness of the GaAs on planar sili-
con was 1.1 um.

On top of the GoVS and GoPS templates, 3.1 yum InP was grown
with three sets of 10-period Ing ¢;Gag 30 As (12 nm)/InP (34 nm) SLSs
inserted to repulse and filter the TDs.”’ Afterward, 600 and 630 nm of
Si-doped InP were grown as n-contact and n-cladding layers, respec-
tively, followed by three layers of InAs/InAlGaAs QDashes as the gain
elements. The doping concentrations of the n-contact and n-cladding
layer were calibrated to be 5 x 10'*cm ™ and 5.5 x 10" cm >, respec-
tively. Finally, a 1.65 um-thick zinc-doped InP p-cladding layer as well
as a 140 nm Ings;5Gag 485 As p-contact layer was grown sequentially
with a doping concentration of 9 x 10”7 cm 2 and 1.6 x 10 cm >,
respectively. The complete structure of the fabricated Fabry-Pérot
(FP) laser grown on InP/GoVS is shown in Fig. 1(a). The QDashes
were grown at a pressure of 100 mbar and a temperature of 510 °C.
After the QDash deposition, a 5-s growth interruption was applied for
self-assembled QDashes formation.”' A LT-InAlGaAs layer was then
grown at the same temperature to prevent desorption of the QDashes.
The temperature was ramped up to 630 °C and a HT-InAlGaAs spacer
was grown. The whole active region was sandwiched by additional

(a)

p-metal
p-contact

2N W

v

1650nm p-InP

ncladding gy

140nm HT-InAIGaAs

30nm HT-InAlGaAs
LLIAIGas

InGaAs strain layer
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n-conract‘

Onm InP
3x {= 10 x {12nm Tngs;GaAs/34nm InP}
515nm InP
2% 300nm GaAs
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10000m GaAs

FIG. 1. (a) Schematic of the fabricated InAs/InAlGaAs QDash laser device on
V-grooved Si including the detailed structure parameters of the QDash active region
and InP buffer (not to scale); (b) color-enhanced SEM image of a fabricated
Fabry—Pérot laser device with mirror-like facet.
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HT-InAlGaAs layers to form a separate confinement heterostructure
(SCH), along with thick InP claddings to provide essential optical
confinement.””

The as-grown samples were processed into ridge waveguide FP
lasers with the cavity width varied from 2 um to 70 um by photoli-
thography, dry-etching, and metallization.”” Compared to the double-
side contact laser on the n-InP substrate, the QDash lasers on silicon
were processed via “top-top” contacts to prevent the current flow
through the defective buffer layers and the III-V/Si interface, leading
to carrier scattering and non-radiative recombination. The substrate
was finally thinned down to about 100 um and subsequently cleaved
into laser bars with lengths varying from 0.5 mm to 2 mm without any
facet coatings. A color-enhanced cross section SEM image of an as-
fabricated laser (ridge width = 8 um) is shown in Fig. 1(b) with a clean
and mirror-like facet, minimizing the cavity loss.

The quality of the IoS templates and the optical properties of the
QDashes are two crucial aspects to be optimized for desirable laser
performance. Instead of using 4-6° offcut silicon substrates to elimi-
nate the anti-phase boundaries (APBs),”"** we grew III-V layers on
V-grooved Si or nominal on-axis (001) silicon. Approximately 30 min
of annealing at 800°C was performed before ITI-V growth to form
double-atomic terraces, which helps the self-annihilation of APBs dur-
ing GaAs growth.”” The surface roughness values (root mean square
(RMS)) of InP/GoPS and InP/GoVS were 3.7 nm and 1.5 nm, respec-
tively, across a 10 x 10 um? scanning area [Figs. 2(a) and 2(b)]. To
examine the effect of InGaAs/InP SLSs inserted in the InP buffer, an
XTEM sample of an InAs QDash laser grown on the InP/GoVS tem-
plate was prepared by focused ion beam (FIB). Figure 3(a) shows that
many defects introduced at the GaAs/InP interface were well trapped
by three periods of SLSs, and less defective InP layer was, thus,
obtained above the SLSs. Based on statistical sampling of plan-view
TEM images, the defect densities on InP/GoVS and InP/GoPS are
counted to be 2.75 x 10%cm 2 and 3.54 x 10%cm 2, respectively.

A smooth InP buffer is a prerequisite to minimize the inhomoge-
neous broadening of QDashes. Before the QDash growth, a 1.3-nm-
thick InGaAs was grown to manage the strain of the QDashes and
control its shape and density.”’ By changing the indium composition
of the InGaAs layer, the bandgap of the dot-in-well (DWELL) struc-
ture and the QDash current injection efficiency can be tailored.”
Moreover, the double InAlGaAs cap layer was grown to avoid QDash
desorption at high temperatures and to control the height of the
QDashes by strain compensation.”’*” To increase the QDash density,
3-layer vertically stacked QDashes were grown and separated
by 30nm InAlGaAs spacers.”” Figure 3(b) demonstrates that the

30 nm

InP/GoPS

InP/GoVS

RMS=3.7Znm RMS=1.5nm

0nm

FIG. 2. 10 x 10 um? AFM images of the (a) INP/GoPS and (b) InP/GoVS templates
after 3.1 um InP growth, with RMS value of 3.7 nm and 1.5 nm, respectively.
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FIG. 3. (a) Cross-sectional TEM of the SLS inserted in the InP layer grown on
GoVS; (b) zoomed-in TEM of 3-layer stacking InAs QDash grown on InP/GoVS
with an InAlGaAs spacer observed from the [1-10] direction.

three-layer QDashes are vertically aligned due to an accumulated
strain field. The QDash density was estimated to be 2.5 x 10'°cm ™2
based on the AFM image [Fig. 4(a)], and the QDashes were aligned
along the [1-10] direction.

The deposition amount of QDashes plays the most important
role in tuning the emission wavelength. A significant blue-shift was
observed when reducing the deposition amount from 2.4 monolayer
(ML) to 1.6 ML as shown in Fig. 4(b). The wavelength tuning was
mainly attributed to the shrinkage of QDash geometries.” Figure 4(c)
presents the room temperature PL spectra of QDashes grown on InP/
GoPS and InP/GoVS templates in the same batch. The peak wave-
length of the QDashes on InP/GoVS is approximately 45nm red-
shifted compared to those on InP/GoPS. The wavelength discrepancy
is speculated to be related to the different residual strain and surface
temperature of the two templates. Even though the PL intensity of the
QDashes grown on InP/GoVS was lower than that grown on InP/
GoPS shown in Fig. 4(c), the devices fabricated on InP/GoVS exhib-
ited lower thresholds. This is primarily because the QDash growth
condition was initially optimized on InP/GoPS instead of on InP/
GoVS, resulting in a weaker PL intensity for QDashes on InP/GoVS.
However, the material quality, regarding defect density and surface
roughness, of the InP/GoVS accounts for the more appealing
device result.” With further optimization of QDash growth condition
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FIG. 5. (a) I-V curves of different size InAs QDash lasers grown on InP/GoVS and
InP/GoPS; (b) L-I curves of 40 um x 1.5mm InAs QDash lasers grown on InP/
GoVS and InP/GoPS; (c) emission spectrum of a 40 um x 1.5mm InAs QDash
laser grown on InP/GoVS under pulsed current injection at room temperature.

on InP/GoVS, PL performance will be improved, and continuous-
wave lasing of the fabricated devices can be anticipated.

The cleaved FP laser bars were measured at room temperature
under pulsed current injection with a 0.5% duty cycle and 400 ns pulse
width. Series resistances between 2 and 8 Q are obtained from typical
device I-V curves as shown in Fig. 5(a). The light-current (L-I) curves
of 40 um x 1.5mm lasers on InP/GoVS and InP/GoPS are shown in
Fig. 5(b). The lowest threshold current density, 1.05 kA/cm?, was
achieved on the InP/GoVS template. The single facet output power of
a 20 um x 1 mm laser on InP/GoVS reaches 22 mW without roll-over.
Among the lasers grown on InP/GoPS, the lowest threshold current
density measured was 2.24 kA/cm?” for a 40 um x 1.5 mm device. This
result suggests a lower defect density of the InP buffer grown on
GoVS. The electroluminescence (EL) spectrum of a 40 um x 1.5 mm
QDash laser grown on InP/GoVS under pulsed current injection at
room temperature is shown in Fig. 5(c). Multimode lasing occurs at
the progressively increasing current levels. The dependence of thresh-
old current densities on the cavity lengths are plotted in Fig. 6(a).
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FIG. 4. (a) 1 x 1 um? AFM image of the fourth layer QDash grown on InP/GoV'S without capping for calibration; (b) room temperature PL of QDashes with different deposition
amounts grown on InP/GoPS templates; (c) room temperature PL of QDashes grown on InP/GoPS and InP/GoVS templates.
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light output power vs current of a 20 um x 1.5mm InAs QDash laser grown on InP/
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Generally, devices with longer cavities exhibit a lower threshold cur-
rent density on both InP/GoPS and InP/GoVS due to a higher net
gain to overcome the optical losses.

The temperature-dependent L-I curves of a 20 um x 1.5 mm
InAs/InAlGaAs QDash laser grown on InP/GoPS are shown in
Fig. 6(b). The laser can operate up to 70 °C with a characteristic
temperature Ty of 49 K. Similar results were attained for QDash
lasers on InP/GoVS. The 1.3 um InAs QDash lasers grown on IoS
by MOCVD presented in this work are comparable to the reports
of 1.3 um InAs QD lasers grown on GaAs-on-Si by molecular
beam epitaxy (MBE).”** In addition to optimizing the InP buffer
grown on Si to reduce nonradiative recombinations, the QDashes
uniformity can be further improved. The indium composition of
the InGaAs/InP SLS can be increased to further reduce the thread-
ing dislocations with larger strain.’®

In conclusion, we have demonstrated the all MOCVD-grown
InP-based electrically pumped 1.3 um InAs/InAlGaAs QDash
lasers on on-axis (001) silicon. The emission wavelength of InAs/
InAlGaAs QDashes can cover both 1.3 and 1.5 um bands by tuning
the growth parameters of QDashes. The combined dislocation fil-
tering techniques provide a better IoS buffer with fewer defects,
leading to a threshold current density as low as ~1.05kA/cm?
under room temperature pulse operations, and a characteristic
temperature of 47 K for lasers implemented on InP/GoVS bulffer.
Without the need of nano-patterned Si substrate, electrically
pumped lasers grown on InP/GoPS also lase with a higher thresh-
old current ~2.24 kA/cm®. Therefore, this platform offers a feasible
path toward achieving O-band and C-band lasers using the same
InP-based material system by the manufacturing-friendly
MOCVD process, benefiting Si-based on-chip optical intercon-
nects. Compared to the recent high-quality GaAs on Si with defect
density on the order of 10®cm ™2, InP on Si used here is still on the
order of 10® cm ™2, With future improvement of the material qual-
ity of InP on Si by optimizing the SLS and strain engineering to
accommodate the lattice mismatch, continuous-wave lasing of
InP-based QDash lasers can be anticipated.

See the supplementary material for the SEM image of the cleaved
laser facet without color enhancement and L-I curves of the 2 mm-
long lasers on InP/GoPS and InP/GoVS.
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