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Heterogeneously integrated 2.0 pm CW hybrid silicon
lasers at room temperature
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Here we experimentally demonstrate room temperature, continuous-wave (CW), 2.0 pm wavelength lasers hetero-
geneously integrated on silicon. Molecular wafer bonding of InP to Si is employed. These hybrid silicon lasers op-
erate CW up to 35°C and emit up to 4.2 mW of single-facet CW power at room temperature. III-V tapers transfer light
from a hybrid III-V/silicon optical mode into a Si waveguide mode. These lasers enable the realization of a number
of sensing and detection applications in compact silicon photonic systems. © 2015 Optical Society of America
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Long-wavelength optoelectronic devices on silicon are
important for low cost and high levels of integration
[1]. The mid-infrared regime, 2-20 pum, is of particular in-
terest for a variety of sensing and detection applications.
Many of these will benefit from the low cost, compact
device size, and commercial scalability enabled by inte-
gration in a silicon photonics platform. Chemical bond
spectroscopy [2], biological sensing and diagnostics
(lab-on-a-chip) [3], thermal imaging, gas detection [4],
environmental monitoring, and oceanographic sensing
are all important applications for silicon mid-infrared
devices. Additionally, the 2-3 pm spectral region is
known to be advantageous for on-chip nonlinear optics
for the amplification and generation of light [5,6], in part
due to reduced two-photon absorption in silicon at
longer wavelengths.

However, room-temperature CW on-chip sources emit-
ting at mid-infrared wavelengths are needed to realize
these applications. A number of mid-infrared silicon
devices on various material systems have already been
demonstrated, including waveguides, resonators [7], pho-
tonic crystal cavities [8], arrayed waveguide gratings [9],
and couplers [10]. A pulsed, room temperature, hybrid
silicon laser operating at 1.9 pm has been reported [11],
as well as preliminary results of a 2.38 pm, polymer-
adhesive-bonded, pulsed hybrid silicon laser operating
at 10°C [12]. Here we demonstrate 2.0 pm hybrid silicon
lasers operating CW up to 35°C and heterogeneously
integrated with silicon waveguides.

The hybrid silicon design is based on previous laser
results at wavelengths from 1310 to 1600 nm. Figure 1(a)
shows a schematic cross-section of the laser gain region,
where a broad-area III-V mesa is bonded onto the silicon
waveguide. The hybrid optical mode is laterally confined
by the silicon waveguide, while a portion of the mode
overlaps the III-V multiple quantum well (MQW) active
region. The confinement factor in the III-V active
region depends on the silicon waveguide dimensions.
Figure 1(b) shows simulated optical modes for various
waveguide widths, along with corresponding estimated
confinement factors in the quantum well region.
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The III-V mesa is terminated on both sides by a lateral
tapering of the III-V material to a point, causing the
hybrid active mode to couple into a passive silicon wave-
guide mode. A Fabry-Pérot cavity is then formed by the
polished silicon facets. Figure 1(c) shows a top view of
the laser layout.

A MQW laser diode structure with four InGaAs quan-
tum wells was modified to be suitable for hybrid silicon
integration. This structure was epitaxially grown with
metalorganic chemical vapor deposition (MOCVD) on an
InP substrate by nLight.

The devices were designed with either 1 or 2 mm-long
active hybrid silicon/III-V sections. The p-InGaAs contact
layer, cladding layers, separate confinement heterostruc-
ture (SCH) layers, and active layers were tapered over a
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Fig. 1. (a) Cross-sectional schematic of hybrid silicon active
region with approximate layer thicknesses. Some III-V layers,
such as growth transition regions, are not shown. (b) Simulated
optical mode profiles and estimated MQW optical confinement
factor of hybrid silicon active region for various silicon wave-
guide widths. (c) Top view schematic of hybrid laser design.
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20 pm length, while the lower n-InP contact was tapered
in a separate short transition. In most devices, the III-V
mesa was 24 pm wide, and proton implantation was used
to form a current channel to prevent current spreading
and ensure overlap of the carriers with the optical mode.
Lasers with 2-mm-long active regions had current chan-
nels ranging from 4 to 6 pm wide. Lasers with 1-mm-long
active regions had only 4-pm-wide current channels, and
some employed a narrower (4-12 pm) III-V mesa. Mesas
of width 6 pm or less were not implanted.

The silicon-on-insulator (SOI) wafer had a 500 nm sil-
icon device layer with a 1 pm buried oxide underneath.
The top silicon was etched halfway to form rib wave-
guides with widths ranging from 0.5 to 3 pm in the hybrid
active region. Thinner waveguides were widened to 2 pm
underneath the III-V taper sections. Waveguides in the
passive silicon section were 0.8 pm wide for most devi-
ces. In the remainder of this Letter, references to the
silicon waveguide width correspond to the silicon wave-
guides underneath the III-V mesas.

Figure 2 illustrates a simplified process flow diagram.
A CF,/SFg/Ar inductively coupled plasma (ICP) dry etch
defined the silicon waveguides. The actual waveguide
etch depth was measured to be about 235-240 nm. To
aid in bonding, vertical channels were etched through
the silicon device layer to the buried oxide [13].

The III-V material was bonded to the SOI by plasma-
assisted wafer bonding, followed by annealing at 300°C
for 60 min [14]. The InP substrate was removed by
mechanical lapping and a 3:1 HCl:H,O wet etch that
stopped at a 50 nm InGaAs etch stop layer. III-V mesas
were defined in three steps. First, the mesas were etched
with a methane-hydrogen-argon (MHA) recipe in a
reactive-ion etcher (RIE), and stopped near the bottom
of the p-InP cladding layer. Second, in order to improve
the etch-depth uniformity, an intermediate selective 1:3
HCl:H3PO, wet etch step was used to remove any
remaining InP and leave a level InGaAsP surface. Third,
another MHA step etched through the active region and
stopped in the n-InP contact layer. Pd/Ge/Pd/Au was
deposited on the n-InP to form bottom contacts, and
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Fig. 2. Process flow: (a) Silicon waveguide and vertical chan-
nel etch. (b) III-V bonding and substrate removal. (¢) Mesa dry
and wet etch steps. (d) n-Metal deposition. (e) n-InP etch.

(f) SiO,, deposition and via etch. (g) p-Metal deposition. (h) Pro-
ton implantation.
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Pd/Ti/Pd/Au was deposited on the p-InGaAs to form top
contacts. Current channels, seen in Fig. 1(a), were
formed by proton implantation with energies ranging
from 10 to 260 keV.

The fabricated dies were diced into laser bars, and the
silicon facets were polished but not coated. The resulting
Fabry—Perot cavities contained passive silicon wave-
guide regions of length 450-650 pm on each side of
the active hybrid mesas. A top-down optical microscope
image of a fully fabricated laser bar and the III-V taper
can be seen in Fig. 3.

The laser bars were mounted with thermal paste on a
copper block for testing. The temperature was main-
tained with a thermoelectric cooler and water-cooling
system. An integrating sphere and Thorlabs detector
(DET10D) were used to capture the light and measure
the output power. The measurements were calibrated
by focusing light from one device through an NA =
0.85 aspherical lens directly onto the DET10D detector.
Because the coupling loss could not be precisely deter-
mined, the absolute power produced by the lasers may be
slightly higher than the reported values.

A total of 50 lasers were measured. Figure 4 shows the
output power versus current characteristics for a laser
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Fig. 3. (a) Optical microscope image of a fully-fabricated laser
with a 1-mm-long III-V mesa. (b) Close-up microscope image of
a laser’s III-V taper region.
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Fig. 4. Light intensity versus current at four temperatures for a
device with 2-mm-long mesa, 4-ym-wide current channel, and

1.5-pym-wide silicon waveguide. Inset: current versus voltage

for this device at 23°C.



1482 OPTICS LETTERS / Vol. 40, No. 7 / April 1, 2015

(a) 1.2

1
0.8}
0.6f
0.4}
0.2}

Single-facet output power (mW)

0 40 80 120 160 200
Drive current (mA)

(b)

Single-facet output power (mW)

0 02 04 06 08 1 1.2

Drive current (A)
Fig. 5. Light intensity versus drive current for best performing
devices. (a) A laser with a 1-mm-long and 6-pm-wide III-V mesa,
4-pm-wide current channel, and 1.5-pm-wide silicon waveguide.
The threshold current is 59 mA. (b) A laser with a 2-mm-long
and 24-pm-wide III-V mesa, 4-ym-wide current channel, and
2-pm-wide silicon waveguide. The maximum output power is
4.2 mW.

with a 2-mm-long mesa at four temperatures spanning
17°C-35°C. Continuous wave operation was observed
up to 26°C and 35°C for devices with 1-mm- and 2-mm-
long mesas, respectively. The best performing devices, as
shown in Fig. 5, had threshold currents as low as 59 mA
and a maximum single-sided output power as high as
4.2 mW at 20°C. The threshold current densities across
all devices ranged from about 1280 to 5710 A/cm?.
The histogram in Fig. 6 shows that only 2 of the 50
devices had thresholds exceeding 3600 A /cm?. Wall plug
efficiencies up to 0.6% were measured.

Figures 7 and 8 plot threshold currents and output
powers versus silicon waveguide width at 20°C for
2-mm- and 1-mm-long mesas, respectively. The perfor-
mance variation of lasers with identical design geom-
etries is attributed to fabrication nonuniformity. Of the
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Fig. 6. Histogram of the threshold current density at 20°C for
50 lasers of various geometries.
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Fig. 7. Dependence of threshold current and maximum single-
sided output power on silicon waveguide width for lasers with
2-mm-long III-V mesas.
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Fig. 8. Dependence of threshold current and maximum single-

sided output power on silicon waveguide width for lasers with
1-mm-long III-V mesas.

lasers with 24-ym-wide mesas, those with wider silicon
waveguides up to 2 pm performed best overall with lower
threshold currents and higher maximum output powers.
However, no further improvement was observed when
the silicon waveguide width was increased beyond 2 pm.
As seen in Fig. 1(b), the mode profile for thinner silicon
waveguides extends further laterally from the center of
the III-V mesa. While this geometry provides higher total
optical confinement in the quantum wells, the modal gain
is reduced due to a decreased modal overlap with the
carrier density distribution near the center of the mesa.
This tradeoff causes a peak net gain value for 2-pm-wide
silicon waveguides.

There was no consistent significant correlation be-
tween ion-implanted current channel width and device
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Fig. 9. Normalized optical spectra at various temperatures for
a device with a 2-mm-long III-V mesa. Peak wavelengths are
indicated on the horizontal axis.

performance; however, the devices with narrow III-V
mesas showed the lowest threshold currents. Because
the narrow mesa provides improved modal overlap with
the carrier density distribution, the modal gain is higher
in these devices. However, this improvement over the
proton-implanted current channels comes at the expense
of reduced thermal dissipation, hence the maximum out-
put power does not improve compared to the wide-mesa
design.

The emission spectra were measured by collimating
the output and coupling in free space into a Bruker Ver-
tex 70 FT-IR spectrometer. Figure 9 shows the spectra for
a 2-mm-long device at four temperatures ranging from
20°C to 29°C. The peak wavelength at 20°C is 2012.7 nm
with a FWHM linewidth <0.2 nm, and the wavelength
shift with temperature is 0.15 nm/°C. The single-
longitudinal-mode behavior is attributed to the tendency
of reflections from the III-V tapers to form multiple
coupled longitudinal cavities, in addition to the primary
lasing cavity defined by the polished silicon facets. In
many cases, this caused the devices to lase in a single
longitudinal mode, although multiple modes were seen
at other drive currents and temperatures. Mode hopping
also occurred sometimes as the operating conditions
changed. While typically the lasing mode was ~2.01 pm,
different devices and operating conditions produced
wavelengths ranging from 1986 to 2033 nm. In future
runs, it should be possible to minimize the wavelength
nonuniformity by improving both the processing and
design of the tapers.

Summarizing, we have demonstrated room tempera-
ture, continuous wave, hybrid silicon lasers operating
near 2.0 pm, sometimes in a single spectral mode. The
devices function up to 35°C, produce up to 4.2 mW of
CW single-sided power, have threshold currents as low
as 59 mA, and are heterogeneously integrated with
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silicon waveguides. They are suitable for future integra-
tion with wavelength-selective elements such as echelle
gratings or arrayed waveguide gratings (AWGs), and pho-
todetectors for compact sensing and detection systems.
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