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The direct epitaxial growth of III-V semiconductor lasers on
standard, CMOS-compatible, on-axis (001) Si substrates is
actively sought for the realization of active photonic integrated
circuits. Here we report on the first mid-infrared semicon-
ductor laser epitaxially grown on on-axis Si substrates, i.e.,
compatible with industry standards. Furthermore, these GaSb-
based laser diodes demonstrate low threshold current density,
low optical losses, high temperature operation, and high char-
acteristic temperatures. These results represent a breakthrough
toward the integration of semiconductor laser sources on Si for
smart sensors. © 2020 Optical Society of America under the terms
of the OSA Open Access Publishing Agreement

https://doi.org/10.1364/OPTICA.388383

The short-wave portion of the mid-infrared (mid-IR) electromag-
netic spectrum (SWIR) covers the 1.6-3 pm range. It includes
transparence windows of the atmosphere as well as absorption
lines for many molecules [1] that are important for medical and
industrial applications, as well as for environmental monitoring.
GaSb-based laser diodes (LDs) have progressively emerged as the
unique semiconductor laser technology able to fully cover this
wavelength range [2,3], and they have allowed high-sensitivity
optical gas sensing [4—0]. Still, up to now these sensors are rather
bulky and expensive, largely due to the fact that they rely on dis-
crete devices. This situation hinders their widescale deployment, in
spite of a strong societal demand.

Silicon photonics offers the prospect of building inexpensive,
compact, integrated sensors in the SWIR based on mature CMOS
processes because silicon, Si3Ny, and SiO; are transparent [7].
A large portfolio of passive photonic elements has indeed been
demonstrated in this wavelength range [8,9]. This is in marked
contrast to the situation at longer wavelengths where interband-
cascade lasers (ICLs) or quantum-cascade lasers (QCLs) operate,
which requires complex integration schemes [10,11] due to the
SiO; or Siabsorption [7].

The point that remains to be unlocked in order to achieve com-
pact mid-IR sensors is the large-scale, cost-effective integration of
II-V semiconductor lasers. Although most integration schemes
until now have relied on heterogeneous bonding [10-13], there
is increasing evidence that the direct epitaxial growth of the III-V
semiconductor laser heterostructure on Si should outperform
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them, provided on-axis, CMOS-compatible (001)-oriented Si
substrates can be used [14]. This last integration strategy, however,
is challenged by the conjunction of large thermal, lattice, and
polarity mismatches between the Si substrate and III-V materials
[15]. In particular, the polarity mismatch easily gives rise to planar
defects, the antiphase boundaries (APBs), that act as shorts in
devices [16]. Ways to circumvent this issue have been established
in the last few years, which notably led to the early demonstration
of efficient InAs/GaAs quantum dot lasers (QDLs) emitting near
1.3 pm grown on on-axis Si substrates [17—19]. These achieve-
ments relied on a two-step strategy where either GaAs on patterned
Si [17], GaAs on planar Si [18], or GaP on planar Si [19] tem-
plates were first prepared by metal-organic vapor phase epitaxy
(MOVPE) before being transferred to another laboratory where
the laser heterostructures were grown by molecular-beam epitaxy
(MBE). On the other hand, laser diodes in the InP technology for
emission near 1.5 pm have also been reported by an all-MOVPE
approach, but they relied either on very thick (~ 13 um) buffer
layers [20] or on patterned Si substrates [21,22], both of which are
marginally compatible with industry standards. Finally, it has been
recently demonstrated that by further optimizing the II1I-V-on-Si
MBE growth, high-performance InAs/GaAs QDLs grown in a
single all-MBE run on planar, on-axis Si could be achieved [23,24].

In contrast to the wealth of publications available in the data-
and telecommunication wavelength ranges [25], very few works
have reported on the epitaxial integration of mid-IR laser sources.
GaSb-based LDs [26] and QCLs [27] and InP-based QCLs [28]
have been previously demonstrated, but all of them were grown
on large offcut (>6°) Si substrates, not compatible with industry
standards. In this Letter we report on the first—to the best of our
knowledge—mid-IR semiconductor laser epitaxially grown on an
on-axis, CMOS-compatible, Si substrate.

The whole epitaxial stack is depicted in Fig. 1. The core of
the laser heterostructure is typical for GaSb-based LDs emitting
near 2.3 um [2,3], a wavelength where, among other greenhouse
gases, CHy and NHj exhibit strong absorption lines [1]. The
active zone is made of two Gagg7Ing33As0,03Sbo.gs quantum
wells (QWs) confined by Alj25Gag 75As0.02Sbo.os barrier layers.
This ensemble is embedded in an Alg,5Gag75Asg.02Sbg.9g wave-
guide, itself clad by Aly9Gag.1As.07Sbo.o3 layers [Supplement 1].
All Al Ga;_,As,Sb;_, layers are matched, while the
Gag 67Ing 33A50.125bo.gs QWs are mismatched by 1.5% with
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Fig.1. Design of the laser heterostructure.

respect to the GaSb lattice parameter. The laser structure was
grown by solid-source MBE on a (001)-oriented Si substrate
exhibiting a residual miscut of ~ 0.5°. Prior to growth the Si
substrate was annealed at 1000°C for 10 min before the growth
was initiated at low temperature (~ 400°C). After 50 nm GaSb
growth, the substrate temperature was raised to 500°C for com-
pletinga 1 pm thick GaSb buffer layer. Then the temperature was
set at 470°C for growing an 7-type, 500 nm thick InAsg 92Sby.0s
layer, an additional 1 pm thick #-type GaSb buffer layer, and the
laser heterostructure. The InAsg9ySbgog layer serves as both a
marker during LD processing and the back-contact layer to the
LDs. No dislocation filtering layer was inserted in the buffer layers.

Atomic-force microscopy (AFM) images of the surface revealed
the absence of emerging APBs [Supplement 1]. This remarkable
result is ascribed to the high-temperature preparation of the Si
substrate and the two-temperature growth of the buffer layer. We
show in Fig. 2(a) the high-resolution x-ray diffraction (HRXRD)
curve taken from the sample. The occurrence of a single peak at
the position of the GaSb diffraction angle confirms the lattice
matching of the Al,Ga;_,As,Sb,_, layers. The position of this
peak indicates full relaxation of the GaSb-based heterostructure
with respect to the Si substrate. Figure 2(b) shows a zoom around
the GaSb peak together with the simulated pattern of the laser
stack using the parameters of Fig. 1 and assuming that the active
zone (A.Z.) is fully strained with respect to GaSb. The excellent
agreement between simulated and experimental curves, together
with well-pronounced and contrasted A.Z. features, confirm
the assumption of strained QWs with respect to GaSb and that
the QW-barrier layer interfaces are well defined in spite of the
12% lattice mismatch between GaSb and Si. An upper bound
of 8.5 x 10" cm™? threading dislocation density is estimated
from preliminary transmission electron microscopy investigations
[Supplement 1].

Ridge LDs were processed using standard photolithography
and inductively coupled plasma reactive ion etching. The ridges
were 5, 8, 10, or 100 pum wide. Electrical insulation and protec-
tion of the etched sidewalls were obtained using SisN4 deposited
by plasma-enhanced chemical vapor deposition. Both p and #
contacts were taken on the epitaxial structure. The p contact
was taken on the top ridge, while the 7 contact was taken on the
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Fig.2. (a) HRXRD curve taken from the heterostructure, (b) HRXRD
curve around the GaSb peak (blue curve), together with the simulated pat-
tern (black curve), assuming a fully strained active zone (A.Z.).

InAsy.92Sboos layer located within the buffer layer stack. This
geometry avoids driving the current through the highly defective
ITI-V/Si interface and ensures higher LD performance [25]. Ti-Au
and AuGeNi were used as contact metals for the p- and n-type
contacts, respectively. Laser cavities of various length between
1 and 3 mm were formed by cleaving laser bars after substrate
thinning. No optical treatment was applied to the facets. The laser
bars were then soldered substrate-side-down on Cu heat sinks for
being tested on a probe station.

Broad-area LDs with 100 pm wide ridges and various cavity
length were first tested at room temperature under pulsed opera-
tion to access the threshold current density of the laser structure.
The light-current-voltage (L-I-V) characteristics of these LDs are
plotted in Fig. 3. The diode behavior of the devices confirms the
absence of APBs crossing the p-i-7 junction. The turn-on voltage
of all LDs is around 0.6-1 V, which is expected for an active zone
with such a bandgap, and it is comparable to what is measured
with LDs grown on the native GaSb substrate [2,3]. The threshold
current density is around 400—500 A.cm ™ for all LDs, excellent
values for QW LDs grown on Si and much better than on off-axis
Si [26]. Still, these thresholds remain higher than those of similar
LDs grown on GaSb [2,3] and those of GaAs QDLs emitting near
1.3 um grown on on-axis Si [17-19,23,24], the best semicon-
ductor lasers on Si to date. They are, however, notably lower than
those of InP-based LDs emitting near 1.5 pm grown on on-axis Si
[20-22].

Next the narrow-ridge LDs have been characterized in the
continuous-wave (cw) regime at room temperature and above. We
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Fig. 3. L-I-V curves taken at room temperature from broad-area LDs

with a ridge width of 100 tm and various cavity lengths.

show in Fig. 4 the L-I-V curves taken at 20°C from a series of LDs
with a ridge width of 8 Lm and various cavity lengths. The turn-on
voltage is around 0.7—1V, and the series resistance is in the 3—6 £
range, comparable to that of LDs grown on offcut Si substrates
[26]. The threshold current ranges from 75 to 200 mA, depending
on the cavity length. The output power per uncoated facet reaches
the 10 mW range.

The slope efficiency (per facet) varies from 0.09 to 0.16 W/A,
depending on the cavity length. The external quantum efficiencies
14 (related to both facets) have been extracted from Fig. 4, and their
inverse values are plotted against the cavity length in the inset of
Fig. 4 and fitted using Eq. (1) [29], where 1, and 7; are the external
differential and internal quantum efficiencies, respectively, R is the
power reflectivity of the facets, &; represents the internal losses, and
L is the cavity length:

Ll a (1)
na mi miln (R71)

The intercept gives 7, = 34% for the internal quantum effi-
ciency. Assuming R = 0.3 for the power reflectivity of the cleaved
facets [29], the slope of the n;] versus L fit allows extraction of
internal loss values as low as o; ~ 2 cm™'. Similar values for n;
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Fig.4. L-I-V curves taken at room temperature from LDs with a ridge

width of 8 um and various cavity lengths. The inset shows the evolution of
1/n4 (double-facet values) as a function of the cavity length.

and o;, are obtained from the series of LDs with ridge widths of 5
and 10 pm [Supplement 1].

Next we show in Fig. 5 the laser spectra taken at 20°C under
two different cw drive currents from a LD with an 8 pm ridge
width and 1 mm cavity length. The emission is close to 2.3 pm, as
expected from the heterostructure design. It shifts by about 4 nm
when the drive current is increased from 110 to 150 mA, corre-
sponding toa 0.1 nm/mA shift rate. This is mainly due to the active
zone heating upon cw current injection. From the variation of the
bandgap versus temperature [30], we estimate that the tempera-
ture of the active zone increases by about 20 K when the current
increases from 110 to 150 mA. Such a wavelength tunability is
necessary to perform spectroscopy sensing.

Finally, we show in Fig. 6 the L-I-V curves taken under cw
operation between 20°C and 80°C—limited by our experimental
setup—from a LD with an 8 pum ridge width and 1.75 mm cavity
length. The turn-on voltage varies between ~ 0.9 and ~ 0.7 V in
this temperature range due to the bandgap variation. The series
resistance varies marginally and is ~ 4 Q. The threshold current
increases from 125 mA at 20°C to 200 mA at 80°C. It is noticeable
that there is no hint of thermal rollover, even at 80°C. The inset in
Fig. 6 shows the semi-logarithmic plots of the threshold current
and of the external differential quantum efficiency as a function
of the temperature. The slopes allow extraction of the so-called 7
and 7; characteristic temperatures, which represent the sensitivity
of these parameters to the device temperature. The values obtained
from Fig. 6are 7j = 123 Kand 7; = 234 K, comparable to those
obtained with LDs grown on GaSb [Supplement 1].

The properties of these LDs grown on on-axis Si are much
better than those of their counterparts grown on 6°-offcut Si
substrates [26], and one can expect that introducing dislocation
filtering layers should bring the threshold current density even
closer to that of LDs grown on native GaSb substrates. We ascribe
this step forward to several origins. First, to a much higher mate-
rial quality due to the absence of APBs and to the on-axis growth
plane. Indeed, the concomitant presence of APBs and substrate
misorientation leads to severe step bunching and complex defect
microstructure [31]. In addition, since our original work [26] we
have totally revised the LD fabrication steps, and in particular have
introduced ICP etching instead of wet etching. Finally, on-axis
wafers cleave more readily than highly miscut ones, resulting in
better LD facet quality. Nevertheless, more work is needed on both
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Fig.5. Laserspectra taken under 110 mA and 150 mA cw drive current
for a LD with an 8 um wide ridge and a 1 mm long cavity. The measure-
ment setup temperature was 20°C.
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the fundamental material science and laser physics points of view
to fully unravel the origin of the device’s performance.

In conclusion, we have reported high-performance GaSb-based
QW LDs epitaxially grown on an on-axis (001) Si substrate that
operate under cw operation at high temperature. This epitaxial
approach can be applied to any GaSb-based optoelectronic devices,
including ICLs, QCLs, and photodetectors, which represents a
breakthrough in view of the fabrication of fully integrated mid-IR
sensors.
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