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We have investigated specifically designed GaSb-based laser diodes epitaxially grown on a Si
substrate. We demonstrate continuous-wave operation of these laser diodes emitting near 2 um up
to 35 °C with several mW/facet output powers, limited by our experimental setup. Our results open
the way to direct monolithic III-V/Si integration. © 2011 American Institute of Physics.

[doi:10.1063/1.3644983]

There is currently a lot of interest in integrating III-V
semiconductor alloys and devices on silicon in order to com-
bine their remarkable intrinsic properties with the very
advanced silicon technology. Numerous applications such
as, e.g., very high speed transistors, photonic-integrated cir-
cuits (PICs), or integrated sensors, would benefit from such
developments. These last applications call in particular for
the realization of integrated optoelectronic devices such as
photodetectors and/or laser diodes (LDs).

Two options have been used so far for achieving III-V
LDs integration: die bonding and heterogeneous epitaxy. If
remarkable progress has been made in the last couple of years
with die bonding of InP-based LDs (Ref. 1), it remains unclear
whether this technique can be used on a large scale. Heteroge-
neous epitaxy in contrast would definitely allow large-scale
fabrication and direct integration, but it has proven difficult
due to the conjunction of large lattice-, thermal-, and polarity-
mismatches.’ Recently, however, it has been shown that the
GaSb-based semiconductor alloys grown on Si by molecular-
beam epitaxy (MBE) exhibit a particular relaxation mode:
strain relaxation occurs by the formation of pure misfit dislo-
cations arranged in a two-dimensional network confined at the
I1I-Sb/Si interface.®* This particular relaxation mode leads to
a highly defective interface but to an improved crystal quality
of the III-Sb layer grown atop without resorting to thick buffer
layers.5 6

III-Sb compound semiconductors thus appear to be very
attractive for the integration of III-V devices on a Si plat-
form. We have indeed recently demonstrated laser operation
of GaSb-based LDs at room temperature (RT) in pulsed re-
gime around 2.3 um and 1.55 um,”® wavelengths of interest
for sensing and PIC applications, respectively. The laser
structures were grown on GaSb buffer layers as thin as 1 um.
The device technology used to fabricate the LDs was a con-
ventional ridge scheme with the p-contact taken on the ridge
and the n-contact taken directly on the back of the Si sub-
strate. Such a scheme drives the current to flow through the
highly defective Si/III-Sb interface. This resulted in a high
turn-on voltage (V4=3 V) and to limited LDs performances.
In this letter, we propose and study in details new GaSb-
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based LDs designed to operate in the continuous wave (cw)
regime when grown on Si.

The new design aims, in particular, at avoiding driving
the current through the Si/III-Sb interface. It is then neces-
sary to take both contacts in the III-V semiconductor, i.e.,
the bottom contact has to be located somewhere inside the
buffer layer. The structure should thus be designed in such a
way to allow etching through the whole laser structure down
to the buffer layer. To this aim we propose to insert a thin
InAsg9oSbg og layer inside the buffer layer. This layer brings
forth several advantages. It is lattice-matched to GaSb.
n-type InAsgy9,Sbg g presents a very low contact-resistance
and a high electrical conductivity in comparison with n-type
GaSb.? In addition, it offers a high wet-etching selectivity
(>100) with GaSb.'"!" This allows keeping a thin buffer
layer (~1 um) which is an asset of the III-Sb compounds
grown on highly mismatched substrates. However,
InAsg9oSbg og exhibits also a high absorption coefficient at
wavelengths shorter than 3 um. Its position in the structure
will result from a compromise between a reduced overlap
with the optical mode and practical buffer layers and tech-
nology process.

The laser structure was grown by solid-source MBE in a
system equipped with both As- and Sb-valved cracker cells.
In order to prevent the formation of anti-phase domains, off-
axis (001) n-type silicon substrates were chosen with a 7°
miscut toward the [110] direction. The preparation of the Si
substrates and the growth initiation to form the Si/III-Sb
interface are described in Ref. 7. After growth of an AISb
nucleation layer, 200-nm Te-doped GaSb, 150-nm Te-doped
InAsg.92Sbg g, and 800-nm Te-doped GaSb were grown in
sequence. n-type doping resulted in net free-electron den-
sities around 1 x 10" cm ™ and 5 x 10" cm ™ in the GaSb
and InAsg9,Sbg og layers, respectively. After completion of
this composite buffer layer, a typical GaSb-based LD was
grown with 1.5 um thick AlgoGag Asg07Sbgos cladding
layers. The active region is made of two compressively
strained 9-nm wide Gag75Ing25AS0.055b0.95 quantum wells
separated by 30-nm thick Aljy,5Gag75A80.035bgo7 barrier
layers. It is embedded in between two 200-nm thick
Alg»5Gag 75A80.039bg o7 layers. The laser structure is com-
pleted with a 300 nm highly p-doped GaSb top-contact layer.
The band structure of the whole laser structure is displayed

© 2011 American Institute of Physics
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FIG. 1. (Color online) (a) Schematic energy-band diagram of the Sb-based
laser diode structure grown on Si. QI, Q2, and Q3 labels stand for
Al oGag 1As0,085bo.92, Alg25Gag 75A80,025b0.08, and Gag 7510 25A50.065b0.94
quaternary alloys, respectively; (b) real part of the refractive index profile in
the direction perpendicular to the layers with the calculated intensity of the
fundamental TE; mode in the waveguide.

in Fig. 1. The design of this laser is given for an emission
around 2 um. Moreover, Fig. 1 presents both variation of the
real part of the optical index and the calculated TE, optical
mode. In this configuration, we have calculated that the over-
lap between the fundamental optical mode and the narrow-
gap InAsyg,Sbg g layer is as low as 107°% which shows
that the impact of its absorption can be neglected.

Ridge LDs were processed using standard photolithogra-
phy and wet etching. Two types of LDs were fabricated from
the same wafer. In both cases, the p-contacts were taken on
the top ridge. In the conventional LDs, the n-contact was
taken on the back of the Si substrate (the so-called “top-
bottom” contact scheme), while in the new LDs, the n-con-
tact was taken on the InAsg9,Sbg og layer located within the
buffer layer (the so-called “top-top” contact scheme). In this
last case, we etched through the whole structure down to the
InAsg.92Sbg oz layer which has then a double role: etch-stop
layer and contact layer. Electrical insulation was obtained
using 500-nm-thick Si;N, dielectric layers deposited by
plasma-enhanced chemical vapor deposition. Contact metals
were Cr-Au for III-V materials and AuGeNi for the Si sub-
strate. Laser cavities were formed by simple cleaving of the
facets which is an issue with a Si substrate. Compared to our
previous work,”® thinning the wafer down to 50um
improves the cleavage yield. All facets have been inspected
by optical microscopy and only the best cavity LDs exhibit-
ing crack-free facets were mounted and tested since we have

Appl. Phys. Lett. 99, 121113 (2011)
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FIG. 2. (Color online) I-V characteristics of 8 um x 2mm laser diodes for
the top-bottom (dash line) and top-top (solid line) contact schemes.

observed that cracked facets prevent lasing. No optical treat-
ment was applied to the facets. The devices were then sol-
dered epi-side up with indium on Cu heat sinks. The
n-contact is typically about 40 um away from the ridge.

Figure 2 shows the current-voltage characteristics of the
different LDs. In the “top-bottom” configuration (dotted line
in Fig. 2), where the current flows through the Si/III-Sb inter-
face, measurements give a high turn-on voltage V4 ~ 2.8V
and a high series resistance Rg ~ 11 Q. In contrast, measure-
ments in the “top-top” configuration (solid line in Fig. 2), i.e.,
between the laser ridge and the InAsj¢,Sbgog contact layer,
reveal a strong improvement of the electrical properties with a
drastic reduction of V4 down to ~0.7V and of Rg down to
~6 Q. The value of the turn-on voltage is comparable to the
one measured on LDs directly grown on GaSb substrates and
emitting in the same wavelength range.''® These results
show that the highly conductive InAsy9,Sbgog layer allows
the current flowing horizontally from the n-contact pad to the
ridge region even though they are 40 um apart. Further, they
confirm that driving the current through the III-Sb/Si interface
is a limiting factor in the conventional contact scheme. Indeed,
the presence of a high density of defect at the III-Sb/Si inter-
face combined with the AISb potential barrier (Figure 1(a))
dramatically degrades the electrical performance.

Next, we performed electro-optical characterizations of the
LDs. First characterization were done on pulsed regime
(21 kHz-100ns) at RT with a 8-um wide ridge and 2 mm long
cavity LD. Threshold current densities as low as 900 A/cm”
were obtained in “top-top” configuration. It was around
1.5kA/cm? in the “top-bottom” scheme which precluded cw
operation in this configuration. Fig. 3 shows the L-I-V curves
obtained in cw at various temperatures for a “top-top” LD.
The turn-on voltage Vg4 is close to ~0.8 V at 20°C, and it is
mainly due to the bandgap (~0.6eV at 2 um). CW laser oper-
ation is achieved up to 35 °C, the highest temperature allowed
by our experimental setup. The cw output power measured
under a maximum drive current of 350 mA varies between 8
mW/facet and 2 mW/facet when the temperature is ramped
from 10°C to 35°C. The external quantum efficiency 74,
obtained from the slope of the LI curves, changes from 16%
to 12% in this temperature range. Note that x4 remains
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FIG. 3. (Color online) CW output-power characteristics at 2 um for different
temperatures and the voltage-current curve at 20 °C. The inset shows the las-
ing spectrum taken at 20 °C under 300 mA CW injection.

constant for each measurement temperature (Fig. 3) which
shows that we have not yet reached the thermal roll-over and
that the output-power measurements are also setup limited.
The so-called T, temperature which characterizes the evolu-
tion with temperature of the threshold current intensity varies
from ~80K below 20°C to ~40K at higher temperatures.
These values are slightly lower than that obtained with state
of the art LDs grown on GaSb.'*'? Finally, the inset in Figure
3 displays the emission spectrum taken at 20°C under 300
mA cw current drive. The main mode peaks at around 2 yum as
expected from the composition of the active region.

To further characterize these LDs, we have measured
the device modal gain spectra at several currents below the
threshold. Modal gain spectra were obtained using the
Hakki—Paoli method.'* Fig. 4 shows modal gain spectra
taken at 3 different currents at 20 °C with a “top-top” LD.
The total optical losses can be determined from the low
energy part of the modal gain spectra where the spectra
measured at different currents converge. For photon energies
near 0.61eV, i.e., just below the e;-hh; transition in the
quantum wells, the gain spectra converge to total optical
losses around ~32 cm ™! (Fig. 4). Since, as described above,
we have crack-free facets, the mirror losses can calculated
using the usual equation'” which gives about 12cm ™' for a
2-mm-long LD. This leaves a value of ~20cm ' for internal
losses. This value is within a factor of 5—10 higher than that
obtained in the case of similar lasers grown directly on the
GaSb substrate.'*'>1® These high optical losses are mainly
attributed to optical scattering within the waveguide due to
residual threading dislocations originating from the Si/III-Sb
interface. Optimization of the growth process is under way
to further improve LD performances.

Appl. Phys. Lett. 99, 121113 (2011)
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FIG. 4. (Color online) Sub-threshold gain spectra taken at 20°C from a
8 um x 2 mm long GaSb-based “top-top” laser diode grown on Si.

In conclusion, we have demonstrated cw operation of
GaSb-based LDs directly grown onto silicon. Given the ver-
satility of the III-Sb compound semiconductor technology
which covers the whole mid- and far-infrared wavelength
range and which offers the highest electron- and hole-
mobilities, our results open the route to the direct monolithic
integration of III-V devices with a Si platform.
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