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Abstract: We report on 2.3-µm etched-cavity GaSb-based laser diodes (LDs) epitaxially
integrated on on-axis (001)Si and benchmarked against their cleaved facet counterparts. The
LDs were grown in two steps. First, a GaSb-on-Si template was grown by metal-organic vapor
phase epitaxy (MOVPE) before the growth of the LD heterostructure by molecular-beam epitaxy.
Different etched-facet geometries operate in continuous wave well above room temperature,
and their performance are similar to those of cleaved-cavity LDs. These results show that
etching mirrors is a viable route to form laser cavities in the GaSb technology and that MOVPE
GaSb-on-Si templates are a suitable platform for optoelectronic devices overgrowth.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The short-wave (1.6–3 µm range) part of the mid-infrared (mid-IR) wavelength range has
attracted great interest because many molecules such as hydrocarbons (including methane and
ethane), hydrochloric acid, ethanol, ammonia, exhibit strong photon absorption peaks within
these wavelengths [1]. It is thus well suited for implementing a variety of high societal-impact
photonic sensors or devices. High efficiency GaSb-based laser diodes (LDs) are now available in
this range [2,3] and their heterogeneous integration with Silicon-based platforms is under active
consideration with the objective to develop compact, cost-effective, smart sensing systems based
on Si photonic integrated circuits (PICs) [4].

Another, longer-term, option is the epitaxial integration of GaSb LDs directly on Si since this
approach should outperform heterogeneous integration, provided on-axis, CMOS-compatible,
(001)-oriented Si substrates can be used [5]. A sensing strategy in that case is based on coplanar
lasers and detectors, as demonstrated on InP platforms [6,7]. This, however, requires laser cavities
to be fabricated directly at the wafer scale through facet etching, a technology which is not yet
available with the GaSb materials system.
Only recently were high-performance GaSb mid-IR LDs epitaxially integrated on on-axis

(001)Si demonstrated [8]. These LDs were grown by molecular-beam epitaxy (MBE), the only
technique to date able to grow high-performance GaSb-based light sources [2,3]. Still, all these
lasers were discrete devices with Fabry-Pérot cavities formed by cleaving the III-V-on-Si epitaxial
wafer, a technique obviously incompatible with any PIC strategy.

On another hand, GaSb layers grown by metal-organic vapor phase epitaxy (MOVPE) on 300-
mm on-axis (001)Si substrates have also recently been reported [9]. Provided high-performance
light sources can be grown atop, on-wafer laser-cavity definition and large-dimension GaSb-on-Si
wafers could offer a cost-effective solution to implement large-scale integration of mid-IR
photonics sensors.
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In this article, we report on etched-facet GaSb-based LDs grown on a GaSb-on-Si template
previously grown by MOVPE and emitting at 2.3 µm.

2. Epitaxial growth

The epitaxial growth flow is schematically depicted in Fig. 1. First a 500-nm thick, non-
intentionally doped, p-type, GaSb buffer layer was grown by MOVPE on a 300-mm diameter
(001) Si substrate as described in Sec. 2.1. Subsequently, 50-mm diameter slices were diced into
this master wafer to produce GaSb-on-Si templates which were transferred to another laboratory
for the MBE growth of LDs (Sec. 2.2).

Fig. 1. Epitaxial growth-flow.

2.1. MOVPE of the GaSb-on-Si template

The GaSb buffer epitaxy was carried out on standard 300mm (001) Si wafers used in the
microelectronics industry, presenting an offcut angle of 0.11° in the [1 1 0] direction and a
resistivity in the 5–10 Ω.cm range. We used an Applied Materials cluster tool equipped with
surface preparation and epitaxy modules. Before the growth, any contamination and presence of
native oxide were eliminated by using a SiCoNi cleaning process [10]. The SiCoNi chamber
relied on a deported NH3/NF3 plasma which reacted with the native silicon oxide to form a
thin (NH4F)2SiF6 solid layer at the surface. This layer was then removed by thermal treatment,
leaving the Si surface hydrogen-passivated. The wafers were then transferred under vacuum in
the epitaxy chamber, which is an MOVPE reactor using tri-ethyl-antimony (TESb) as group-V
precursor and trimethylgallium (TMGa) as group III-precursor.

To promote the surface reconstruction and the formation of Si double steps, a high temperature
annealing under ultra-pure hydrogen at high pressure was performed [11]. Particular attention
was paid to avoid that anti-phase boundaries (APBs), structural defects created at the interface
between the non-polar Si substrate and the polar III-V semiconductor epitaxial material [12],
propagate through the GaSb buffer layer. The growth proceeded via a two-step process with a
low-temperature nucleation layer, in the 350–450°C range, and a high-temperature layer grown
at around 600°C, with a V/III ratio around 1 [9]. After annealing, any residual APBs due to
local imperfections of the double-step arrangement at the (001) Si surface were annihilated
after a thickness of about 200 nm [9,11] The threading-dislocation density in such template is
estimated around 109 cm−2 [9] whereas the rms roughness measured from 5× 5 µm2 atomic-force
microscopy images is typically around 0.5 nm [9].



Research Article Vol. 28, No. 14 / 6 July 2020 / Optics Express 20787

After MOVPE growth, the surface of the GaSb-on-Si epitaxial material was protected with a
resist before the wafer was diced into 50-mm slices. Each 300-mm wafer gives at least sixteen
50-mm or four 100-mm GaSb-on-Si templates.

2.2. MBE of the laser heterostructure

Prior to being loaded into the MBE reactor, the 50-mm GaSb-on-Si MOVPE template was
thoroughly cleaned with organic solvents before being treated with an oxygen plasma to remove
any residual resist contamination. The template was then handled in the same way as a regular,
epi-ready GaSb substrate [13] and the laser structure was similar to previous ones grown on
Si [8,14,15] for the sake of comparison. The wafer was heated up to around 560°C under Sb2
flux for oxide removal. Then its temperature was decreased down to 500°C for the epitaxy of
a 500-nm thick, n-doped (ND-NA ∼1 x1018 cm−3) GaSb buffer layer. The total thickness of
the GaSb layer (MOVPE+MBE layers) underneath the laser structure was thus 1 µm. Next,
we grew a laser structure similar to the one previously described [8]. First, a 500-nm thick,
n-type, InAs0.92Sb0.08 layer was grown at 450°C. This layer, which is lattice-matched to GaSb,
served as an etching marker for the subsequent LD processing. This layer was also used to take
the back electrical-contact (Fig. 2(a)). This avoids driving the current through the defective
III-V/Si interface which results in high turn-on voltage and series resistance. [14] Subsequently,
an additional 1-µm thick, n-type, GaSb layer was grown right below the LD heterostructure
to avoid overlapping of the optical mode with the highly-doped, narrow gap, InAsSb layer.
The active zone was made of two Ga0.67In0.33As0.12Sb0.88 quantum wells (QWs) confined by
Al0.25Ga0.75As0.02Sb0.98 barrier layers. This ensemble, designed to emit near 2.3 µm [2,3], was
embedded in an Al0.25Ga0.75As0.02Sb0.98 waveguide, itself clad by Al0.9Ga0.1As0.07Sb0.93 layers.
Graded AlxGa1−xAsySb1−y layers have been inserted underneath/above the bottom/top cladding
layers to smooth the band profile between GaSb and Al0.9Ga0.1As0.07Sb0.93 layers. All layers
below the waveguide have been doped n-type with ND-NA ∼1 x1018 cm−3. The top cladding layer
was p-type doped with NA-ND ∼1 x1018 cm−3 whereas the p-type doping level was progressively
increased in the last 200-nm to reach NA-ND ∼1 x1019 cm−3 in the GaSb top contact layer. All
AlGaAsSb alloys were lattice-matched to GaSb while the Ga0.67In0.33As0.12Sb0.88 QWs were

Fig. 2. (a) Scheme of a rectangularly etched-facet laser diode, (b) scanning electron mi-
croscopy image of a rectangularly-etched laser-diode facet, (c) scanning electron micrograph
of a T-shape etched facet, d) top-down view schematic of the T-shape etched facet (not to
scale).



Research Article Vol. 28, No. 14 / 6 July 2020 / Optics Express 20788

mismatched by 1.5%. Full relaxation of the LD heterostructure with respect to the Si substrate
was confirmed by X-ray diffraction. No dislocation filtering layer was inserted in the structure.
Atomic-force microscopy images revealed a threading-defect density in the low 108 cm−2 range
and a rms roughness as low as 1.9 nm. The final epitaxial sample was free of any crack resulting
from thermal-expansion-coefficient mismatch.

3. Laser diode processing

In order to characterize the laser-material quality, we fabricated a batch of cleaved-cavity broad
area LDs using a standard process which has been previously described in detail [15].

Next, we fabricated both cleaved- and etched-cavity ridge LDs using standard UV photolithog-
raphy and inductively-coupled plasma reactive-ion etching (ICP-RIE) to define the ridges and –
when appropriate (see below) – the cavity mirrors. The AZ1518 photoresist was used as etching
mask for the definition of all patterns, including the facets. For the mirror facet definition, we
used a (4/2/6.5 sccm) BCl3/Cl2/Ar gas mixture, an ICP power of 300 W and a RF power of 60
W, resulting in an etching rate of 370 nm/min. Note that to define the ridge, care was taken to
stop the etching into the top-cladding layer, to avoid etching through the active zone (Fig. 2(a)).
Vacuum contact between the mask and the sample was used during the light-exposure to obtain
vertical flanks and hard-bake was carried out for smoothing the sidewalls. Electrical insulation
and protection were obtained with around 350-nm Si3N4 deposited by plasma-enhanced chemical
vapor deposition (PECVD). Ti-Au was used as contact metal for both p- and n-type electrodes.
Figure 2(b) shows a scanning electron microscopy image of an etched facet at the end of the
process. Note that metal deposition was stopped about 10 µm away from the facets to avoid their
contamination. No coating was applied to any of the LD facets. Ten-µm wide ridge LDs were
fabricated. Their cavity lengths were defined by the lithography mask and ranged from 1 to
2.5mm. Laser bars were separated by cleaving the wafer approximately 100 µm away from the
etched facets (Fig. 2(a)). The bar lengths were measured after cleavage to precisely know the
cavity length of the cleaved-facet LDs. Each laser bar thus supported several cleaved- and etched-
facet LDs which were tested under pulsed and cw operation at various temperatures. This allowed
direct and meaningful comparison between cleaved- and etched- facet LDs. Two types of etched
facets, rectangular shape and T-shape, were designed and fabricated (Fig. 2). The rectangular
design (Fig. 2(b)) directly mimics a cleaved Fabry-Pérot cavity. However, it exhibits sharp angles
which may pose problem during lithography steps. This could result in round corners and/or to
defects, both of them inducing mirror losses. T-shape facets (Fig. 2(c)) in contrast allow pushing
the corners away from the mirror (Fig. 2(d)) and getting rid of any such a problem.

4. Laser diode characteristics

The broad-area LDs were measured under pulsed operation at room-temperature whereas ridge
LDs were studied in cw mode at various temperatures. Their output power was measured by a
calibrated power-meter while their emitted spectra were recorded through a grating spectrometer
coupled to a cooled InSb photodetector.

4.1. Emission wavelength

We first display in Fig. 3 the laser spectra taken at room-temperature under cw operation from a
cleaved cavity and an etched-facet LDs. For both devices the emission is close to 2.3 µm. This
confirms that the epitaxial structure was grown according to the design.

4.2. Threshold current density

To get accurate values of threshold current densities, light-current (L – I) measurements were
performed on broad-area LDs under pulsed operation. This technique allows to know both the
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Fig. 3. Spectra taken at room temperature in cw mode from a cleaved-cavity LD and an
etched-facet LD.

actual current-injection area and actual device temperature. Figure 4 shows such curves taken at
room-temperature from representative broad-area cleaved-cavity LDs with 100 µm ridge width
and 1 mm or 1.5 mm cavity length.

Fig. 4. L – I curves taken at room temperature under pulsed operation from representative
cleaved-cavity broad-area LDs with 0.1× 1 or 0.1× 1.5mm2 cavities.

The threshold-current densities are around 650–700 A.cm−2, identical for all cavity length.
This value is significantly lower than that measured (900–1000 A.cm−2) with similar LDs grown
in an all-MBE process on offcut Si substrates [14] and approaches the value (400–500 A.cm−2)
obtained on all-MBE on-axis LDs [8].

4.3. Etched vs. cleaved laser diode cavities

Next, we characterized in detail etched-facet ridge LDs and compared them to their cleaved-cavity
counterpart. The ridge width was 10 µm for all LDs studied here.
We display in Fig. 5 the L – I – V curves taken at room-temperature under cw operation

from series of cleaved- (Fig. 5(a)) and rectangularly etched- (Fig. 5(b)) facet LDs with different
cavity lengths. The T-shape etched-facet LDs, not shown here, gave very similar results (see also
Fig. 6). This figure shows that both cleaved- and etched- facet LDs behave in similar ways. The
turn-on voltage is around 1 V and the series resistances are around 3 to 6 Ω, similar to values for
GaSb-based LDs [2,3]. The threshold currents are in the 150–400 mA range for both types of
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facets. At first sight however, the output power and external differential quantum efficiency of
the etched-facet LDs seem lower than that of cleaved-cavity LDs. However, this is mainly due
to measurement issues. In fact, the etched-cavities being shorter than the laser bars (Fig. 2(a))
and the laser emission being highly divergent in the vertical direction, only part of the emitted
light is collected by the photodetector. Imaging the far-field emission of a LD with an IR camera
revealed that the photodetector collected around half of the emitted light. This indicates that
the emitted power is similar for both types of LDs. Still, no reliable information other than the
threshold current can be extracted from the L – I curves taken from the etched-facet LDs.

Fig. 5. L-I-V curves taken at room temperature under cw operation for (a) cleaved- and (b)
rectangularly etched- facet LDs with a 10-µm ridge width and various cavity length.

Fig. 6. Comparison of the threshold current density for the three types of laser diodes under
investigation (cleaved- rectangularly etched- and T-shape etched- facets), and various cavity
length.

We plotted in Fig. 6 the evolution with the inverse of the cavity-length of the threshold
current density taken in cw mode at room-temperature for all types of ridge LDs, i.e. cleaved-,
rectangularly etched- and T-shape etched- facets. All etched-facets LDs exhibit similar threshold
current densities whatever their shape. Although some variability can be observed on this figure,
we could not relate it to any macroscopic properties (facet image, I-V curves, etc.) of the LDs.
Microcospic analysis will be needed to clarify its origin. The interesting point here is that for
a given cavity length, all LDs have similar threshold current densities and, consequently, the
variations of the threshold current-densities with the cavity length are also similar. Since the
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slope of the Jth (1/L) curve is proportional to the power reflectivity of the facets [16,17], Fig. 6
indicates that – within the error bars – etched facets have a power reflectivity similar to that of
cleaved facets, a conclusion already drawn from InP [16] and GaAs [17] LDs with etched-mirror
cavities.
In addition, the LDs have been studied in cw mode at different temperatures between 20

and 70°C (limited by our experimental setup). Again, all LDs behaved in similar ways. As an
example, we show in Fig. 7 the L – I – V curves taken from a 10 µm x1 mm LD with rectangularly
etched facets. Lasing was readily achieved in the whole temperature range. Note that, again, the
measured output power is lower than the actual power emitted by the laser, due to the measurement
configuration, and one cannot extract the physical parameters of the LDs. Still, Fig. 7 shows that
these LDs emit several mW in the whole temperature range, a power high enough to perform
sensitive and reliable gas sensing. The inset in Fig. 7 shows the semi-logarithmic plot evolution
of the threshold current with the temperature. This translates in a characteristic temperature
T0= 85 K, a value comparable to values generally measured on GaSb LDs grown on their native
substrates [2,3].

Fig. 7. L – I – V curves taken between 20 °C and 70 °C in cw mode from an etched-facet
LD. The inset shows the semi-logarithmic plot of the threshold current as a function of the
temperature.

5. Discussion

Our results show that etched-cavity GaSb LDs grown on Si behave very similarly to their
cleaved counterparts. The high threading-defect density arising from the large lattice mismatch
between GaSb and the Si substrate thus does not preclude the formation of efficient etched-facets.
Interestingly, the rectangular and T-shape facets exhibit similar performances which should
simplify future processing developments. To the best of our knowledge, etched-cavity LDs were
not previously reported with GaSb-based LDs and our results thus establish a new building block
for this technology.

In addition, our results show that GaSb buffer-layers grown by MOVPE on on-axis 300-mm Si
wafers are suitable for MBE regrowth of semiconductor lasers. This shows the potential of the
large-dimension GaSb-on-Si MOVPE templates for future optoelectronics developments.

6. Conclusion

We have studied 2.3-µm etched-cavity GaSb-based laser diodes (LDs) epitaxially integrated
on on-axis (001)Si and benchmarked them against their cleaved facet counterparts. The LDs
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were grown by MBE on a GaSb-on-Si template previously grown by MOVPE in a 300-mm
reactor. Broad-area cleaved-cavity LDs exhibit a threshold current density around 660 A.cm−2

demonstrating that MOVPE GaSb-on-Si templates are a suitable platform for optoelectronic
devices overgrowth. In addition, different etched-facet geometries operate in continuous wave
well above room temperature, and their performance are similar to those of cleaved-cavity
LDs. These results show that etching mirrors is a viable route to form laser cavities in the
GaSb technology. Altogether this opens the way to the large-dimension epitaxial integration of
mid-infrared semiconductor lasers with CMOS-compatible Si substrates and to PICs development.
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