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In this work, we present our approach towards the growth of active regions and cladding layers for GaSb
based record low-threshold lasers emitting in the range of 2.5-2.7 pm. First, a study on Sb incorporation
in the AlGaAsSb cladding layers and GalnAsSb QWs is presented as a function of growth temperature.
A linear decrease in Sb incorporation was observed for both cases. Second, a choice of well-barrier
material is presented. Here, the best results have been achieved with a GaSb/GalnAsSb combination,
yielding a low-temperature (20 K) photoluminescence (PL) response with a very narrow full-width at
half-maximum (FWHM) of 4.5 meV. The latter is followed by an investigation of active region degradation

with increased annealing temperatures. The rapid degradation has been confirmed by PL and X-ray
diffraction studies. Finally, device results are presented. Lasers show ultra-low CW threshold current
densities (44 Ajcm? at L— o), in the wavelength range of 2.5-2.7 pum.
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1. Introduction

Lasers emitting in the mid-infrared wavelength range above
2 um are attractive light sources for trace-gas sensing systems
based on tunable diode laser absorption spectroscopy (TDLAS) [1].
Many important industrial gases show strong absorption lines in
the spectral range between 2 and 3 pm, which are accessible with
GaSb-based devices, making them the most promising candidates
for gas sensing applications. InP-based devices are limited to an
emission wavelength of 2.3 um [2]; therefore, for longer wave-
lengths, GaSb-based devices have to be used. Here, in order to reach
longer wavelengths, one has to increase the amount of indium in
the quaternary GalnAsSb quantum well (QW) material. This brings
the alloy deeper into the miscibility gap [3], making growth more
complicated. Moreover, one has to grow highly strained active
regions to have enhanced gain [4]. In this work, we present our
approach towards the growth of active regions and cladding layers
for GaSb based record low-threshold lasers emitting in the range of
2.5-2.7 um [5]. First, a study on Sb incorporation in the AlGaAsSb
cladding layers and GalnAsSb QWs is presented as a function of
growth temperature. A linear decrease in Sb incorporation was
observed in both cases. Second, a choice of well-barrier material
is presented. Here, the best results have been achieved with a
GaSb/GalnAsSb combination, yielding a low-temperature (20 K)
photoluminescence (PL) response with a very narrow full-width at
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half-maximum (FWHM) of 4.5 meV. The latter is followed by an
investigation of active region degradation with increased annealing
temperatures. The rapid degradation has been confirmed by PL and
X-ray diffraction studies. Finally, device results are presented.
Lasers show ultra-low CW threshold current densities (44 Ajcm?
at L— o0), in the wavelength range of 2.5-2.7 pm.

2. Epitaxy

MBE growth of GaSb-based lasers typically involves growth of
alloys that have two group-V components. This requires more
sophisticated growth calibration, because group-V incorporation
coefficients are not the same for different alloys and also depend on
growth conditions, such as temperature, V/III ratio, growth rate,
strain and material composition [6-9]. In our work we define the Sb
incorporation coefficient in the following manner:

Pas [ Xsp
€= Dgp, <1 —X5b> @
Here &5 and @, are arsenic and antimony fluxes, respectively,
measured with a flux filament gauge and xs, is the atomic
percentage of antimony in the alloy, determined from X-ray
diffraction (XRD) simulation. In this manner one is able to choose
the required arsenic overpressure for a desired material composi-
tion at a fixed temperature, strain and V/III ratio. For epitaxial
growth of devices a Varian Mod Gen-II MBE system with solid
sources for group-IIl elements and valved cracker-cells for arsenic
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and antimony was used. Te and Si were used as n and p-type
dopants, respectively.

Edge-emitting laser growth typically starts with the cladding
and waveguide layers, which are thick lattice-matched AlGaAsSb
layers. In this step, precise knowledge of Sb incorporation coeffi-
cient is required, due to the fact that the active region is typically
grown directly after the quaternary layers mentioned above. These
are typically 2.5 pm thick, so that very little lattice mismatch can be
tolerated. The partial relaxation of such layers would lead to
roughness, which deteriorates the optical quality and result in a
bad device performance.

Incorporation of Sb in AlGaAsSb, lattice matched to GaSb, was
investigated in the temperature range from 470 to 510 °C. The
temperature was measured by means of optical pyrometry,
calibrated to the GaSb oxide desorption temperature of 540 °C. A
beam equivalent pressure (BEP) V/Ill ratio of 1.5 was found to result
in the best surface morphology, indicated by the absence of
scattered light from the optical microscope. This ratio was kept
constant during all growth experiments. The composition of the
quaternary layers was determined by means of XRD rocking curve
simulations. Here, group-IIl rates were calibrated prior to the
quaternary layer growth by growing an AlSb/GaSb superlattice
(SL) with 150 nm thick bulk AlGaSb on top and simulating the
measured XRD rocking curve. Since the sticking coefficients of
group-Ill elements in the investigated temperature range were
equal to 1[10,11], Ga and Al concentrations were considered to be
known in the simulation, while strain was simulated as a result of
the As/Sb ratio. Such an assumption is reasonable, because the error
in determining group-Ill rates is typically in the 1-2% range, which
would result in changes of strain of the order of 0.006%. It was found
that antimony incorporation strongly increases with decreasing
growth temperature (Fig. 1), which can be explained by the slowing
down of As/Sb exchange reaction at the growth surface [6]. Under
the investigated growth conditions, the Sb incorporation factor
exhibited a linear dependence on temperature, making it easy to
adjust arsenic overpressure for the required composition. In
addition, it was found to be independent of aluminium concentra-
tion in the quaternary layer across the entire investigated range
(10-50%), which is in good agreement with the observations by
Selvig et al. [7].

The optimization of epitaxial growth for active regions consists
of several steps: (1) The Sb incorporation factor for given growth
conditions has to be determined, (2) a barrier material has to be
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Fig. 1. Sb incorporation factor as a function of growth temperature for AIGaAsSb
lattice matched to GaSb (full circles) and for compressively strained (1.7%)
GalnAsSb.

chosen and (3) optimum growth temperature for the layers above
the active region has to be chosen.

The determination of the Sb incorporation coefficient was
carried out in the same manner as for the AlGaAsSb layers.
MQW GalnAsSb/GaSb structures were used for composition deter-
mination from HRXRD rocking curve simulation. Since the barriers
are lattice matched, strain is governed by the As/Sb ratio in the
QWs, as the Ga and In concentrations are known (within 2% error
rate) from group-III growth rate calibration, which was done prior
to the active structure growth. Such an assumption allows one to
estimate the Sb incorporation coefficient within 6% error range.
Here, we have neglected the intermixing of atoms between well
and barrier, because growth was terminated right after the MQW
structure and, therefore, it was not exposed to any excess annealing
that could lead to inter-diffusion. We have investigated the
incorporation coefficient as a function of growth temperature at
a fixed growth rate, strain (adjusted for enhanced gain) and V/III
ratio of 2. Results are depicted in Fig. 1. The Sb incorporation factor
was found to increase linearly with decreasing temperature, due to
reduced As/Sb exchange, however, at a lower rate than in AlGaAsSb
(Fig. 1). This could be explained by the stronger Al-V bonds [14],
which require more energy to brake and, therefore, the As/Sb
exchange reduces faster with decreasing temperature.

The second part of the active region design consists of a proper
choice of barrier material. This can be either AlGaAsSb or GaSb.
AlGaAsSb offers the possibility of strain compensation and better
hole confinement, but has very high conduction band offsets,
which will affect the filling of the wells. Additionally, quaternary
AlGaAsSb has higher heat resistivity, which strongly decreases
with increasing Al content [12]. For example, the heat resistivity
of GaSb is around 3 cmK/W, a value more than 4 times smaller
than that of Alg 5Gag 5AS0.04Sbo 96. Moreover, GaSb barriers provide
better filling of the QWs due to lower conduction band offsets and
are easy to grow. However, hole confinement gets critical for active
regions designed for longer emission wavelengths and, above 3 pm,
usage of aluminium containing layers is unavoidable.

The active regions were grown at 470 °C, which was found
to result in a maximum PL intensity. We have also found that
the barrier material has a strong influence on the optical properties
of the QWSs. With increasing Al content in the barrier, the full-width
at half-maximum (FWHM) of the low temperature photolumines-
cence (PL) response increases nearly 3 times for Alg33Gage7AS0.03
Sbg.g7 barriers (Fig. 2), when compared to QWSs with GaSb barriers.
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Fig. 2. FWHM of PL response of 1.6% compressively strained QW at 20K as a
function of aluminum content in the AlGaAsSb barrier material. 0% stands for GaSb
barriers.
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Fig. 3. Normalized PL intensity at 300 K as a function of annealing time at 500 °C for
Gag,e7InAsg.13Sb/Alg33GaAsg 03Sb QWs. The solid line has no physical meaning and is
just a guide to the eye.

We attribute such behaviour to alloy broadening [13] and to the
possibility of quinternary AlGalnAsSb interface creation between
the well and the barrier, since no special shutter sequence was
introduced for specific interface formation. Here, interface irregu-
larities and defects might be causing the broadening of PL response.
To summarize, the best optical properties for emission around
2.7 um have been achieved with Gag s7Ing 43AS0.155bo.gs quantum
wells embedded in GaSb barriers. PL response with a FWHM of
4.5 meV at 20 K has been measured.

Finally, the optimum growth temperature of layers above the
active region has been investigated. We have found that active
regions are prone to rapid degradation with increased annealing
temperatures. PL intensity drops rapidly with annealing (Fig. 3),
independent of the barrier material used. Additionally, XRD scans
of the as-grown and annealed samples, with GaSb barriers, indicate
that crystal degradation starts immediately when annealed at
500 °C. Already after 5 min of annealing, a change in the rocking
curve can be observed and satellite peaks start broadening and
smearing out (Fig. 4). This indicates that some roughening or
intermixing is happening at the interface. Similar annealing effects
are described by Turner et al. [14]. Such crystalline degradation
goes hand in hand with deterioration of optical properties—PL
intensity drops rapidly and emission wavelength shifts towards
higher energies, supporting the assumption of intermixing, a
known phenomenon in GaSb-based material systems [15-17]. In
contrast to the active regions with GaSb barriers, active regions
with AlGaAsSb barriers in a wide range of Al concentrations (15-
50%) do not show such crystalline degradation and the XRD rocking
curve remains unchanged even when annealed for 2 h at 500 °C
(Fig. 4). The reason for such behaviour could be the reduction of the
intermixing site density by adding Al, as binding energies of AlAs
and AlSb are reasonably higher than the ones for GaSb, InSb, GaAs
and InAs [18] and the latter binaries are expected to participate
more strongly in intermixing processes. Despite the fact that
roughening of interfaces seemed to be suppressed in Al-containing
barriers, degradation of optical quality was similar to that of the
active regions with GaSb barriers.

Therefore, for laser growth, the approach of active regions with
GasSb barriers was chosen, while trying to grow the upper cladding
layers at the same temperature as the active region (470 °C) to
avoid unwanted in-situ annealing effects. The cladding material
was chosen to be Aly 5GagsASg.04Sbo.gs, SO that no degradation due
to oxidation would occur during processing. For the waveguide

GalnAsSb/AlGaAsSb

—— As grown
—2h @ 500°C

_10°

)

o

o)

_Ep 105 ; . 1 . 1 L ]
‘B — As grown

q:) —— 1h @ 500°C GalnAsSbh/GaSh
[= F

—_
o
(S

—
o
o

10°

10°
6000

-4500 -3000
AQ (seconds)

-1500 0

Fig. 4. XRD (004) rocking curve of 5 compressively strained GalnAsSb QWs
embedded in AlGaAsSb barriers (top) and GaSb barriers (bottom). The effect of
temperature induced degradation on crystalline quality of the active region
is shown.

Alp.1Gap 9ASo.01Sbogg Was chosen. Both waveguide and cladding,
provided a sufficient transversal optical confinement factor (1-2%
per QW) to ensure laser operation. For the active region, highly
compressively strained Gags7Ing43Ase15Sboss QWs embedded
in GaSb barriers were chosen. The wavelength range from 2.5 to
2.7 um was covered by changing the width of the wells from 10 to
20 nm, respectively.

3. Fabrication

The grown devices were processed as ridge-waveguide lasers,
with lithographically defined ridges, ranging from 60 to 5 pm in
width. Processed devices were cleaved into laser bars of lengths
ranging from 3 mm to 300 um and were mounted epi-side up
on the copper heatsinks. Mirror facets were left as cleaved—no
coatings were applied.

4. Device results

Despite the previously mentioned growth difficulties, the
grown devices exhibited continuous-wave (CW) operation with
record low-threshold current densities in the wavelength range of
2.5-2.7 um (Fig. 5),at 15 °C[5]. Single quantum well (SQW) devices
emitting at 2.53 pm had an extrapolated CW threshold current
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Fig. 5. Threshold current density for devices with 60 pm wide ridges, under CW
operation, as a function of inverse cavity length at 288 K.
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Fig. 6. Power—current and voltage-current characteristics of a 1.2 mm long 2QW
laser with 30 pm wide ridge, emitting at 2.72 pm, at 288 K. The power is given for
both facets.

density of 44 A/cm? for infinite length. The measured CW threshold
current density was 70 A/cm? for a 3 mm long device. Lasers
emitting at 2.65 um had an extrapolated CW threshold current
density of 50 A/cm? and a measured one of 70 A/cm? for 3 mm long
devices. 2 QW devices, emitting at 2.72 um, exhibited an extra-
polated CW threshold current density of 87 A/cm? and had a
measured value of 136 A/cm? for 2.2 mm long devices (Fig. 5).
The extracted threshold currents include the current broadening
effect, which was evaluated from threshold current dependency on
ridge width. The extracted value was found to be 4.2 pm for both
sides. The lasers are operated in CW up to 55 °C. Power-current and
voltage-current characteristics for a 2 QW device, emitting at
2.72 pm are shown in Fig. 6. A maximum CW output power of
44 mW per facet was achieved and is limited by the current source.
Internal losses of 3 cm~! were extracted from the dependence of
differential efficiency on cavity length. Such a low value is in good

agreement with the excellent device performance. Characteristic
temperatures were found to be in the range of 65-42 K. The higher
value was found for devices emitting at 2.72 pm and the lower one
for devices emitting at 2.5 um. The exact reason for such behaviour
is not fully understood, but can be partially explained by increased
carrier leakage due to lower confinement in thinner wells.

5. Conclusion

Excellent device performance and record-low threshold current
densities in the wavelength region of 2.5-2.7 um have been
achieved. Such a device performance is the direct evidence of very
good epitaxial growth quality and the potential of the material
system, which can be applied to produce efficient, single-mode
light sources for trace-gas sensing, such as vertical-cavity surface-
emitting lasers (VCSELs) and distributed feedback lasers (DFBs).

6. Future outlook

In order to cover a spectral range of gas absorption lines up to
3 pm, further improvement of active region growth is necessary.
GaSb barriers cannot be used anymore due to type-lIl band
alignment and active regions with quaternary AlGaAsSb or even
quinternary AlGalnAsSb have to be considered.
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