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ABSTRACT

For many years, mid-infrared (2-5um) semiconductor lasers operating at or near room temperature have been sought for
usein LADAR, gas sensing, and spectroscopy. Smaller bandgap materials necessary for thisrange are more susceptible
to non-radiative Auger recombination. Further, as laser structures become more complicated, like quantum cascade
intersubband and interband lasers, Shockley-Read-Hall losses increase.  The simplest structure is Type-l multiple
guantum well (MQW), but few QW I11-V heterojunction material systems capable of 2-5um emission have a Type-|
offset. One such system with InAsSb wells and AlINAsSb barriers has been unable to exceed 175K under CW
operation partialy dueto poor carrier confinement associated with small valence band offsets. This paper describes the
growth and performance of AlINAsSH/InAsSb lasers using a 0.3 mole fraction of Al in the Group Il eements.
Increased Al content enhances the valence and conduction band offsets, but the AlInAsSDb alloy exhibits a miscibility
gap above 0.06 Al mole fraction, so a digital alloy technique was used to grow high quality 0.3-2um thick quaternary
films. As Al mole fraction in the barriers was increased from 0.20 to 0.30 an 80-fold increase in photoluminescence
(PL) was observed. The corresponding lasars were grown and tested demonstrating lasng at 3.9um and 50K.
Theoretical sudies suggest that adding Ga to the barriers, forming an AlGalnAsSb quinary alloy, results in band
structures more favorable towards minimizing Auger effects and realizing Type | offset behavior over a wider range of
alloy compositions. PL structures were grown and tested, again using a digital aloy technique for the quinary alloy.
Preliminary results show promise.
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1. INTRODUCTION

The search for materia systems that will produce high power, room temperature mid-infrared (IR) semiconductor diode
lasers operating between 2 and 5 microns has been of particular interest over the last 15 years. These lasers find usesin
field communications, laser radar, pollution monitoring, remote toxic gas sensing and molecular spectroscopy. Some
inherent challenges to achieving this goal remain. Longer wavelength materials have smaller bandgaps making them
more susceptible to Auger recombination. Consequently, they must be operated well below room temperature to
decrease the probability of this multi-step process. Also, most of the material systems capable of thiswavelength range
have a Type 1, broken or staggered band offset, leading to poorer carrier confinement, lower efficiencies and higher
thresholds than Type | nested band offset systems. AlInAsS/INAsSh is one of the few materia systemswith a
predicted Type | band offset.

To decrease Auger recombination and increase operating temperature, three strategies can be used. Oneisto add
compressive strain to the well. Strain separates energy levels in the valence band which increases confinement. This
separation causes a decrease in the hole density of states, and resultsin a decrease in the number of intermediate and
fina energy states available for Auger. Another strategy to higher operating temperature, Type | mid-IR
INAsSH/AlINASSD lasersis to increase the duminum content in the barriers. This approach increases both the
conduction and valence band offsets by increasing the quaternary barrier bandgap. Thethird strategy that has been
suggested to decrease Auger recombination is the addition of afifth element, gallium, to the barrier alloy to make a
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quinary’. The presence of the fifth element may help by altering the subband structure of the valence band, decreasing
the hole dendity of states.

Although the quaternary AlInAsSb barrier/InAsSb well conduction and valence band offsets are predicted to be Typel,
the valence band offset is small, so hole confinement isa concern. Higher aluminum content in the barrier increases the
conduction and valence band offsets. The splitting of the heavy and light-hole energy subbands using compressive
strain isanother tool for increasing the valence band offset. However, the tradeoff of larger compressive strain for a
given InAsSb composition isa larger energy gap and shorter emission wavelength®. Given a GaSh substrate, the net
effect of these composition adjustmentsin thewell and barrier, isthat adding compressive strain by adding more Sb to
the well alloy and increasing aluminum content in the barrier increase the valence band offset.

Bel ow room temperature MQW lasers with Alg 1s1NpgsAS.9Shg 1 barriers and InAsSb wells on InAs and
Alg.11NgsAs09Sho 1 barriers and INAsSb wells on GaSh have been demonstrated at 3.5 and 3.9 microns, respectively* .
An objective of the current work isto examine the impact and challenges of further increasing the aluminum content in
the barrier. Aswell asincreasing band offsets, increased aluminum content will decrease the index of refraction,
degrading the optical confinement within the laser. In addition, amiscibility gap is predictedfor the quaternary alloy at
aluminum fractions of 0.06 and greater for material lattice-matched to GaSh substrates and 0.12 and grester for material
lattice-matched to InAs substrates. Growth of materia beyond these limitsis predicted to phase separate under
equilibrium or near-equilibrium growth conditions and has been observed for non-equilibrium MBE growth®. Despite
these challenges, the thesisisthat theincrease in carrier confinement due to improved Type | behavior by adding more
aluminum to the AlINASSD barrier will improve the laser performance.

Prior research into the growth of AlINAsSDb has yielded some instructive results. Inrelated HEMT and kinetic
heterojunction research, single phase thin film AlINAsSD alloys have been grown well into the miscibility gap at
temperatures around 350°C using molecular beam epitaxy (MBE)® " and metal organic vapor phase epitaxy (MOV PE)®
systems. However, that temperatureis not suitable for the AlInAsSh/INAsSh laser structure because InAsSb must be
grown above 400 - 430°C to avoid atomic ordering®*?. The phenomena of atoms naturally ordering into lamella of
alternating composition is undesirable because the degree to which it occurs is unpredictable, usually occurring in
patches throughout the alloy, and the resulting film has a reported smaller bandgap than expected for the random alloy.
It should also be noted that the phase stability diagram for the quinary is bounded by quaternary phase stability
diagrams with large miscibility gaps—at least for the alloys with both Asand Sb—so it is expected that the quinary will
have large regions of immiscibility also.

Since MBE has the capability of growing under near-equilibrium to far-from-equilibrium conditions, this flexibility can
be exploited to promote single-phase growth of alloys within the miscibility gap. This paper describes the digital alloy
approach used to grow stable AlyIng.0As,Sb.y) micron-thick films lattice-matched to the GaSb substrates for
guaternary alloy aluminum fractions, x = 0.05 to 0.5, well into the miscibility gap. Further, thisdigita alloy technique
used for the quaternary can easily accommodate the addition of GaSh itself into the film sequence to make a quinary
that it also lattice-matched to Gash. Quinary films have been grown and tested with the optical results presented in this
paper. Also described here areresults from optical testing of active regions and complete laser structures within these
material systems.

2. EXPERIMENT

All samples were grown using aVG V80H solid source MBE system. Digital alloy films were grown using a sequence
of binaries, while random alloys of nominally the same composition were grown with all source shutters open, for
comparison. AlSh, InSb and InAsfilmswere used to grow the quaternary digital aloy. Sincethe sticking coefficients
of the Group V elements are less than unity and As tendsto leak around the shutter and displace some of the bonded Sb
during growth, the mole fractionsy and (1-y) are not only influenced by layer thicknesses but also by theratio of the
beam equivalent pressures (BEPS). Theratio of these pressures and theratio of the InSh to InAs thicknesses were used
to adjust the Group V composition until GasSh |attice-match conditions were achieved. The quinary was grown in the
same fashion with the addition of athin layer of GaSb in the digital alloy sequence. The overall thickness of the films
was one micron and the digital alloy period was 1.5 - 2.5nm. Both Group V e ements were supplied by valved cracker
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sources run at sufficiently high temperatures to produce predominantly As, and Sb;,. Theratio of BEPsfor Asto Sb
was maintained at 4:3, and the Group V to Group |11 BEP ratioswere 5:1 for Asto In, 13:1 for Sbto Al, and 4:1 for Sb
to In. Both duminum and indium growth rates were 0.75ML/sec and the gallium growth rate was maintained at
0.5ML/sec.

Quaternary random alloys and digital aloys were grown in the temperature range of 460-520°C, with most being grown
at an optimal temperature of 480°C. All quinary alloys were grown at 480°C. The substrate temperature was monitored
using an optical pyrometer. Thetemperature range was chosen to be low enough to ensure that al Group |11 elements
would have a gticking coefficient of approximately one, and high enough to ensure that InAsSb would be single phase
with no atomic ordering.

For most samples, composition was determined using calibrated Group |11 growth rates and double crystal X-ray
diffraction (DCXRD). These growth rates were calibrated using refractive high-energy electron diffraction (RHEED)
oscillations and binary film thickness fringes from DCXRD. Periodically, sample compositions were verified using
Rutherford Backscattering Spectroscopy (RBS) or Secondary on Mass Spectroscopy (SIMS).

Photol uminescence (PL) was generated using a 980nm-laser diode pump array and measured with a scanning
monochrometer and an InSb detector. The sample was mounted in aliquid nitrogen-cooled cryostat chamber. The
same equi pment was used to optically-pump the edge-emitting lasers and measure the output.

3. DISCUSSION

In order to achieve larger Type | band offsets with InAsSb wells and AlInAsSh barriers, it is necessary to increase the
aluminum mole fraction in the barrier quaternary. With the existence of the miscibility gap, going beyond 0.06 mole
fraction aluminum requires an aternative approach to bulk growth. A digital aloy technique is used. Digital alloys,
sometimes referred to as ultrathin superlattices, employ the technique of growing aternating thin layers of stable
binaries, ternaries and/or quaternaries. When the layers within the digital alloy period are thin enough, on the order of a
few mo?spl ayers, the resulting film properties are approximately those of a bulk alloy with the average composition of
the film™,

3.1 AlInAsSb digital alloy growth and char acterization

In this study, AlInAsSb digital alloys are grown using alternating layers of InAs, InSh and AlSb. The overall
composition of the film is determined by the ratio of the thicknesses of these layers. Stable, sngle-phase binaries were
chosen for the layers with the advantage of having only one Group V element in each, thus avoiding competing Group
V elementsin any particular layer, making the layers more uniform and reproducible. Further, |attice-match of the
overall film to the GaSb substrate is smply controlled by adjusting theratio of InAsand InSb layer thicknesses.

One-micron thick filmswere grown lattice-matched to the GaSh substrate with aluminum mole fractions of 0.2, 0.3 and
0.4. Thedigital aloy period was 1.5 to 2.0 nm thick with each binary layer between 0.5-5.0 monolayers. The
composition, thickness, digita alloy period and crystal quality of the digita alloy quaternary films were evaluated using
DCXRD and transmission electron microscopy (TEM).

3.11 Crystal Quality

Symmetrical (004) x-ray diffraction scans were performed for each DA quaternary alloy. Typical scansare shown in
Figure 1. All DA filmshave 0" order peaks with full-width half maximum (FWHM) values less than or equal to two
times the FWHM value for the substrate peak. The more lattice imperfections there are, the larger the FWHM values.
The closer the grown film values are to the substrate values, the better the crystal quality of the grown film. Figure 1(a)
also shows the thickness fringes associated with the DA period thickness. Figure 1(b) shows the thickness fringes
corresponding to the overall thickness of the DA film, in this case 1 micron. The presence of many distinguishable
orders of thickness fringes signifies fewer defectsin the film.
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Figure 1. (a) (004) DCXRD scan of an AlgzINgssASo.62Sh0.38 DA sample showing the thickness fringes corresponding to the digital
aloy period, (b) same showing the thickness fringes corresponding to the overal quaternary film thickness.

Further verification of the film crystal quality is given by the TEM micrograph in Figure 2. Here the layers within the
digita alloy are visible and are seen to be very uniform. Thelighter regions are In-rich, corresponding to the InAs and
InSb layers and the darker regions are Al-rich, corresponding to the AlSb layer.

Figure 2. Map of Indium in a 30% duminum quaternary DA sample using Energy-filtering transmission electron microscopy
(TEM). The bright regionsindicate indium-rich layers.

3.1.2 Thermal stability

Thermal gtability isaconcern because given enough time and temperature, the aloy will phase changeto its equilibrium
configuration and, in this case, that is multiphase. A sample was evaluated with DCXRD, then stored at room
temperature for 1 year and re-evaluated. There was no discernable changein the DCXRD results. To accelerate the
phase change due to temperature, 0.3 aluminum mole fraction AlInAsSh digital alloys were prepared and subjected to
different temperatures for different amounts of time. Theresultsare shown in Figure 3. The samples that saw 400°C
for different times do show a slight degradation in film quality as the 0" order aloy peak shifts away from the substrate
peak, but after 30 minutes at 400°C, the sample peak is still within approximately 100 arcsec of the substrate peak. The
second plot shows two samples heated for 10 minutes, one at 400°C and one at 450°C. The 450°C sample isbeginning
to show a little degradation but the peak is still well within the 100 arcsec range of the substrate peak. So, as expected,
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given time and temperature, there will be some changes to the alloy. The extent of the changes and the affect on the
laser performance merits further study.
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Figure 3. Therma study of a Algslng;AsSb digital aloy film at (a) 10-30 minutes at 400°C, and (b) 10 minutes at 400°C and 450°C.

3.2 Typel Active Region: InAsSb wellsand AlINAsSSh barriers

All samples are grown with InAsSb wells and AlInAsSh digital aloy barriers on a GaSh substrate. The waveguideis
the same composition asthe barriers, and the clad is Al sGag1AS.0sSho.92. The structure growth temperature was
480°C. The barriers, waveguide and clad are lattice-matched to the GaSb substrate. Thisallows al of the compressive
strain to be confined to the wells. The wells are 10nm wide, with 30nm barriers on either side of each well. Therest of
the layers are the thicknesses listed in Figure 4. All reported PL and laser samples have 4-10 quantum wellsin the
activeregion. PL samples are grown only through the top AllnAsSh waveguide, while lasers include the top clad and
GaSb cap.
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Active Region of Wells and Barriers (0.2-0.3 pm)

AlGaAsSb Clad (2 um)

Figure 4. Type | mid-IR laser structure

321 Effects of increasing aluminum concentration in AllnAsSb barriers

Stable digital aloy quaternary films make it possible to add aluminum to the barriersto achieve compositions
throughout the miscibility gap. Several samples of different quaternary aluminum mole fraction have been successfully
grown in PL structures and tested. For these samples, the photoluminescence was measured at 92K. Thewells have
0.97% compressive strain at a composition of 1Ay 77500 23 and the aluminum mole fraction in the quaternary digital
aloyis0.2, 0.3 and 0.4. Theresults of the PL measurementsare shown in Figure 5. Thereis a blue shift in wavelength
with increasing aluminum because as the aluminum fraction increases, the barrier bandgap becomes larger, increasing
the confinement energies.

The values for the 0.2 aluminum mole fraction barriers have been multiplied by 20 so that the peak isrecognizablein
therange of this graph. The PL intensity increase between 0.3 and 0.2 aluminum mole fraction is almost two orders of
magnitude and corresponds to increased hole confinement with increasing auminum content. Thisis consistent with
theoretical predictions. The magnitude of thisincrease suggests atransition from Type |1 behavior to Type | behavior.
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Figure 5. Photoluminescence measurements for barriers with step increases of quaternary barrier auminum mole fraction of 0.2, 0.3
and 0.4.

3.22 Effects of increasing well strain

The addition of well strain should also decrease Auger losses and increase the valence band offset to achieve more
radiative active regions that operate at higher temperatures. The strain in the wellsisincreased by adding more Sb to
thewell alloy. Thisnot only increases strain in the wells, but increases wavelength. Auger 1osses are probably
decreased because the compressive strain splits the heavy and light hole subbands. The experimental results of adding
strain are shown in Figure 6. The brightest PL comes from the wells with ~1% compressive strain while the weakest PL
is from the sample with the lowest amount of compressive strain (0.3%). Again, thereisan increase in PL intensity of
almost two orders of magnitude. Thisisalso consistent with a change from Type |1 behavior to Type | behavior.
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Figure 6. Photoluminescence measurements for step increases in compressive strain in the well with Algzlng;AsSh barriers

3.3 Typel mid-IR lasers

Thelasersareall grown asindicated in Figure 4 with the active region as described in section 3.2. The highest PL
intensity combination of quaternary barrier composition and compressive well strain corresponds to an active region
with 0.8-1.0% compressive strain in the wells and 0.3 aluminum mole fraction in the quaternary barriers. Lasers were
grown and tested with these design criteria. Each laser was thinned and mounted on a copper H-mount using indium
solder. The mount was then placed on a cold finger in a cryostat chamber, the chamber was evacuated and the laser was
cooled to 50K. The 2.5mm cavity Type | mid-IR GaSh-based laser was optically pumped using a 980nm laser diode
array with a0.5% duty cycle and a 50us pulse width. Theresultsare shown in Figure 7. Theinset shows the 3.9um
emission spectrum as the laser was pumped with increasing power. The maximum operating temperature for thislaser
was 80K. For comparison, lasers were grown with 0.3% well strain and 0.3 aluminum mole fraction in the quaternary
barriers. However, these lasers only exhibited superluminescence and did not lase. It is expected that increasing strain
further will improve the operating characteristics, but thereisalimit to how much strain the structure can contain before
deleterious defect levels arereached. PL results suggest laser performance should be improved over reported results for
this materia system and it is possible that the thermal stability of the digital aloy barriersis affecting the active region.

So, additiona improvement may come after the active region is grown by lowering the growth temperature for the
remaining clad.
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Figure 7. L-I curve for 0.83% compressively strained InAsSb wellswith Algslng7AsSh barriers.

3.4 Quinary barrier

Theoretical studies suggest that adding afifth element to the barrier alloy will result in a subband structure that will
decrease the Auger recombination. Since thisisthe most common mechanism for non-radiative recombination in small
bandgap materials, areduction in Auger should increase the operating temperature of the device. Thedigita alloy
technique makes this a very straightforward next sep. Quaternary digital aloys have already been lattice-matched to
GaSh. By adding athin layer of GaSb in the digital alloy sequence, thefifth element can easily be added to the aloy
without disturbing the lattice-match condition.

One-micron thick films of Alg4Gag 151N ¢45ASSh digital alloy, near lattice-matched to GaSh, were grown and eval uated.
Although the growth was not optimized, XRD and TEM results are similar to those for the quaternary digital aloy. The
FWHM of the 0" order alloy peak was about 2X that of the substrate FWHM. TEM micrographs showed very regular
layers, aswith the quaternary.

Photoluminescence results of the quinary are shown in Figure 8(a). Of particular interest isthat the quaternary alloy is
predicted to become indirect somewhere between 0.3 and 0.5 mole fraction aluminum. By adding Gato the dloy and
observing photoluminescence, it appears that the alloy with this composition is direct bandgap.

Thisquinary digital alloy was then used as a barrier material with INASSb wellsin alaser structure complete with top
clad. The sample was tested for photoluminescence and the results are shown in Figure 8(b). The quinary peaks were
identified in each plot, and the INAsSb QW active region was observed in the 3.5-4.5um emission range. Although this
output was very weak, of particular interest isthat the room temperature intensity is double that observed at 90K. In
general, the cooler a Type | MQW mid-IR laser is during operation, the stronger the emission, again because of Auger.
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This sample was then thinned and tested asalaser. However, no lasing or superluminescence was observed possibly
due to the reduction of the valence band offset from the introduction of Ga into the barrier alloy.
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Figure 8. PL from (@) Alg4Gag151Ng.4sA S0.42S00 58 1-micron film and (b) from aMQW laser structure with
Alo.4Gag 151Np.45AS0.42S00 5 barriers and 0.9% compressively strained InAsSh wells.
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4. CONCLUSIONS

AlInAsSh quaternary aloys were successfully grown using a digital aloy technique to achieve relatively stable high-
aluminum compositions well within the miscibility gap. Evaluation of the resulting films verified the crystal quality.
These films were then incorporated as barriers into the active region of a Type | laser structure with InAsSh wells.
When quaternary alloys with increased auminum mole fraction, from 0.2 to 0.3, were used, the 80X PL intensity
increase suggests a transition from Type |1 to Type | behavior, as predicted. Adding strain to the well by increasing the
Sh concentration a so resulted in a substantial increasein PL intensity, also suggesting a transition from Type |1 to Type
| behavior.

Active regions with 0.8% compressive well strain and 30% aluminum quaternary DA barriers were then grown in a
laser structure with an AllnAsSh waveguide and AlGaAsSb clads. This structure was optically pumped under pulsed
conditions and demonstrated lasing at 50K with an emission wavelength of 3.9um. A maximum operating temperature
of 80K was observed. Morewell strain may improve the operating characteristics, and reduction of growth temperature
during top clad growth may alleviate some suspected degradation of the barriers in the active region. Further sudy is
warranted.

In an effort to increase the effect on valence band offset, and reduce the effects of Auger recombination Ga was added
to the barrier digital alloy. While not resulting in afunctiond laser, preliminary tests using an AlGalnAsSbh quinary DA
barrier material with the InAsSb wells showed a weak 3.5-4um photoluminescence to be twice as intense at room
temperature compared to 90K .
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