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1. Modeling of the strained layer superlattice active regions

Despite the need for coherent emitters in the 4-5nmm wavelength region, additional
increases in emission wavelength have been found to be difficult with conventional interband
emitter (Double Heterostructure, DH, and Multiple Quantum Well, MQW) structures. For DH
lasers emitting a | > 3.4 nm, the misfit dislocations between the InAs,SbyP1.x.y cladding and
INAs,Shs-x active region are increased to levels that prohibit oscillation. MQW emitters have
demonstrated the ability to emit spontaneously covering the entire 3-5 mm region. This is shown
below in Figure 1 in which the antimony composition was varied in the quantum wells (INAsSh)
of an InAgInAsSbi.x MQW structure. The cladding region was INAsSbP in al five structures.
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Figurel. PL spectra for 5 MQW structures demonstrating the ability to cover the entire 3-5 nm wavelength
region.

This is a result of the fact that MQW structures can accommodate a larger percent
mismatch between active and barrier regions than DH structures as long as the thickness of the
guantum well is thinner than the critical thickness. The critical thickness of InAS/INASsSb;-x has
been caculated using the Matthews-Blakeslee and People-Bean relationships.! The
experimental results are much better fit to the People-Bean relationship, which is shown in

Figure 2.
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Figure2. Calculated critical thickness of InAs;,Shy on InAs.

Also, the emission wavelength for bulk InAsSb is shown in Figure 3
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Figure3. Emission wavelength for bulk InAs;.,Shy as a function of antimony composition at 78 K. The
shaded area showstherequired compositionsto cover the 3-5mm region.

From Figure 2 and Figure 3, the critical thickness of INAsygSho. is approximately 100 A.

However using these dimensions, the electrical and optical confinements and gain inherent in
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active region are not enough to allow lasing in a MQW structure. This has been verified
experimentally.

Strained-layer superlattice (SLS) lasers which benefit from better optical confinement
and more emission wavelength flexibility than offered by a DH structure and a larger gain region
than lasers based on a MQW active region are good candidates for high power and high
temperature emission between 3.8 and 5mm. High temperature operation is enhanced with SLS
lasers by the suppression of Auger recombination mechanisms with the large number of
interfaces and compressive strain inherent with these lasers."

As an example, Figure 4 shows the calculated layer thickness (in our design the well
thickness is equal to the barrier thickness) dependence of emission wavelength for an
INAS) 95P005/INAS) 758025 SLS Structure that has 0.8 % mismaich from InAs.  The
Kronig-Penney model, including the strain induced band edge shifting, has been used for the
caculation. The flat dotted line represents the emission wavelength of an InAsSb alloy with
0.8 % mismatch from InAs which can only have an emisson wavelength at | =3.7 nm.
Alternatively, by changing the layer thickness in the superlattice, the emission wavelength can be
tuned from 3.3 to 4.5 nm independent of its lattice constant. Therefore, the SLS structure allows
the structure to have longer emission wavelength (>4 mm) with a non-prohibitive mismatch
from InAs substrate.

Additionally, the SLS active region allows for more gain than MQW structures.
Although the gain per unit length for the MQW is larger, the actual active region thickness is
much larger for the superlattice laser.

As aresult of its complexity and importance to laser performance, the SLS active region
needs to be studied both experimentally and analytically. There are three superlattice material
aloys that have the ability to emit between 3.8-5 nm: InAs;.Sby/INAS; Py, INASINA1.,sSby, and
INAS.xSby/INAS.ySby. The INAs.xSb/INAs;.ySby material system is considered as a single
system even though both InAs;.xShy/InAs;.ySby and INASINA1.xsSby active regions can be made
from it. The advantages and disadvantages of each system have been qualitatively determined
and are shown in

Figure5.
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Figure5. Advantages and disadvantages for superlattice material systemswith | 3 3.8 mm.

The fact that the InASSb1.x/INAS,Sbyy material system is type-ll is both an advantage
and disadvantage. The type-Il nature allows a large range of emission flexibility. However,
since the electrons and holes are separated spatially from each other, the overlap integral is
smaller leading to a low radiative recombination efficiency. The InAs;,Sby/INAs,.yP, material

system offers the benefits of being able to compensate the strain of the superlattice. This results
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because INAsSP and INAsSh are under tensile and compressive strains respectively to InAs
substrate.  The two disadvantages associated with this aloy are a consequence of using a
phosphorous-based alloy. First, the phosphorous decreases the refractive index, which decreases
the confinement factor. Second, the large conduction band offset decreases the uniformity of

electron injection.

2. Growth, Characterization, and Measurement of Strained-Layer Superlattice Lasers

All of the strained-layer superlattice active region structures were grown on (100)
oriented Te-doped InAs substrates in an EMCORE verticad metal-organic chemical vapor
deposition (MOCVD) reactor using trimethylindium (TMIn), trimethylantimony (TMSb), arsine
(AsHsz), and phosphine (PHs) as the sources and tertaethyltin (TESn) and Diethylzinc (DEZn) as
the n-type and p-type dopants respectively.

Several growth parameters that have important effects on the fina emitter have been
optimized. The main parameters are growth temperature, growth rate, 111/V ratio, and switching
sequence. The effects of these parameters on the quality of the sample have been closely studied
by structural, optical, and electrical characterization techniques. The crystal structure is
investigated with high resolution x-ray diffraction, scanning electron microscopy, and atomic
force microscopy. The optical properties are revealed with photoluminescence measurements.
Finally, electrochemical capacitance-voltage measurements are performed on the epilayers to
provide accurate electrical characterization.

The growth and characterization of the InNAsSH/INASP and INAsSSh/INAsSh strained layer
superlattice will be described in details in the sections below together with the fabrication and

measurement of the laser devices.

2.1 InAsSb/InAsP/InAs Strained Layer Superlattice Lasers

In the design of these lasers that emit at a specific wavelength, either the thickness of the
superlattice determines the composition or visa versa. Initially, we chose that the thicknesses of
the superlattice layers equal. Additionaly, since the large band offset of InASP on InAsSb
decreases the carrier uniformity and coupling between wells, its thickness should be kept small.

Using these design considerations, it has been determined that using the InAs; xSby/InAs;.yPy



dloy system with x » 0.75 and y » 0.05. The superlattice active region has been
intentionally not strain compensated as proposed by Kurtz et al' in optically pumped structures.
Since those structures were pumped optically, carrier transfer and injection uniformity, inhibited
by a strain compensated structure, is not an important design consideration. Instead, thin
INAsy.95P005 layers have been used as the barrier layers to allow for a more uniform electrical
carrier distribution.

Using these material compositions, and a 0.8 nm active region to achieve the minimum in
threshold current density, the optical and electrical properties of the structure were calculated.
The emission wavelength for a given composition has been calculated from the band offsets and
isshown in Figure 4. The optica mode and confinement factor were calculated and are shown in
Figure 6. The superlattice was considered as a material with properties linearly interpolated
from InAsSb and InAsSP. As expected, the longer emission wavelength leaks farther into the
cladding layers and therefore reduces the confinement factor. This should manifest itself in an
increased threshold current density. A confinement factor of ~ 46 % was calcul ated.

T T T T T
3.58F {1.0
3.56
3 410.8 >
354} B
5 I o
2 352} lo06E
e B
L ©
g 350 104
= I 5
X 348} p
A {0.2
346}
3.44-_ 40.0
1 1 1 1 1 1 1 1 1
0 1 2 3 4

Distance (mm)

Figure 6. Optical mode and index of refraction profile for the InAsSb/InAsP/INAsSbP strained-layer
superlattice laser.

The two materials used in the superlattice were optimized independently. From previous
experiments with both DH and MQW InAsSbP based lasers in the Center, the optimum



thermocouple growth temperature is approximately 585°C. However, it has also been
determined that for x > 0.10 in InAs;.xSby the antimony incorporation percentage saturates and
increases only dlightly with large changes in materia flow rates. This has been corroborated by
other researchers and is shown below in Figure.
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Figure7. Antimony incorporation into InAsSb versus molar flow rate percentage for various|I11/V ratios.”

Figure shows that with /111 ratios greater than 2, at a constant growth temperature, the
greater thermodynamic stability of InAs relative to InSb results in a significant decrease in the
distribution coefficient for Sb. Additional experiments have been performed to determine that a
V/III ratio greater than 25 is required for high quality growth. Therefore, we were forced to
reevaluate the growth temperature for InAs,Sh.x based superlattices.

Experiments were performed to determine the optimum growth temperature for InAs;-
xSby materials with x > 0.10. The relationship of Sb incorporation versus growth temperature is
illustrated in Figure 8. For constant TmSb and AsHs flow rates, the distribution coefficient for
TmSb isinversely proportional to temperature.

For an optimum InAs;.xShyx with x > 0.10, a thermocouple growth temperature of 560 °C
was determined. Although lower temperatures produced similar xray and PL characterization

measurements, carbon incorporation into the epilayer has been reported to increase as growth



temperature is reduced.” Carbon acts electricaly as a donor in Inbased materias. We
have verified that at this temperature the antimony composition varies linearly with source flow
rate within the range of material compositions used in this study (0.0 <x < 0.3). This ensures
good control of the material composition. With InAsSb, a range of growth rates between 500 to
1500 nm/hr were experimentally examined. Although the xray FWHM did not depend strongly
on the growth rates, an intermediate growth rate of 1000 nm/hr was used.
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Figure8. Peak emission wavelength of InAsSh versus growth temperature for constant TmSh and AsH; flow
rates.
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Figure9. X-ray diffraction spectra for InAsSh mismatched 1 % from InAs.

The x-ray characterization of the InAs 75Sho.25 layer grown at 560°C showed a relatively
narrow FWHM considering the mismatch is just over 1 % and the thickness is only 500 nm. A
typical diffraction spectra is shown below in Figure 9. The thickness is 500 nm and was
measured by SEM.

Since the epilayer thickness is far greater than the critical thickness (refer to Figure 2),
misfit dislocations can been seen under a high power optical microscope. However, with the
naked eye the surface is smooth, presumably due to the ability of antimony to act as a surfactant.
These didlocations have also been imaged viaAFM. Shown in Figure 10 is an AFM image of an
individual INnAsy 75Shp 25 layer.
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Figure10. AFM image of an individual 500 nm thick 1nAsg 75Shg o5 layer.

Next, the InAsP alloy was optimized. Despite the relatively large enthalpy of mixing,
high quality material was obtained at a growth temperature of 560 °C. Much higher phosphine
flow rates were required as a result of the low pyrolysis percentage at the low growth
temperature. For the same material composition at 585 and 560 °C the phosphine flow rate was
increased from 30 to 80 sccm.

The xray characterization of the InAsP epilayer is excellent. It is shown below and its
high quality is corroborated by the Pendellosung fringes seen in Figure 11. The surface is

mirrorlike and the AFM characterization demonstrated a roughness of 6 A for a 20 nm x 20 nm
can.
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Figure1l. X-ray diffraction spectra of 500 nm thick InAsP.

For the entire active region, the individual materials were smply combined. From our
calculations, we used the same thickness for each material of the superlattice. The total period
thickness was 100 A and 80 periods were used in order to have the active region approximately
1mm. 100 A thick regions were chosen to alow good tunneling throughout the superlattice.
Also, since the switching routine between layers had not been optimized yet, no growth
interruption between the layers was used. The entire superlattice region has been grown under
the conditions described above. For the entire laser structure, 1.1 nm InAsSbP cladding layers
were grown before and after the superlattice growth. These layers were grown with the same
doping profile as those used for the previous double heterostructure lasers at the optimized
temperature of 585 °C. Since the composition of both ternary and quaternary materials change
with temperature, InAs was grown when the temperature was ramped between the cladding and
superlattice. At the conclusion of the n-type InAsSbP cladding and InAsP/INAsSh superlattice
region, InAs was grown while the temperature was ramped linearly between 585 and 560 °C.
The temperature was stabilized for two minutes after the ramping period. A growth rate of
100 A/min was used to minimize the total thickness of InAs. The structure was completed with a

100 nm p* InAs cap layer and is shown schematically in Figure 12.
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Figure12. Schematic band alignmentsof a InAsSb/InAsP strained-layer superlatticeinjection laser.

The morphology of the laser structure was. The x-ray diffraction spectra has been
measured and compared with theoretical calculations of the spectra. They are shown in Figure
13. The high crystaline quality of the strained superlattice structure is confirmed via x-ray
measurements and by the three orders of satellite peaks observed in the spectra.  These
measurements were used to determine the average strain of the superlattice to be 0.79 %. This
has been compared to the theoretically predicted mismatch of 0.78%. The peaks are well aligned
and are periodic which demonstrates that the period is the designed thickness and was consi stent
throughout the growth. The measured period from the superlattice satellite pesks is 98 A while
the design period was 100 A. However, the FWHM is far greater for the measured spectra. This
is most likely due to an interfacia layer in between the two layers. This can be minimized via

the optimization of the switching routine.
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Figure14. PL spectrafor an InAsSb/InAsP superlattice laser.
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The photoluminescence versus temperature is also provided below in Figure 14.
The peak emission wavelength is 3.95 mm with a narrow FWHM of only 29 meV at 77 K. From
our previous experience, these properties are promising for laser emission.

Broad—area laser diodes with a stripe width of 100 nm were fabricated using a lift-off
process, in which the p" InAs contact cap layer was etched away between the stripes.  After
ohmic contacts were deposited, individual diodes were cleaved and mounted p-side up on copper
heat sinks by indium bonding. Uncoated laser diodes of cavity lengths varying between 400 and
1800 mm were prepared, mounted in a cryostat and then measured.

Figure 15 shows the PI curve and emitting spectra for the laser under pulsed operation at
T=100 K. The output power was measured to be 546 mW with a corresponding threshold
current density of 100 A/cnt and a differential efficiency 30 % for the cavity length of 1800 nm.
From the emitting spectra in the inset of Figure 15, severa longitudinal modes, centered around
4.08 nm, can be observed. Continuous wave measurements, shown in Figure 16, resulted in an
output power of 94 mW per two facets with a differential efficiency of over 30 %. As mentioned
previously, at higher currents, Joule heating becomes significant and is most likely the
predominant limiting mechanism at these high powers.! Additionally, from the emitting spectra
dependence on injection current and temperature, the actual temperature of the junction is
estimated to be 20 K greater than that of the heat sink. The highest operating temperature for
this laser was 125 K and the threshold current density dependence upon temperature gave a
To = 27 K. The perpendicular far-field divergence was confirmed by several measurements to be
28°.

L A. Rybaltowski, Y. Xiao, D. Wu, B. Lane, H. Yi, H. Feng, J. Diaz and M. Razeghi, Appl. Phys. Lett. 71 2430
(1997).
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Figure15. Light output vs. pulsed current of a InAsSb/InASP strained-layer superlatticelaser at T = 100 K.
Theinset shows the emission wavelength at 80 K.
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Figure16. Light output vs. current and current versus voltage curve for cw operation of a lnAsSb/InAsP
strained-layer superlatticelaser at T = 100 K.
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2.2 InAsSb/InAs(Sb)/InAs Strained Layer Superlattice Lasers

The INASSDb/InAS, INAs.«Sb/INAS,Shy.y superlattice active regions do not suffer from the
problems resulting from the INAsP and have the advantages of large emission tunability because
of the type-Il band alignment of InAsSb and InAs. However, there are disadvantages for these
two superlattice systems. First, associated with the type-Il alignment, there is a reduced wave
function overlap resulting in a lower optical matrix element and finally a reduced radiative
transition probability. Additionally, since InAsSb is compressively strained to InAs, the
superlattices will also be strained.

As aresult of the strained superlattice to be used in the active regions, there will be misfit
dislocations within the active region. In an effort to reduce the number of disocations and
therefore the carriers lost to these dislocations, the thicknesses used should be minimized. The
optical properties of the structures have been calculated. The optical wave is not symmetric with
the waveguide as a result of the air interface (N, = 1) at the end of the structure. The most
important parameter, the optical confinement factor, was calculated to be ~50 % for | = 4.0 mm.
This compares favorably with the InAsSb/InAsP structure emitting at the same wavelength
considered in the previous section.

In the section 0, the growth of InAs-xShy with values of x~25% was described in detail.
High values of x were required because of the large conduction band offset that INASP creates in
the material. Since InAs and InAsSh are used as the barrier materias in InAsSb/InAsSb and
INAS/INASSh superlattice regions, much smaller values of x are required. This will alow for
higher growth temperatures that reside closer to the optimum growth temperature. Calculations
show that for superlattices with the same thickness for well and barrier, x is no greater than 15 %.
Furthermore, for both of the active region superlattices, 100 A thick layers will be grown. This
ensures that they are below the critical thickness and that the number of misfit dislocations is
kept to a minimum.

Despite the fact that the growth temperature is closer to the InAsSb optimum growth
temperature, the switching routine is more critical for these superlattices than for the
INAsSH/INASP superlattices. Since antimony has a long residence time during the growth
process, a balance must be made between the growth interruption and change in antimony flow
rates. Too long an interval trandates into complete antimony removal, which results in an

arsenic rich InAsSh interface.  Too short a growth interruption will result in non-abrupt
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interfaces. The growths of the barriers for both of the superlattices focused upon are
routine. The barriers are either InAs or INAsSb with an antimony composition similar to that
used for the active region for double heterostructure lasers.

As mentioned previously, there were severa growth related issues with the superlattice
active region. They are not so much the single layers, but how those layers are combined into
the superlattice. However, as before, the single layers were grown, characterized, and optimized
and then the superlattice was simply a compilation of the single layers.

Firg, the active well materias were grown. The compositions were determined from
x-ray diffraction and were grown for percentages as high as 14 %. Although, at this percentage,
these epilayers were at or dightly below the theoretical critical thickness, these samples of
400 nm in thickness were mirrorlike. The x-ray for a sample corresponding to an antimony

incorporation percentage of 9 % is shown below in Figure 17.
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Figurel7. X-ray diffraction pattern of an 400 nm thick InAsSb layer with 9% antimony.

AFM scans did not show any misfit didocations. This is presumably due to the
surfactant nature of antimony. However, AFM did show that the atomic steps were two or three
monolayers high with large antimony percentages instead of one monolayer steps for small

antimony percentages. The growth rate was determined via SEM and was targeted to be
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approximately 160 A/min. This growth rate was used to caculate the growth time for the
layers in the superlattice.

Finally, the InAs and InAsSb barrier layers were grown. For InAs homoepitaxy, the
characterization is excellent. The xray FWHM is limited by the resolution of the diffractometer
and the AFM confirms atomically flat layers. The same is true for the INASy.95Shoes epilayers.
The AFM characterization for a 400 nm sample is aso very good; the atomic steps resulting
from the miscut of the substrate are seen. The xray FWHM is ~ 45 arcsec and the roughness of
10 x 10 nm scanis4 A.

Since the photoluminescence of the INAsSb layers results from an energy gap below that
of the InAs substrate, the PL from single layers is not a good indication of the material
quality/uniformity (carriers transfer to substrate or recombine at surface because of large
diffusion length). Instead, PL results of the superlattice were evaluated and are shown below in
Figure 18.

The superlattice active regions for both InAsSb/InAs and INAsSb/InAs consisted of 100
periods. X-ray diffraction confirmed the thicknesses of the well and barrier to be 100 A each.
The morphology of the samples was mirrorlike. However, as a result of the mismatched
superlattice, misfit dislocations were formed. These dislocations could be seen via AFM and a
typical scan is shown below in Figure 18. Note the very small vertical scale despite the large
scan area.

6.0 nmM

3.0 nn

0.0 nmn

Figure18. AFM of an InAsSb/InAsSb superlattice.
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Severa switching routines between the superlattice layers were tried. Shown below in
Figure 199 are two example xray diffraction spectra with different switching routines for an
INASSH/INASSH superlattice. The top pattern corresponded to no growth interruption while the

bottom spectra corresponds to three second interruption between the well and the barrier.

290 295 300 305 310 315 320 325
Omega (Degrees)

Figure19. X-ray diffraction spectra for two InAsSb/InAsSb superlattices with different switching routines.

The 0" order satellite peak is mismatched the same on both samples indicating that the
superlattice strain is roughly equal. It is clear that the bottom spectra have more abrupt
interfaces from the differences in x-ray FWHM. The average strain of the superlattices is
0.59 %.

The photoluminescence versus temperature spectra measurements are provided below in
Figure 20. The peak emission wavelength is 3.95 mm with a narow FWHM of 29 meV.
INASSDP cladding regions were used for confinement. The measurements were performed under

relatively low excitation power density in order to reduce Auger recombination which is
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proportional to the carrier density~n®. The pesk emission wavelength a 78K

is~ 4100 nm and the FWHM is dlightly eroded by CO, absorption at 4.2 mm. The peaks at 78
and 100 K are roughly the same intensity despite the radiative recombination efficiency being
lower a 100 K. This, as mentioned before, is because of the increased diffusion at higher

temperatures.
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Figure20. PL spectrafor an InAsSb/InAsSb superlattice.
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Figure21. X-ray diffraction spectrafor an InAsSb/InAs superlattice.
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Figure22. PL spectrafor an InAsSh/InAs superlattice. The spectraisdistorted at~ 4200 nm asaresult of
CO, absor ption.

The xray and PL spectrafor atypical InAsSb/InAs superlattice is shown below in Figure
21 and Figure 22.

Broad—area laser diodes with a width of 100 nm were fabricated. Optical output
power-injection current characteristics were measured in both cw and pulsed mode operation for

lasers mounted inside a cryostat with temperatures varying between 77 and 140 K.
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For INAS/INASSh SL S lasers designed to emit at 3.8 nm, Pl measurements revealed a
threshold current density of 67 A/cnt and a differential efficiency of 38 %. The pulsed Pl is
shownin Figure 23. The differential efficiency was observed to be constant over the entire range
of operating temperatures measured. The highest operating temperature was measured to be
120 K. Under continuous wave operation, these diodes displayed output powers as high as
300 mW at 80 K. The cw PI curve is shown in Figure 24. Furthermore, perpendicular far-field
divergence angles and series resistance measurements revealed values of 34° (Figure 28) and
0.3 Wrespectively at 78 K. The transparent current density was found to be ~ 47 A/cn? from the
threshold current density dependence on cavity length. This compares favorably to the values
measured for double heterostructure lasers considering the complexity of these lasers. The
internal loss was also calculated to be 16 cmit. These two parameters are shown in Figure 20.
Finally, spectral properties of these diodes versus different operating temperatures and injection

currents are shown in Figure 21 and Figure 22.
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Pulse Operation
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Figure 23. Pulsed output power versusinjected current per two facets for an InAs/InAsSb laser at T = 90 K.
The emitting spectra, centered around 3.80 mm, is shown in the inset.
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CW Operation

INASSbP/INASSH/INAS
| L=1.5mm, W=100 nm
350 + CW operation
T=90K
0 P=300 mW

250

J,,= 67 Alc?

Output Power (mW/2facet)

100

50 r

! ! [P NP RN IR B
0 05 10 15 20 25 30 35 40

Current (A)

Figure24. Continuous power for an InAs/INAsSb SL S laser diode with T=90K.
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Figure20. Transparent current density and internal loss measurements for 1nAsSh/InAs superlattice lasers
emitting at 3.80 mm.
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Figure21. Emitting spectra of an INAS/INAsSb SLSlaser for varioustemperatures.
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Figure22. Emitting spectra of an InAs/InAsSh SL Slaser for variousinjection currents.
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Figure 28. Far-Field divergence angles for both the perpendicular and parallel directions. The different
curvesare for injection currents beginning with 500 mA and increasing by that amount.

Additional InAg/InAsSDb lasers were grown and fabricated to emit with | =3.9-4.0 mm
and they displayed similar characteristics. In order to increase the emission wavelength, the
antimony composition (flow rate) was increased for INAsSh layer within the superlattice active
region. Again lasers were fabricated by the methods described above. A typical perpendicular
far-field measurement is given in Figure 25. The emitting spectra for several injection currents
above threshold are shown in Figure 26. A maximum output power of 842 mW in pulsed mode
for a total aperture of 300 nm was observed and is shown in Figure 24. Finally the transparent
current density and internal loss have been measured and are shown in Figure 27.

Even longer emission has been achieved with InAsSb/INAsSb SLS lasers. Figure 28
shows the Pl and spectra of an InAsSb/INAsSb SLS laser diode emitting multiple longitudinal
modes centered at 4.26 mm. For lasers with an emission wavelength of 4.26 nm, we have
measured an output power from a single 100 nm aperture with T=80 K of 165 mW. PI
measurements revealed a threshold current density of 300 A/cn? and a differential efficiency of
20 %. The differential efficiency was observed to be constant over the entire range of operating
temperatures measured. A characteristic temperature of Tp =40 K was measured from the
dependence of threshold current density on temperature. The highest operating temperature was

measured to be 140K. Furthermore, perpendicular far-field divergence angles and series

resistance measurements revealed values of 43° and 0.3 W respectively at 77 K.
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Figure24. Light output vs. pulsed current curve of a InAsSb/InAs SLSlaser at T=79 K. Theinset shows

the emission wavelength.

0.4

© ©
N w

Intensity (a.u)

o
o

0.0

INAS/INASSh SLS
L=700 nm, W=100 nm

| pulse:5 ne/200 Hz

[=2.0A,T=79K

-80 -60

-40

-20

0

20

40

60

80

Theta (degrees)

Figure25. Perpendicular far-field for an InAs/InAsSb SLSwith | =3.9 mm.
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Figure26. Emitting spectrafor an InAs/InAsSb SL Slaser for different injection currents.

OT naginassh 0T nAginass

pulse:5 ms/200 Hz i | pulse:5 ns/200 Hz
T=79K, 1=3.9 M g1 T=79K, 1=3.9nm

1507
T 3 ~ 60 Alcm?
g 100 ° o
=
507
0% 10 15 20 o5 %00 400 600 800 1000 1200 1400 1600 1800 2000

1L (cm®) Cavity length (mm)

Figure27. Transparent current density and internal loss measurementsfor |nAsSb/InAs superlattice lasers
emitting at 3.9 mm.
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Figure28. PI curveof asinglestripe, 100 period InAsSb/InAsSb laser at T =80 K. The emission spectrum is
shown in theinset.

Increasing the antimony composition with the superlattice has allowed lasers with an
emission wavelength of 4.46 nm to be fabricated. Despite the longer emission wavelengths and
therefore the higher Auger and free carrier absorption losses, output powers from a single
100 nm aperture of 199 mW with T=79 K have been measured This Pl curve is shown in
Figure 29. The threshold current density was only 160A/cnt its dependence upon temperature
gaveaTpof 16 K (Figure 30). The emitting spectrafor several injection currents is shown in

Figure 31. Furthermore, these lasers have been fabricated into laser bars and have

displayed a maximum output power of 460 mW for atotal aperture of 800 nm (Figure 32).
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Figure29. PI curveof asinglestripe, 100 period InAsSh/InAsSh laser at T =80 K. The emission spectrum is

shown in the inset.
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Figure30. PI curvesfor varioustemperaturefor an InAsSb/InAsSb SLSwith | ~4.48 nm
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Figure 31. Emitting spectra for an INAsSh/INAsSb SLS laser for several injection currents.
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Figure32. PI curve of an 100 period InAsSh/InAsSb laser at T=80 K. Thetotal apertureis800 nm and the
emission spectrum isshown in theinset.
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Single stripe INASSH/INASSh lasers emitting at | = 4.76 nm have aso been
measured. A maximum output power of 92 mW under pulsed mode operation for 4.3 A injection
current at 79 K is reported Figure 33). The emitting spectrum reveals multiple longitudinal
modes centered at 4.76 nm. Pl measurements revealed a threshold current density of 393 A/cn?
and a differential efficiency of over 10 %. The emitting spectra for several injection currents is
shown in Figure 35. These lasers have also been fabricated into laser bars and have displayed a
maximum output power of 230 mW for atotal aperture of 1 mm (Figure 34). This is the longest

reported emission wavelength for injection interband lasers with this material system.
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Figure 33. PI curveof asinglestripe, 100 period InAsSb/InAsSb laser at T =79 K. The emission spectrum is
shown in theinset.
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Figure34. PI curve of an 100 period INAsSb/InAsSh laser at T=80 K. Thetotal apertureis 1000 nm.
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Figure 35. Emitting spectrafor an InAsSb/INnAsSb SL Slaser for several injection currents.
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3 Conclusions

INASSbP based strained-layer superlattice lasers which benefit from better optical
confinement and more emission wavelength flexibility than DH or MQW lasers have been
designed and fabricated for high power and high temperature emission about 4 mm. The
modeling of the INAsSSH/INASP, INAsSSh/INASSb and INAsSh/InAs strained layer superlattice as
the active region has been setup. MOCVD growth of the strained layer superlattice laser was
optimized. The quality of the grown samples has been appraised by structural, optical, and
electrical characterization techniques. Lasers fabricated with the InAsP/InAsSb superlattice
alloy produced laser oscillation at | =4.0 nm with output powers as high as 546 mW and
94 mW in pulsed and cw modes respectively. The INAS/INAsSh superlattice alloy also has been
used for the active region of lasers with | =3.8-4.0 mm. At low temperature, these lasers emit
with very high power: up to 1.0 W with | =3.8 mm, and 842 mW with | =4.0mm. Finadly,
INAsS/INASSh superlattice lasers have also been employed and have demonstrated a wide range
of emission flexibility. Laser oscillation between 4.2 and 4.8 nm have been measured with

powers as high as 460 mW.
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