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Mid-infrared InAs ÕGaInSb separate confinement heterostructure laser
diode structures
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Iowa City, Iowa 52242

C. H. Grein
Department of Physics, University of Illinois at Chicago, Chicago, Illinois 60607

~Received 16 August 2000; accepted for publication 7 December 2000!

Despite recent progress in electronic structure engineering of type-II materials for mid-infrared
lasers, suppression of Auger recombination at room temperature has been limited. We present an
active region design, consisting of AlAsSb/InAs/GaInSb/InAs/AlAsSb wells separated by an InAs/
AlGaSb superlattice, that overcomes this limitation. The 300 K calculated Auger recombination rate
in this structure at the optimal lasing density is five times smaller than typical Shockley–Read–Hall
~defect-assisted! recombination rates. An integrated separate confinement heterostructure design
suitable for this active region is also described. The separate confinement region, which is a lightly
doped InAs/AlGaSb superlattice, provides efficient hole transport and injection into the active
region. For an estimated nonactive region modal cavity loss of 20 cm21 and an optical mode width
of 1.3 mm, the calculated internal threshold current density is 100 A/cm2 at 300 K for a single
quantum well device. ©2001 American Institute of Physics.@DOI: 10.1063/1.1346657#
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I. INTRODUCTION

Mid-infrared materials based on the type-II InAs/GaIn
system are expected to have excellent optoelectronic pro
ties for semiconductor laser applications.1–11 The large band
offsets between InAs and GaInSb allow extensive tailor
of heterostructure materials to reduce the valence band
sity of states,2,3 eliminate intersubband absorption at the la
ing wavelength,4 and suppress Auger recombination.1,2,7–9

Advances in these materials are expected to lead to l
diodes with high operating temperatures and out
powers.5,6 However, both theoretical calculations and expe
mental results indicate that, in current materials, carrier l
times at room temperature lasing densities remain limited
Auger recombination.7–9

The first InAs/GaInSb laser diodes used multiple qu
tum well active regions consisting of 3.5–6.5 periods
an InAs/GaInSb superlattice surrounded by GaInAs
barriers.12,13 These devices lased from 2.8 to 4.3mm at tem-
peratures as high as 255 K pulsed and 175 K continu
wave ~for a 3.2 mm device!. However, edge effects in th
thin InAs/GaInSb superlattice limited the optical and ele
tronic properties of the active regions.4 Diodes based on a
more highly optimized, strain-balanced InAs/GaInSb/InA
AlGaInAsSb superlattice lased at 2.7mm, but failed to lase
at longer wavelengths under electrical injection. Diode str
tures with wavelengths of 4.0 and 5.3mm lased when opti-
cally pumped.14 Similar structures designed for optic
pumping have lased above room temperature from 3.0
4.5mm,15,16and have lased at wavelengths as long as 7.3mm
at temperatures of at least 220 K.17 Recently, diodes incor-
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porating a separate confinement region have lased at
mm at temperatures as high as 310 K pulsed and 180
continuous wave.18

The large valence band offset between InAs and GaIn
which is essential to the material optimization strategy, c
significantly impede vertical hole transport. The failure
diodes based on thick active regions of the four-layer sup
lattice of Ref. 4 or the W structure of Ref. 3 to lase und
electrical injection in noncascade diodes appears to be du
poor vertical hole transport in the superlattice acti
regions.19 Boltzmann relaxation-time approximation calcul
tions for the four-layer superlattice of Refs. 7 and 8 indica
that the vertical hole mobility at 300 K is 2.6 cm2/V s, as-
suming an empirical momentum relaxation time of 100 fs20

For a 3.0 ns carrier lifetime, this corresponds to a diffus
length of;0.14mm, which is much shorter than the typica
0.4 mm active region thickness. The resulting nonunifor
carrier distribution in the active region would significant
degrade the performance of a laser diode. A superior de
would improve vertical transport without compromising th
optimization of other optical and electronic properties.

We describe here an integrated laser diode design
successfully addresses previous limitations due to Auger
combination and vertical hole transport. The calculated A
ger lifetime of the active region material is longer than typ
cal Shockley–Read–Hall~SRH! lifetimes, even at room
temperature. In addition, the active region, separate confi
ment region, and cladding regions are specifically desig
for efficient electrical injection and vertical transport. Calc
lations indicate that the room temperature internal thresh
current density for a single-quantum-well laser diode co
be as low as 100 A/cm2. Even if multiple wells are necessar
due to large optical losses in the device, the threshold cur
il:
3 © 2001 American Institute of Physics
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density should be an order of magnitude smaller than pr
ous type-II designs.

The electronic and optical properties of the material
scribed here have been calculated using a 14-band sup
tice K "p formalism.21 Earlier eight-band versions of this for
malism have successfully predicted the density-depen
optical properties22,23 and Auger recombination rates7,8 of
superlattices based on the InAs/GaInSb material system.
14-band model naturally includes cubic anisotropy and
inversion asymmetry of zincblende semiconductors. It a
reproduces the successes of the eight-band model in Re
8, 22, and 23. We evaluate the Auger recombination ra
using efficient Monte Carlo calculations of Fermi’s gold
rule employing this electronic structure and the deriv
momentum-dependent matrix elements.

The structure of this article is as follows: Section II sum
marizes the optimization process for mid-infrared type-II
ser active regions. Section III focuses on the active reg
whereas Sec. IV describes the details of the integrated d
design, including transport, injection, and optical confin
ment of the separate confinement region and clads.

II. OPTIMIZATION OF MID-INFRARED LASER ACTIVE
REGIONS

A. Band-edge versus final-state optimizations

In order to design an optimal active region we consid
several material properties, including differential gain, int
subband absorption, and Auger recombination. Electro
structure optimizations can be classified into two catego
depending on the types of states affected.24 The first category
is band-edge optimization, which refers to strategies that
ter the electronic structure near the valence and conduc
band edges. This type of optimization has been well explo
in near-infrared lasers, and generally involves reducing
density of states in the valence band in order to better
ance the conduction and valence densities of states. B
balance in the densities of states produces lower thres
carrier densities and larger differential gains.25,26Both Auger
recombination and intersubband absorption increase with
creasing carrier densities, so band-edge strategies to re
the threshold carrier concentration reduce these processe
directly. A noteworthy band-edge optimization strategy
the now endemic use of strain to reduce the valence ba
edge degeneracy. Band-edge optimization strategies req
moderate band offsets among material constituents.

The second category of optimizations is final state o
mization, which refers to a practice of reducing the pha
space for final states in the processes. Final state optim
tion has relevance for both intersubband absorption and
ger recombination. In intersubband absorption, which i
vertical process in momentum space, the relevant final st
are one lasing energy away from the band edge occu
states for electrons and holes. Because type-II mid-infra
lasers lase in a transverse electric mode, intersubband
sorption in the conduction band is minimal. Thus, final-st
suppression of intersubband absorption requires contro
states in the valence band approximately one band gap
ergy from the valence band edge. Much larger valence b
Downloaded 25 May 2001 to 128.255.70.212. Redistribution subject to A
i-

-
lat-

nt

he
e
o
. 7,
s

d

-
n,
de
-

r
-
ic
s

l-
on
d
e
l-
ter
ld

n-
uce
in-

d-
ire

i-
e
a-
u-
a
es
ed
d
b-

e
of
n-

nd

offsets are required to achieve this than are required
achieve band-edge optimization; however, this goal has b
accomplished at room temperature in previous type
designs.3,4

Figure 1 shows the band edges and band structure f
four-layer superlattice studied in Refs. 7 and 8. The ba
structure in Fig. 1~b! is shown along the@001# ~growth! di-
rection ~with in-plane momentum equal to zero! and along
the @100# ~in-plane! direction~with growth direction momen-
tum equal to zero!. There is a gap in the electronic structu
at the zone center roughly one energy gap from the top of
valence band. This gap, which extends throughout
growth-direction zone, is the origin of the final-state inte
subband absorption optimization for this structure. Howev
because the Auger recombination is a nonvertical proc
final states with large in-plane wave vector are also imp
tant.

The impact of intersubband absorption optimization c
be quantified using the ratio of the net active region gain
the fundamental gain.5,6 This figure of merit is an intrinsic
active region material quantity that measures the impac
intersubband absorption in the active region on the sl
efficiency of a device. Optimized type-II designs can ha
active region material slope efficiencies~ratio of net material
gain to total material gain! close to 100%.5,6

B. Suppression of Auger recombination

Although balancing the densities of states at the ba
edge reduces Auger recombination, density of states bal
ing by itself is not sufficient to significantly suppress Aug
recombination at room temperature. The use of final-s
optimization to reduce Auger recombination involves elim
nating final states for the carrier that absorbs the energy
momentum of the recombining electron–hole pair. Beca
the Auger process is not a vertical process, final state o

FIG. 1. ~a! Bulk band edge energies and~b! superlattice band structure o
the four-layer superlattice from Refs. 7 and 8. The solid line in~a! is the
bulk conduction band energy, the dashed line is the bulk heavy-hole ene
and the dash-dot line is the bulk light-hole energy. The horizontal das
lines indicate the superlattice conduction and valence band energies,
with the critical Auger and intersubband absorption energies. In~b!, the
band structure in the@001# ~growth! direction is shown to the left of zero
the band structure in the@100# ~in-plane! direction is shown to the right of
zero.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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mization for Auger recombination is much more difficult
achieve than for intersubband absorption. Final-state opt
zation for Auger recombination has been shown to be ef
tive at low temperature in the four-layer structures of Refs
4, and 7, but only minimally effective at room temperature24

To understand this we introduce details of the Auger reco
bination process in the four-layer superlattices.

The probability of an Auger event is proportional to th
square of the screened Coulomb matrix element coupling
four states involved in the process. The screened Coulo
matrix element can be written as27

uVcoulombu2}
bL1 ,L2

~K1 ,K2!bL3 ,L4
~K3 ,K4!

@l21uK22K1u2#2

3d~K22K12K41K3!, ~1!

where l is the reciprocal screening length. The scatter
process involves the transition of an electron from super
tice stateL1 with wave vectorK1 to stateL2 with wave
vector K2 . The energy and momentum is transferred to
electron in stateL3 with wave vectorK3 , which is promoted
to stateL4 with wave vectorK4 . For a typical hole–hole
recombination process,L1 will be the first conduction band
L2 andL4 are the top heavy-hole state, andL3 will be a state
deep in the valence band. The termbL,L8(K,K 8) describes
the spatial overlap of superlattice statesL andL8 with wave
vectorsK andK 8.

The momentum and energy structure of Auger proces
can be understood from that of the Coulomb matrix elem
and the occupation factors of the four electronic states.
find that the matrix elements associated with the elect
transition from the conduction band to the valence band
very similar for structures with and without final-state op
mization. The role of final-state optimization can be se
most clearly by considering the transitions of the hole fro
the band-edge state~normally a HH1 state! to a state much
lower in the valence band. The probability of such transitio
from a HH1 state with in-plane momentumKHH1

in-planeto a final
state with in-plane momentumK final

in-plane and energyEfinal is
proportional to

O~Kfinal
in-plane,Efinal!5

1

Kmax
z (

L
E dKL

z dKHH1
z

3bL,HH1~Kfinal
in-plane,KL

2;KHH1
in-plane,KHH1

z !

3d@Efinal2EL~Kfinal
in-plane,KL

z !#, ~2!

where Kmax
z is the width of the growth direction Brillouin

zone. The integrations over the growth-direction zone
count for the effect of growth-direction dispersion. Figure
showsO(Kfinal

in-plane,Efinal) for the active region proposed i
Ref. 4, and gives a visible indication of the strength of t
coupling to near-zone-center HH1 states.

In order to identify the regions of greatest importance
Auger recombination, calculations of the Auger recombin
tion rate were performed using a coarse grid for the
dimensional integration over momentum space. This resu
in a sampling of a few hundred of the most probable Au
transitions in the material for a given temperature and car
Downloaded 25 May 2001 to 128.255.70.212. Redistribution subject to A
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density. The initial and final energies and wave vectors w
recorded for the intervalence band portion of these tra
tions and are shown overlaid on the four-layer superlattic
electronic structure in Fig. 2. Although a large gap is evid
in the electronic structure at zone center, the relevant reg
for final states is nearKfinal

in-plane;0.05 Å21, where the final-
state gap is much smaller. Consequently, there is little fin
state suppression in the four-layer superlattice at room t
perature.

Because of the large gap in final states at the zone ce
it was originally supposed that there would be large fluct
tions in the Auger rate as states@such as LH1 or HH2 in Fig.
1~b! and Fig. 2# moved into and out of resonance with th
band gap. However, only small changes~approximately a
factor of 2! have been observed in experimental studie9

This experimental result is in agreement with earlier detai
calculations of the Auger rate based on the electro
structure.24 These results are now understood to be due
significant diminishing of the final-states gap away from t
zone center.

Successful suppression of Auger recombination at ro
temperature requires a strategy for extending the final-st
gap to finite in-plane wave vectors without compromisi
band-edge optimizations. Such a strategy has been devel
and used in the design of an active region that is optimi
for final-state Auger suppression at room temperature.

III. BROKEN-GAP QUANTUM WELL ACTIVE REGION

A broken-gap quantum well~BGQW! active region
designed for emission at 3.4mm is shown in Fig. 3.

FIG. 2. Initial and final energies and in-plane wave vectors for the m
probable hole–hole Auger transitions~open symbols! overlaid on the elec-
tronic structure of the valence band of a four-layer superlattice. The d
ness of the gray scale is proportional toO(Kfinal

in-plane,Efinal) from Eq. ~2!. In
this half of the Auger process~the recombination of a conduction ban
electron with a hole is not shown!, an electron is promoted from a state de
in the valence band to an unoccupied state~hole! near the top of the valence
band.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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The well consists of 21 Å AlAs0.15Sb0.85/15 Å InAs/
25 Å Ga0.65In0.35Sb/15 Å InAs/21 Å AlAs0.15Sb0.85. The bar-
rier surrounding the well is a 27 Å Al0.60Ga0.40Sb/11 Å InAs
superlattice. The strain in the barrier superlattice and
quantum well is balanced so that the structure can be gr
to arbitrary thicknesses on a GaSb substrate. Optimized
signs over the 3–5mm wavelength range are straightforwa
to generate with small changes in the well layer thicknes
The band structure of this active region is shown in Fig.
Because of the large splitting between the top hole state
the rest of the valence band states, the valence band de
of states is relatively small~;1.6 times that of the conduc
tion band!.

It is not immediately apparent from Fig. 4 that this m
terial also demonstrates final-state optimization. In cont
with Fig. 1~b!, there are valence band states in the relev
energy range for intersubband and Auger recombina
transitions. If one examines the intersubband absorpt
however~shown in Fig. 5!, there is a clear suppression

FIG. 3. Bulk band edge energies as a function of growth direction posi
for a 3.4mm broken-gap quantum well. The solid line is the bulk conduct
band energy and the dashed line is the bulk heavy-hole energy. The co
tion and valence band energies of the superlattice are shown on the rig
the figure.

FIG. 4. Band structure of the 3.4mm broken-gap quantum well. The ban
structure in the@001# ~growth! direction is shown to the left of zero; the
band structure in the@100# ~in-plane! direction is shown to the right of zero
Downloaded 25 May 2001 to 128.255.70.212. Redistribution subject to A
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intersubband absorption processes near the peak of the
spectrum. The states that appear to be plausible final s
for intervalence band absorption in Fig. 4~those with ener-
gies around2350 meV! are in fact localized in the barriers
while the initial state for intersubband absorption~HH1! is
localized in the GaInSb well. Because of this, the mat
elements for transitions from the top of the valence band
these states are negligible. This can be seen by examinin
envelope functions for these states. Figure 6 shows the n
of the zone-center envelope functions as a function of ene
and growth-direction position. The first conduction ba
state~C1! is localized across the central InAs/GaInSb/InA
layers while the first valence band state~HH1! is strongly
localized in the GaInSb layer. Below the third valence ba
well state~HH2!, there is a 150 meV gap in the zone-cen
electronic structure in the central well layers, even thou

n

uc-
of

FIG. 5. ~a! Intersubband absorption and~b! gain spectra for the 3.4mm
BGQW. Curves are shown for carrier densities of 1, 2, 3, 4, and
31017 cm23. There is significant suppression of intersubband absorptio
photon energies near the peak of the gain spectrum, which results in a
slope-efficiency figure of merit for this active region.

FIG. 6. Spatial distribution of the zone-center superlattice states. The d
ness of each point is proportional to the norm of the envelope functio
that position. There is a spatial gap in the valence band structure in
central layer~below HH2! that is responsible for final-state optimization
The LH1 state in the middle is resonant with the band edge states o
superlattice, enhancing vertical transport~see Ref. 19!.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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there are barrier states at those energies. This ‘‘spatial g
in the electronic structure in the energy range located
lasing mode photon energy below the top heavy hole stat
the well is the origin of final-state intersubband absorpt
optimization in this material. The resulting slope efficien
figure of merit for this material is 99%.

The spatial gap in the valence band structure is a co
quence of the InAs/AlAsSb/InAs layers surrounding t
GaInSb well. These potential barriers isolate the GaInSb w
states from those of the superlattice barrier down to ener
around2500 meV. The exception to this is the first ligh
hole state~LH1!, which is localized primarily in the GaInSb
layer but extends significantly into the barrier superlatti
LH1 is an extended state that facilitates capture from
superlattice barrier into the GaInSb well, as proposed in R
19. The presence of a distributed state in the midst o
spatial gap is analogous to the conduction band structure
resonant tunneling diode.

Whereas the electronic structure features seen in Fi
are zone-center features, the spatial gap exists in the e
tronic structure at finite in-plane momentum as well. Figu
7 shows the electronic structure of the BGQW shown in
similar fashion to Fig. 2 for the four-layer superlattice. T
key for reducing Auger recombination at room temperat
is extending the gap in the final states for Auger proces
farther out in the in-plane direction. The final-states gap
the electronic structure at in-plane wave vectors of;0.05
Å21 is approximately 60 meV, which is more than twice
large as in the four-layer superlattice. In addition, the sta
on the lower edge of the gap~around2480 meV! are only
weakly coupled to the top of the valence band due to
spatial isolation of the states from each other. We also n
that the size of the final-states gap, which is greater than
energy of an optical phonon, suggests that phonon-ass

FIG. 7. Initial and final energies and in-plane wave vectors for the m
probable hole Auger transitions~open symbols! overlaid on the electronic
structure for the 3.4mm BGQW. The scale of the coupling strength is th
same as in Fig. 2.
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Auger recombination will be suppressed as well. The m
probable Auger transitions for this material involve valen
band continuum states 500 meV from the valence band e
The net result is that the calculated Auger recombination
is reduced by almost 2 orders of magnitude with respec
the four-layer superlattice at the optimal densities for lasi

The calculated room temperature Auger recombinat
rate at the optimal density for lasing is 0.06 ns21. The cal-
culated radiative rate at this density is also 0.06 ns21. Be-
cause these rates are much smaller than the typical 0.321

rate due to SRH processes, the system is expected to be
limited at room temperature. The total carrier lifetime at t
optimum density for lasing is 2.5 ns, which is six time
longer than for the four-layer superlattice of Refs. 7 and

The dependence of the optimum lasing threshold o
device on the active region depends principally on a cav
independent figure of merit: the optimal ratio of the net a
tive region gain to the volumetric recombination curre
density.5,6 Assuming a 3.0 ns SRH lifetime, the figure o
merit for the BGQW is 2900mm2/A at 300 K.28 This value
far exceeds that of other mid-infrared materials~;40–75 for
type-I quantum wells and;260 for type-II superlattices!.5,6

Because the threshold current density is inversely prop
tional to this figure of merit, lasing thresholds for this stru
ture should be more than an order of magnitude smaller t
current interband diodes. The large net material gain~625
cm21! at the optimal density suggests that a single quan
well active region should be sufficient for lasing in a suitab
designed cavity. We now describe such a cavity.

IV. INTEGRATED DIODE DESIGN

An optimized cavity designed for this active region
shown in Fig. 8. An essential feature of this cavity is a se
rate confinement region~SCR! that reduces the mode overla
with the highly doped clads and has good vertical hole m
bility. The SCR of the cavity is 0.4mm thick on then side
and 0.6mm thick on thep side. Recent work in near-infrare
diode development~2.0–2.7mm! has demonstrated the im
portance of such SCRs for high-temperature and high-po
operation.29–31 The material used for the SCR is the sam
InAs/AlGaSb superlattice that is used as the quantum-w

t

FIG. 8. Schematic of the laser diode structure that includes a single qua
well active region, lightly doped separate confinement regions, and hea
doped clads. The estimated mode width and nonactive-region modal lo
for this structure are 1.3mm and 20 cm21, respectively.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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barrier in the active region. It is lattice matched to the Ga
substrate and has a larger index of refraction (n;3.45) than
the doped clads.

The vertical mobility of holes in this superlattice ha
been calculated using the linear Boltzmann equation, ass
ing an energy independent momentum scattering time,
without additional approximations to the calculated ele
tronic structure. Scattering due to interface fluctuations
layer thicknesses is expected to dominate the momen
scattering time, and that scattering is energy-independen
the four-layer superlattice a 100 fs momentum scatter
time reproduced the measured in-plane ambipolar diffus
of optically excited carriers.20 Assuming that the momentum
scattering time for electrons and holes is the same we fin
vertical hole mobility of 160 cm2/V s for a doping level of
131017cm23. This vertical hole mobility, which is compa
rable with that of bulk InAs and is 2 orders of magnitu
larger than that of the four-layer superlattice, ensures g
vertical transport between the clads and the active reg
Because the SCR is a superlattice, it is straightforward
grade its band edges by varying the superlattice period. T
can be used to match the band edges of the SCR to
injection level of the clads or to localize injected carrie
near the active region.

The AlAs0.08Sb0.92 p clad has a small index of refractio
(n;3.23), a large confining potential for electrons, and
well-matched hole injection level with the superlattice cla
The 24 Å AlSb/12 Å Ga0.10In0.90As superlatticen clad (n
;3.33) provides electron injection matched to the miniba
of the separate confinement superlattice and allowsn doping
with silicon.

Based on optical mode calculations for a 2 mm long
cavity with uncoated facets, we estimate the sum of the m
ror losses (am) and nonactive-region modal waveguid
losses (̂aw&) for the cavity described above to be (am

1^aw&)520 cm21. The optical confinement factor is 2.1%
for a single quantum well in this cavity. Because active
gion losses due to intersubband absorption are include
the calculation of thenet active region gain, they are no
included in the cavity loss value. The calculated inter
threshold current density for a single quantum well device
100 A/cm2.32 The use of a few quantum wells significant
reduces the problem of nonuniform carrier distribution in t
active region.

TABLE I. Calculated internal threshold current density~A/cm2! as a func-
tion of nonactive-region optical loss and number of quantum wells. For e
cavity, the minimum current density is boldface.

Wells

am1^aw&

20 cm21 50 cm21 100 cm21

1 102 - -
2 97 404 -
3 119 228 -
4 145 227 808
5 171 242 510
7 224 286 447

10 303 362 485
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In order to evaluate the impact of varying optical loss
we show in Table I calculated internal threshold current d
sities for the BGQW active region at 300 K for a series
cavity losses and numbers of wells. Even for the largest l
case~100 cm21!, lasing is achievable with four wells at 81
A/cm2. Recently, total modal losses of 50 and 100 cm21

have been observed in structures without separate con
ment regions~thesetotal loss values include intersubban
absorption losses in the active region!.16,33

V. CONCLUDING REMARKS

When direct Auger recombination processes are redu
substantially, other processes, such as phonon-assisted
elastic scattering assisted Auger recombination~from, e.g.,
interface roughness! may dominate. We have not calculate
these rates, but note that the size of the gap in the electr
structure near the region of Auger final states is much lar
than the energy of an optical phonon. Thus, close-to-vert
phonon-assisted Auger should be suppressed. A greate
certainty is the significance of scattering assisted Auger
combination involving large momentum transfers. In the
phonon or impurity-assisted scattering processes, a large
plane momentum is transferred to the carrier, which allow
to make a transition to states far from the zone center.

We note that studies of thermal conductivity of superl
tices suggest that superlattice separate confinement reg
may have low thermal conductivity. The diode lasing resu
of Ref. 14, however, were obtained with superlattice cla
similar to those presented here. Future studies will expl
this topic.

The BGQW active region is calculated to have a fac
of 6 increase in the carrier lifetimes at room temperat
lasing densities with respect to a comparable four-layer
perlattice and is designed specifically for electrical injectio
The threshold figure of merit for the active region is 29
mm2/A at room temperature, while the slope efficiency figu
of merit is 99%. The integrated separate confinement reg
superlattice has a hole vertical mobility of the same order
bulk InAs and well-matched band edges for transport. Fo
low-loss cavity, the internal threshold current density of
laser diode is expected to be as low as 100 A/cm2 at room
temperature for a single quantum well diode emitting
3.4 mm.
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