
APPLIED PHYSICS LETTERS VOLUME 74, NUMBER 2 11 JANUARY 1999
Optimization of active regions in midinfrared lasers
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The ideal performance of bulk, quantum well, and superlattice active regions for III–V interband
midinfrared lasers are compared according to the maximum net gain per unit current density. Based
on this figure of merit, which is appropriate for high-power as well as near-threshold operation,
InAsSb quantum well active regions should have an order of magnitude lower threshold current than
bulk InAs at room temperature. Optimized four-layer superlattices based on the InAs/GaInSb
material system, however, should have two to ten times lower threshold currents than the quantum
well active regions. Optimal thicknesses for these active regions were evaluated assuming a separate
confinement region design. For the four-layer superlattices the optimal thickness is substantially
thinner than has been commonly grown: 3 periods rather than 40 periods. ©1999 American
Institute of Physics.@S0003-6951~99!01601-0#
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Active regions in current III–V semiconductor lase
emitting in the 3–5mm range have been grown from a wid
variety of material systems. There are type I interband las
such as InAsSb/AlAsSb,1 InAsSb/InAsP,2 or InSb/AlInSb,3

and type II broken-gap lasers, either in traditional4,5 or cas-
cade configuration,6 and intersubband cascade lasers.7 While
a variety of claims have been made in these works and ot
concerning the relativeideal performance of these system
evaluation of these claims have been hampered by the
of a common figure of merit. As an example, consider Au
coefficients: different conventions seem appropriate for
perlattices and quantum wells~i.e., whether the barrier re
gion is included in the definition of the carrier density!. A
more appropriate quantity used for evaluation has been
volumetric threshold current density for a particular gain8,9

but that is not flexible enough to compare laser designs ba
on different thicknesses of the active region.

An appropriate figure of merit is required that can
used to compare quantum well, superlattice, and bulk ac
region lasers. To be most useful, this figure of merit sho
be applicable whether the laser design is for high-powe
low-threshold operation. Ideally, it would even allow fa
comparison between traditional and cascade structures.
a figure of merit has been used in the context of near-infra
lasers for some time,10 and appropriately weighs the impo
tance to laser performance of the density of states, recom
nation rates, differential gain, and intersubband absorp
within the active region. This figure of merit is the maximu
net material gain tovolumetric current density ratio@(g
2aa)/J#max of the active region. Hereg and aa are the
material gain and absorption, andJ is the volumetric current
density, all within the active region.

a!Also with the Department of Physics and Astronomy.
b!Electronic mail: flatte@rashi.physics.uiowa.edu
c!Also with the Department of Electrical and Computer Engineering.
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Given a particular laser cavity design, the current (I ) for
a given output power (Po) depends on the net gain to curre
density ratio according to the equation

I 5
ADmode~am1^aw&!

h i
S J

g2aa
D

1
ePo

hnh i
S am1^aw&

am
D S g

g2aa
D , ~1!

whereA is the area~length times width! of the laser stripe,
am is the mirror loss,̂ aw& is the modal loss in the wave
guide ~e.g., free-carrier absorption in the doped clads!, e is
the charge of the electron,hn is the photon energy of the
emitted light, andh i is the internal quantum efficiency
Dmode is the width of the optical mode defined byDmode

5D/G whereD is the active region thickness andG is the
optical confinement factor.@(g2aa)/J# is the only active
region material parameter to appear in the threshold term
Eq. ~1!. The remaining parameters are related to the opt
cavity and efficiency of electrical injection. When@(g
2aa)/J# is maximized10 the threshold current is minimized

Evaluation of this figure of merit, and knowledge of th
net material gain~at the lasing wavelength! where that opti-
mum ratio occurs (g2aa)opt, also allows us to determine
the optimum thickness of the active region in midinfrar
lasers as a function of mode width and modal losses.
rationale behind the traditional approach of thick active
gions for interband lasers has been that the rapid increas
Auger recombination with carrier density makes hig
density operation of the active regions unfavorable. This
gument has also been suggested as a motivation for cas
structures.

Recent 2mm lasers based on active regions with a fe
quantum wells, however, have produced high powers
operating temperatures. A five quantum well active reg
operated cw at room temperature11 with a differential effi-
© 1999 American Institute of Physics
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TABLE I. Results for ideal laser active region designs for seven systems at room temperature: band-gapEg ; maximum net gain per unit volumetric curren
@(g2aa)/J#max and the net material gain (g2aa)opt , carrier densitynopt , and carrier lifetimet at that optimum ratio of net gain to current density; optimu
thickness of the active regionDopt and threshold current densityJth for a modal loss ofam1^aw&510 cm21 and a mode widthDmode52 mm.

Eg @(g2aa)/J#max (g2aa)opt nopt t Dopt Jth

System ~mm! (mm2/A) (cm21) (31017 cm23) ~ns! ~Å! (kA/cm2) @(g2aa)/g#

Superlattices
I 15 Å InAs/25 Å Ga0.6In0.4Sb/ 4.0 202 833. 10.0 0.39 240 0.990 0.997

15 Å InAs/39 Å Al0.30Ga0.42In0.28As0.5Sb0.5

II 20Å InAs/35 Å Ga0.6In0.4Sb/ 5.2 71 373 5.0 0.15 536 2.82 0.994
20 Å InAs/65 Å Al0.30Ga0.42In0.28As0.5Sb0.5

III 21 Å InAs/31 Å Ga0.7In0.3Sb/ 4.0 206 560 7.5 0.45 357 0.971 0.957
21 Å InAs/43 Å AlSb

Quantum wells
IV 4.53 ~15 Å InAs/36 Å Ga0.75In0.25Sb!/ 3.8 6.1 76 7.8 0.10 2630 32.6 0.269

400 Å Al0.20Ga0.60In0.20As0.17Sb0.83

V 100 Å InAs0.85Sb0.15/ 3.8 96a 109 4.0 0.56 1840 2.08 0.807
200 Å In0.87Al0.13As0.91Sb0.09

VI 80 Å InAs0.88Sb0.12/80 Å InAs0.76P0.24 4.4 39 221 6.3 0.18 907 5.08 0.827

Bulk
VII InAs 3.5 7.8 103 9.0 0.11 1940 25.8 0.963

aIntersubband absorption for this structure at the lasing wavelength is substantially underestimated by calculations based on an eight-band bulk bas
this number should be considered an overestimation of the figure of merit.
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ciency of 36%. Cavities for these lasers had internal opt
losses as low as 2 cm21. In view of this success we recon
sider the issue of the optimal thickness of the active regio
4 mm lasers. In brief, for active region materials with th
highest gain to current ratio we find that the optimal thic
nesses are much thinner than commonly grown.

We report calculations of the maximum net gain to c
rent ratio@(g2aa)/J#max, net material gain at that optima
point (g2aa)opt, and optimal thickness for seven structur
at room temperature, detailed in Table I. These include
InAs/GaInSb/InAs/AlGaInAsSb superlattices,12,13 a 4.0 mm
InAs/GaInSb/InAs/AlSb superlattice,5 a 4.0mm superlattice
multiple quantum well, two interband strained quantu
wells ~a 4.4 mm InAsSb/InAsP structure2 and a 4.0mm
InAsSb/AlInAsSb structure14!, and a bulk material~InAs!.
These results, listed in Table I, constitute the main quan
tive results of this letter.

We now describe our calculations of the net mate
gain to volumetric current ratio,@(g2aa)/J#, as a function
of net gain. Calculations for the gain, intersubband abso
tion, and carrier recombination rates are performed with
full nonparabolic band structure and momentum-depend
matrix elements obtained from an eight-band bulk basis
perlatticeK•p formalism similar to Ref. 15 but generalize
to an arbitrary number of layers in a superlattice unit c
Input parameters16 to the calculation are limited to energ
levels, matrix elements and effective masses of bulk c
stituents, and valence-band offsets between layers. This
perlatticeK•p formalism has been very successful in calc
lations of the optical properties17 and Auger rates of relate
type-II multilayer structures.

For systems II, IV, and VII, the Auger rates utilize
were obtained optically by pump–probe differential tran
mission measurements.18 For system II, the 5.2mm wave-
length four-layer superlattice,13 the Auger rateRA can be
written RA5Cn2, where n is the carrier density andC
52.5310226cm6/s. For system IV, the superlattice multip
quantum well, RA5Cn2/(11n/no) with C57.8
al
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310226cm6/s and no5231017cm23.19 Bulk InAs has an
Auger coefficientC51.1310226cm6/s.20 The value of 9
310227cm6/s for system V, a strained InAsSb quantu
well, was obtained from photoconductivity measurements14

For system VI, the InAsSb/InAsP quantum well, expe
mental numbers were not available. The multitude of vale
subbands involved in the Auger rate calculation makes
calculations numerically intractable. Since the final states
Auger processes lie in the continuum, there is little diffe
ence between the density of states at zone center an
0.2 Å21. Hence, we calculate the density of states near
important final-state energies for Auger processes and ev
ate the Auger rate using that information. The result is l
accurate than our full calculations, but since the difference
the figure of merit between this system and the optim
systems is more than a factor of 5, this lessens our con
over the error. We note that we have used the band-gap v
for InAs0.88Sb0.12 taken from Ref. 2.

The Shockley–Read recombination time of high-qual
samples of systems I, II, IV, and V is typically observed
be on the order of 3 ns. Thus, this rate is insignificant co
pared to the intrinsic Auger rate at the densities appropr
for laser operation. To compare the systems on an eq
footing we assume a Shockley–Read lifetime of 3 ns for
systems.

In Fig. 1, @(g2aa)/J# is shown as a function of gain a
300 K for systems I, IV, VI, and VII of Table I. For eac
system at low gains and at high gains@(g2aa)/J# is small.
At zero net gain the current density is the current required
maintain the transparency carrier density, and@(g2aa)/J#
50. At high gains the differential gain is small, requiring
large increase in the carrier density to increase the g
Meanwhile, the current density is~roughly! proportional to
n3 ~each of these systems is Auger-dominated over the en
range shown!. In between low and high gains there is a
optimal operation point for the active region where the n
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gain per unit current density is the largest. In the case
system I this point occurs where the net material gain
833 cm21, at a density roughly twice that of the transparen
density.

Through evaluation of the maximum ratio of the net ga
to the volumetric current density we can order the syste
considered in terms of ideal laser performance. The o
mized four-layer superlattices have the largest ratios of
systems considered. We note that systems I and III by
figure of merit appear to have essentially identical optim
performance. The quantum well systems have ratios fiv
ten times greater than bulk InAs.

We now evaluate the optimal thickness for the act
region materials from

Dopt5DmodeS am1^aw&
~g2aa!opt

D . ~2!

Optimal active region thicknesses are shown in Table I fo
low-loss midinfrared laser with a separate confinement
gion and coated facets:Dmode52 mm and (am1^aw&)
510 cm21. Optimal thicknesses can be readily calculated
different waveguide parameters given the results in Tabl
We find that the optimum active region thickness of fou
layer superlattice materials is far thinner than commo
grown. In particular, for system I the threshold current de
sity for a 3 period structure should be 3.3 times smaller th
for a 40 period structure. The use of such a thin active reg
~240 Å! necessitates a separate confinement structure to
equately confine the optical mode and minimize the pene
tion of the optical mode into the doped clad regions wh
optical losses are large. An additional benefit of the t
active region is that the transport properties of the dev
should improve.

The discussion to this point has focused on minimiz
the threshold current. It can be seen from Eq.~1!, however,
that loss in the active region decreases the slope efficienc
the factor (g2aa)/g. This factor is shown in Table I evalu
ated at the density for which the net gain per unit curren

FIG. 1. Net gain per unit volumetric current@(g2aa)/J# as a function of
net gain at 300 K for~a! system I,~b! system IV,~c! system VI, and~d!
system VII. Note the different scales. Densities corresponding to the o
mum @(g2aa)/J# are indicated in~a!—~d!. Regardless of the laser cavit
design, the active region should be operating at this optimum ratio for
lowest threshold current requirements.
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maximized. For all of the systems (g2aa)/g is within 8%
of its peak value~for systems I, II, and III it is within 1%!
when the threshold current is minimized. Also, for all of th
systems (g2aa)/g, and hence, the slope efficiency, can
increased byreducingthe active region thickness. The activ
region thickness which maximizes the slope efficiency, ho
ever, differs only slightly from the thickness which min
mizes the threshold current. In particular, for systems I,
and III, where the intersubband absorption of the active
gion is very small at the lasing wavelength, the change in
desired active region thickness is less than 1%.
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